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F O R E W O R D 

ADVANCES IN CHEMISTRY SERIES was f ounded i n 1949 b y the 

A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d co l 
lections of data in special areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented , 
the ir papers d i s t r ibuted among several journals or not p u b 
l i shed at all.  Papers are refereed c r i t i ca l l y accord ing to ACS 
ed i tor ia l standards a n d receive the care ful attention a n d proc 
essing characterist ic of ACS publ icat ions . Papers p u b l i s h e d 
in  ADVANCES IN CHEMISTRY SERIES are o r i g ina l contr ibut ions 

not p u b l i s h e d elsewhere in who le or major part a n d inc lude 
reports of research as well as reviews since symposia m a y 
embrace bo th types of presentation. 
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P R E F A C E 

s the century of inexpensive o i l a n d gas draws to a close, the need for 
more efficient u t i l i z a t i o n of fossi l fuels a n d for the development of 

alternate energy sources is b e c o m i n g urgent . Cata lys is is the master k e y 
to more efficient processing of fossi l fuels, whether i n refineries or i n the 
p r o d u c t i o n of chemica l feedstocks a n d synthetic fuels, a n d so l id state 
des ign is fu n damenta l to i m p r o v e d heterogeneous catalysis a n d cata lyt i c 
electrodes. N e w materials a n d configurations are also r e q u i r e d for the 
explo i tat ion of alternate energy sources. Inev i tab ly chemists w i l l p l a y a 
l e a d i n g role i n the technica l innovations that must be f or thcoming , a n d 
the in t roduc t i on of so l id state concepts into the o l d energy disc ipl ines 
w i l l prove to be a n essential st imulus to creat iv i ty , as w e are n o w w i t 
nessing i n the battery field. 

I n the last th i r ty years so l id state chemistry has been strongly asso
c iated w i t h the electronics industry , b u t i n a support ive role . Physic ists 
p r o v i d e d the br idge between chemistry a n d e lectr i ca l engineer ing ; they 
also deve loped most of the theoret ical constructs o n w h i c h m o d e r n mate 
rials science is based. T o d a y so l id state chemistry has come of age, a n d 
w e m a y ant ic ipate its f u l l par t i c ipat ion not only i n b u i l d i n g br idges 
be tween chemistry a n d energy engineer ing b u t also i n deve lop ing the 
theoret ica l structures i n catalysis, e lectrochemistry, photochemistry , or 
b iochemistry that w i l l be n e e d e d for tomorrow's mo lecu lar engineer ing . 
A c c o r d i n g l y , a noticeable shift has a lready taken p lace i n the so l id state 
chemistry communi ty , a shift f r o m preoccupat ion w i t h phase diagrams, 
the cataloging of n e w structures, a n d the preparat ion a n d character izat ion 
of h i g h - p u r i t y single crystals to a greater emphasis o n the des ign of 
materials h a v i n g specif ied p h y s i c a l properties or selective c h e m i c a l act iv 
i ty . T h i s s w i n g a n d its significance for tomorrow's energy technologies 
has not yet been f u l l y apprec iated either b y the f u n d i n g agencies or b y 
the institutions of h igher l earn ing even though these organizations were 
the first to feel the impact of the government's shift i n scientific pr ior i t ies . 

I n this sympos ium w e have chosen to e l iminate topics re la t ing to 
nuc lear energy even t h o u g h chemists are m a k i n g c r i t i c a l contr ibutions 
i n some areas. W e have also e l iminated coa l a n d geothermal energy, 
choosing to stress the chal lenge to the chemist of sunl ight as an alternate 
energy source. I n add i t i on , w e concentrated on catalysis, corrosion, a n d 
e lectrochemical cells, fields i n w h i c h so l id state concepts a n d techniques 
are m a k i n g an important impact . I n this endeavor w e w e r e fortunate to 

ix 
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b e ab le to b r i n g a n u m b e r of overseas scientists engaged i n these p r o b 
lems, a n d w e are p leased that a l l b u t three of the papers presented are 
i n c l u d e d i n this vo lume . 

Linden, N.J. JOHN B. GOODENOUGH 
August 18, 1977 M . STANLEY WHITTINGHAM 

χ 
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1 

Hydrogen as an Energy Carrier 

A European Perspective of the Problem 

PAUL HAGENMULLER 

Laboratoire de Chimie du Solide du Centre National de la Recherche 
Scientifique, Universite de Bordeaux I, 351, cours de la Liberation, 
33405 Talence, France 

For countries with low fossil reserves the production of 
low-cost hydrogen may be useful both as energy storage of 
nuclear electric power plants and as feedstock for growing 
requests of the chemical industry. From a prospective point 
of view two methods of producing hydrogen from water 
and nuclear power have been considered: electrolysis at 
medium or high temperature, and thermochemical cycles. 
Transport, storage, and safety problems are discussed. 

{he rising cost of fossi l fuels a n d the prospect of dep le ted reserves i n 
the 21st century have mot iva ted n a t i o n s — p a r t i c u l a r l y those i n d u s 

t r i a l i z e d states dependent on fore ign impor t s—to devise strategies that 
w i l l l e a d to greater energy independence . These strategies differ f r o m 
one country to another: the U n i t e d States has coal a n d oi l -shale reserves 
that are made economical ly attractive b y the r i s ing pr i ce of o i l , W e s t 
G e r m a n y has large coal deposits that can be transformed into l i q u i d or 
gaseous hydrocarbons , a n d B r i t a i n is l o o k i n g to its N o r t h Sea o i l fields 
to carry i t through the next 15-20 years. H o w e v e r , m a n y countr i es— 
i n c l u d i n g F r a n c e , I ta ly , I n d i a , a n d J a p a n — a r e poor i n fossi l - fuel reserves 
a n d therefore have chosen to increase the i r dependency on nuc lear 
energy ( J , 2, 10, 11, 12). 

C h o o s i n g the nuc lear opt i on introduces a n u m b e r of problems. T h e 
energy p r o d u c e d b y a reactor shou ld be d i s t r ibuted to the consumer i n 
the most convenient f o rm w i t h the highest possible efficiency. A n i m m e 
diate ly obvious approach is to use the heat f r om a reactor to dr ive a 
convent ional steam-turbine e lectr ic -power p lant , b u t the theoret ical c on -
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2 S O L I D S T A T E C H E M I S T R Y 

electrolyte introduction 

I II 1 l ^ " " 2 ' °* 
m ψ4?Λ %m cell walls 

/ asbestos separator 

Z--^-^— bolting electrodes 

Lurgi device 

Figure I . Example of a classical electrolytic 
cell 

straint of the C a r n o t cyc le a n d its p rac t i ca l l ow-temperature l i m i t restrict 
the convers ion efficiency of a present-day l ight -water reactor to 3 0 - 3 5 % . 
Moreover , the nuc lear reactor represents a constant-energy source, 
whereas e lectr ic -power d e m a n d fluctuates b y a factor of ca. t w o i n the 
day-n ight cyc le a n d between weekdays a n d weekends. Since nuc lear 
energy supplies more than the base l o a d of e lectr ic power , a means of 
large-scale energy storage must be a d d e d to the system. Storage b o t h 
decreases the system efficiency a n d increases its cost. 

E n e r g y storage i n secondary batteries impl ies considerable cost, 
even i f the high-speci f ic -energy N a - S cells n o w u n d e r development re 
p lace the c lassical l e a d - a c i d batteries. T h e use of m e c h a n i c a l storage, 
whether as p u m p e d water or as underground-s tored compressed gas, 
w o u l d be cheaper, b u t i t is not general ly app l i cab le . 

A n alternate approach is to e lectrolyze water , i n a bas ic m e d i u m , 
d u r i n g times of m i n i m u m d e m a n d ( F i g u r e 1) ( 3 ) ; the energy so stored 
c o u l d be converted back to e lectr ic ity b y b u r n i n g the hydrogen—exhaust 
i n g pure water—ei ther i n the combust ion chamber of a convent ional 
p o w e r p lant or i n a fue l ce l l . Unfor tunate ly at present such h y d r o g e n 
p r o d u c t i o n is not efficient because of joule losses a n d electrode over-
voltages i n the electrolysis ce l l . I n today's electrolysis cells, for example, 
about 5 k W h / N m 3 (at 2 5 ° C a n d 2 bar) of hydrogen (4.6 k W h / N m 8 i n the 
best case) are used, whereas the theoret ical va lue is on ly 3 k W h / N m 8 . 
T h u s the overa l l efficiency for convert ing nuc lear p o w e r to h y d r o g e n is 
< 2 0 % . T h i s va lue is definitely too l o w for a p r a c t i c a l storage scheme. 

O n the other h a n d , the efficient p r o d u c t i o n of h y d r o g e n is needed 
for other purposes besides l o a d averaging i n a p o w e r p lant . H y d r o g e n 
is an i n d u s t r i a l feedstock of g r o w i n g importance . Present w o r l d con 
s u m p t i o n is ca. 200 b i l l i o n N m 3 / y e a r , a n d i t is increas ing at an average 
a n n u a l rate of 8 % . N e a r l y hal f is used for the synthesis of a m m o n i a , 
the cornerstone of the fert i l i zer industry . T h e petrochemica l indust ry 
consumes another quarter for the h y d r o c r a c k i n g a n d desul fur izat ion 
of o i l . I n fact, developments i n h y d r o c r a c k i n g promise greater h i g h -
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1. H A G E N M U L L E R Hydrogen as an Energy Carrier 3 

f ract ion yie lds i n o i l refinement, or an increase i n the f ract ion of gasoline 
a n d a decrease i n the f ract ion of residuals p r o d u c e d f r o m a g iven v o l 
u m e of o i l . H y d r o g e n is also used i n the synthesis of methano l , cyc lo -
hexane, etc. I n add i t i on , h y d r o g e n has potent ia l uses, e.g., i n the gasifi
cat ion or l i q u i f a c t i o n of coa l a n d i n steel product i on . I n iron-ore process
i n g , an inject ion of h y d r o g e n into the tank of the blast furnace c o u l d 
prov ide part of the r e q u i r e d heat, thereby sav ing significant amounts of 
coke a n d fuel . H y d r o g e n c o u l d also save i n the n o n c a r b u r i z i n g p r e 
reduc t i on of i r o n ores before steel ref ining i n the e lectr ical furnace . 

H y d r o g e n p r o d u c e d i n reactors c o u l d be m i x e d eventual ly w i t h 
domestic or industr ia l gas, even though it carries three times less t h e r m a l 
energy a n d has weak flame luminos i ty . P r o d u c t i o n of h y d r o g e n rather 
than electric p o w e r w i t h a reactor has an advantage that c o u l d make 
this mode of operat ion compet i t ive . It is more expensive than n a t u r a l 
gas b u t cheaper than e lectr ic i ty to transport. Moreover , the present 
natural-gas d i s t r ibut ion net c o u l d be used w i thout modi f i cat ion i f the 
natura l gas were enr i ched w i t h 1 0 - 1 5 % hydrogen ( 2 ) . 

H o w e v e r , cost w i l l determine the choices made. T h e hydrogen n o w 
consumed b y the chemica l industry is p r o d u c e d either b y steam re f o rming 
n a t u r a l gas or naphtha , or b y p a r t i a l ox idat ion of heavy hydrocarbons . 
W i t h a 5 0 - 6 0 % y i e l d , the present pr ice is $ 6 0 0 / T , or $ 5 / 1 0 6 B t u ( the 
cost of fue l is about $1 .75 /10 e B t u ) . T h e cost of e lectrolyt ic hydrogen 
w o u l d n o w be about $ 7 5 0 / T i n F r a n c e for e lectr ic i ty at 1 . 2 ^ A W h a n d 
a d a i l y hydrogen p r o d u c t i o n of 500 T . If the va lue of the co -produced 
oxygen is i n c l u d e d a n d the effective y i e l d f r om the electrolysis c e l l i m 
p r o v e d b y 1 5 % , e lectro lyt ic hydrogen m a y be almost compet i t ive w i t h 
h y d r o g e n p r o d u c e d f rom hydrocarbons for use i n the chemica l indust ry 
as a r e d u c i n g agent. H o w e v e r , i t cannot compete w i t h na tura l gas as a 
fue l i n the near future. 

I n other words , the p r o d u c t i o n of low-cost hydrogen m a y be use fu l 
b o t h as energy storage for the development of nuc lear e lectr ic -power 
plants a n d as feedstock for the g r o w i n g d e m a n d of the chemica l industry . 

I n the med ium-to - l ong term, two methods of p r o d u c i n g h y d r o g e n 
more efficiently f r om nuclear power can be envis ioned : 

• Electro lys is at m e d i u m or h i g h temperature. 
• T h e r m a l decomposi t ion of water w i t h thermochemica l cycles. 

B o t h methods are based on the decomposit ion of water , an inexhaust ib le 
r a w mater ia l recovered d u r i n g combust ion. 

Electrolysis at Medium and High Temperatures 

Today 's electrolysis plants require large cap i ta l investment a n d are 
re lat ive ly inefficient because of l o w current densities a n d h i g h over-
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4 S O L I D S T A T E C H E M I S T R Y 

voltages. O p t i m u m operat ing condit ions correspond at present to voltages 
of ca . 2 V a n d current densities of on ly 0.2 A / c m 2 . 

T o reduce the size, a n d hence the cap i ta l investment, of an e lectro ly
sis p lant , the kinet ics of the reactions at the electrodes must be increased 
a n d hence the temperature . I f l i q u i d electrolytes are used, the react ion 
must take p lace under pressure. H i g h e r temperature decreases the over-
voltages; i t also increases the heat / e l e c t r i c i t y rat io of i n p u t energy 
because of the larger entropy t e r m Τ AS: the enthalpy of water f ormat ion , 
AH = Τ AS -f- AG, is essentially temperature- independent , a n d the G i b b s 
free energy AG must be s u p p l i e d as e lectr ica l energy. T h e A l l i s - C h a l m e r s 
C o . , for example , ach ieved a current density of 0.86 A / c m 2 at 120°C, a 
pressure of 21 kbar , a n d a voltage of 1.7 V , w h i c h corresponds to 4 k W h / 
N m 3 H 2 ( 3 ) . These condit ions can be i m p r o v e d b y ra is ing the t empera 
ture a n d pressure, but such improvements w i l l require better porous 
electrodes ( l ower overvoltages caused b y better catalyt ic ac t iv i ty , h igher 
corrosion resistance, a n d total e l iminat i on of the costly element p l a t i n u m ) 
a n d long- l i fe separators. Moreover , the produc t i on of hydrogen u n d e r 
pressure has the a d d e d advantage of b e i n g more suitable to high-pressure 
storage, the f o rm general ly used . 

A more r a d i c a l process w o u l d u t i l i z e a so l id electrolyte a n d water 

vapor above 800°C. S tab i l i z ed z i r con ia , for example, is a fast O 2 " c on -

electrolyte 

electrodes 

Déportes device 

Figure 2. Example of a proposed high temperature 
electrolytic cell 
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1. H A G E N M U L L E R Hydrogen as an Energy Carrier 5 

ductor a n d a n electronic insulator at these h igher temperatures. T h e 
anodes w o u l d be porous e lectronic conductors that are resistant to the 
act ion of oxygen ( d o p e d S n 0 2 or l n 2 0 3 , for example ) or m i x e d electronic 
a n d O 2 " conductors such as L a M n 3 + a , or U 0 2 - * . A t 1000°C the voltage 
w o u l d be less t h a n 1 V , energy consumpt ion w o u l d be 2.3 k W h / N m 3 H 2 

( c ompared w i t h a theoret ical va lue under s tandard condit ions of 3 k W h / 
N m 3 H 2 ) , a n d the current density w o u l d be a f ew A / c m 2 . T h e electrolysis 
efficiency w o u l d then approach 8 0 - 9 0 % , less than 1 0 0 % essentially 
because of the resistance heat ing i n the so l id electrolyte ( F i g u r e 2 ) . 
H o w e v e r , such a process requires a serious research effort i n ceramic 
fabr i cat ion a n d ce l l design i f i t is to get b e y o n d the present laboratory 
stage ( 3 ) . 

Decomposition of Water by Tbermocbemical Cycles 

T h e produc t i on of hydrogen b y electrolysis involves a fundamenta l 
ob ject ion : the produc t i on of fue l f r om a nuclear reactor is subject to the 
C a r n o t cycle , a n d the impos i t i on of electrolysis as an intermediate step 
not on ly l imits the cycle's upper temperature to that acceptable to the 
e lectr ic -power generator b u t also introduces losses associated w i t h the 
electrolysis itself. Since some of the hydrogen p r o d u c e d b y electrolysis 
w i l l be used later to generate electric power , to this object ion must be 
a d d e d the quest ion of whether the e lectrolyt ic generation of h y d r o g e n 
that is subsequently b u r n e d to regenerate e lectr ic i ty represents the most 
efficient w a y to store e letcr ical energy i n the future ( 4 ) . 

Figure 3. Thermodynamic diagram of a typical thermochemical cycle 
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β S O L I D S T A T E C H E M I S T R Y 

T h e t h e r m a l dissoc iat ion of pure water requires very h i g h tempera 
tures ( ~ 4 0 0 0 ° C ) . T o transform nuc lear energy into chemica l energy 
( H 2 + £ 0 2 ) b y the t h e r m a l decomposi t ion of water , the dissociat ion 
temperature must be r educed b y the in t roduc t i on of intermediate ther
m o d y n a m i c cycles. Several laboratories ( E u r a t o m , G D F , A a c h e n , L o s 
A l a m o s , G e n e r a l E l e c t r i c , etc.) have proposed such specific cycles for 
this purpose ; however , these cycles a l l require a h igh-temperature po int 
greater than the l i m i t i n g temperatures avai lab le i n l ight -water reactors. 
Temperatures greater than 650°C w o u l d be attainable today w i t h an 
H T G R h a v i n g a refractory u r a n i u m oxide core a n d the inert gas h e l i u m 
as the heat carrier . Studies made i n W e s t G e r m a n y have shown that 
H T G R s c o u l d be p u s h e d for more than t w o years to prov ide a h i g h -
temperature heat source for the cycles above 900°C ; this offers a C o r n o t 
efficiency greater than 5 0 % . 

T h e t emperature -entha lpy d i a g r a m i n F i g u r e 3 i l lustrates the f o l 
l o w i n g four-stage cyc le : 

H 2 0 + C l 2 - > 2 H C 1 + i O a t 700°C 

2 V C 1 2 -f- 2 H C 1 - » 2 V C 1 3 + H 2 î 2 5 ° C 

4 V C 1 3 - » 2 V C 1 4 + 2 V C 1 2 700°C 

2 V C 1 4 - » 2 V C 1 3 + C 1 2 2 5 ° C 

T h e goal of such thermodynamic cycles is to s u p p l y the enthalpy , 
57.8 k c a l / m o l , needed to dissociate water at 25 ° C . T h e reactive masses 
shou ld not be too great; the phase separations shou ld be s imple a n d few 
i n number . F o r a n efficient cyc le a large n u m b e r of reactions are neces
sary, b u t the n u m b e r of reactions shou ld be s m a l l enough to prevent the 
cyc le f r o m b e c o m i n g too complex. A four-stage cycle is p r o b a b l y the 
best compromise ( 5 ) . T h e s tandard free enthalpy of f ormat ion of h y d r o 
gen shou ld be negative a n d have a h i g h absolute va lue to give a h i g h 
h y d r o g e n pressure. 

T h e r e are five different classifications of thermodynamic cycles : 
( a ) Cyc les u t i l i z i n g the D e a c o n e q u i l i b r i u m to l iberate oxygen f r o m 

water vapor w i t h chlor ine . H o w e v e r , at 700°C the y i e l d of this react ion 
is on ly 6 0 % . F i g u r e 3 i l lustrates such a cyc le us ing v a n a d i u m chlor ides ; 
a c cord ing to F r a n k a n d Re ins t rom, the to ta l y i e l d w o u l d be on ly 1 8 % , 
m a i n l y because of the h i g h energy needed to d isproport ionate V C 1 3 a n d 
the complex i ty of the phase-separation problems ( 6 ) . 

( b ) Cyc l e s u t i l i z i n g the ox idat ion of carbon or carbon monox ide b y 
water vapor ( s t e a m - c a r b o n processes) : 

H 2 0 + C - » C O + H 2 t 

H 2 0 + C O - > C 0 2 + H 2 t 
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1. H A G E N M U L L E R Hydrogen as an Energy Carrier 7 

C a r b o n or carbon monoxide is regenerated b y the reduc t i on of C 0 2 . 
M e r c u r y w o u l d be an attract ive r e d u c i n g agent since the ox idat ion 
produc t H g O dissociates at 600°C , but the toxic i ty of m e r c u r y creates 
a p r o b l e m . 

( c ) Cyc l e s u t i l i z i n g transi t ion-metal oxides w i t h different ox idat ion 
states. T h e most r educed oxide is o x i d i z e d b y water vapor w i t h the 
f ormat ion of hydrogen . T h e resul t ing oxide dissociates at a h igher t e m 
perature w i t h the l iberat ion of oxygen. F e O - F e 3 0 4 , M n 2 0 3 - M n 0 2 , a n d 
S n O - S n 0 2 couples are examples. I n general , these complex cycles have 
an acceptable theoret ical y i e l d only i f the upper temperature of the cyc le 
is h i g h . 

( d ) Cyc les u t i l i z i n g halogenides. T h e hydro lys is of chlorides or 
bromides evolves H C 1 or H B r , w h i c h are subsequently dissociated to give 
hydrogen . T h e theoret ical y ie lds m a y be h i g h , b u t the reactions general ly 
invo lve large masses of reagents, w h i c h make r e c y c l i n g difficult. M o r e 
over, the corrosive character of H C 1 a n d H B r is also a serious obstacle. 

( e ) A recent t r e n d is the s tudy of m i x e d cycles that combine c lass i 
c a l c h e m i c a l reactions w i t h low-voltage , hence low-energy, electrolysis (7). 

Present ly a substant ia l effort is a i m e d at the electrolysis of S 0 2 i n 
aqueous so lut ion, w h i c h produces hydrogen at the cathode a n d su l fur i c 
a c i d at the anode. T h e a c i d is r educed back to S 0 2 b y c h e m i c a l means 
( W e s t i n g h o u s e ) . F i g u r e 4 summarizes p a r t i c u l a r l y significant examples 
of the five types of cycles. 

T h i s br ief overv iew shows that the development of a favorable cycle , 
even f r o m pure ly theoret ical considerations, is a rather diff icult p r o b l e m . 
I n pract ice , the need to obta in h i g h hydrogen pressure imposes not on ly 
the thermodynamic constraint a lready ment i oned b u t also a k ine t i c p r o b 
l e m that becomes more serious as the n u m b e r of stages a n d the flow of 
reagents increases; the interface p r o b l e m becomes more del icate. M o r e 
over, corrosion prob lems compl i cate the choice of container mater ia ls , 
e.g., the choice of metals or oxides resistant to the act ion of a l k a l i oxides 
or hydrogen hal ides ( F i g u r e 4 ) . A joint invest igat ion b y C E A a n d G D F 
i n F r a n c e has recently shown that the reactor h e l i u m flow, used as a heat 
carr ier for the chemica l cycle , m a y signif icantly m o d i f y the y i e l d : a n 
increase f rom 500°C to 700°C of the l o w temperature po int of the h e l i u m 
c ircu i t w o u l d increase the y i e l d b y 5 0 % , w h i l e variations of the h i g h 
temperature have l i t t le influence. T h e thermodynamic cyc le shou ld be 
careful ly c oup led to the reactor. 

I n summary , the use of t h e r m o d y n a m i c cycles to produce h y d r o g e n 
f r o m the thermal dissociat ion of water i n H T G R s poses b o t h a techno
l o g i c a l a n d a theoret ica l chal lenge of considerable dif f iculty. N o cyc le 
has yet reached the p i l o t stage. H o w e v e r , i f a satisfactory cyc le c o u l d b e 
proposed a n d made to work , the efficiency of conversion f r o m nuc lear to 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

01



A ) 

Β ) 

C ) 

D ) 

Ε) 

H 2 0 
—I 
+ C 1 2 

1 
2 H C 1 + l / 2 0 2 

2 H C 1 + 2 C r C l 2 -> 2 C r C l 3 + H 2 

2 C r C l 3 • C r C l 2 + C 1 2 

1 

2 H 2 0 + 2 C 0 

2 C 0 2 — I 

2 C 0 + 0 2 + 2 H g 

2 H g O 

• C 0 2 + H 2 

2 C 0 + 0 2 

2 C 0 + 2 H g O 

+ 0 2 _ 2 H g 

S O L I D S T A T E C H E M I S T R Y 

700°C 

200°C 

8 0 0 ° C 

400°C 

315°C 

4 5 0 ° C 

600°C 

M110O3 + 4 N a O H -> N a 4 M n 0 4 + H 2 0 + H 2 

N a 4 M n 0 4 + n H 2 0 -> 4 N a O H ( a q ) + 2 M n 0 2 

2 M n 0 2 - » M n 2 0 3 + 0 2 

S r B r 2 + H 2 0 -> S r O + 2 H B r 

2 H B r + H g H g B r 2 + H 2 

S r O + H g B r 2 S r B r 2 + H g + l / 2 0 2 

1 
H 2 0 + C l 2 -> 2 H C 1 + l / 2 0 2 

fi 
2 H C I - » H j + C l 2 (électrol.) 

800°C 

100°C 

600°C 

800°C 

200°C 

500°C 

700°C 

300°C 

Figure 4. Examples of various redox cycles 

c h e m i c a l energy w o u l d be s ignif icantly h igher than any avai lable electro
l y t i c process a n d compet i t ive w i t h h igh- temperature electrolysis . 

T h e p r o d u c t i o n of hydrogen v i a thermodynamic cycles, as w e l l as 
that v i a h igh- temperature electrolysis, does not require the use of a 
nuc lear reactor; any high-temperature heat source w i l l do. 

F i g u r e 5 compares the solar energy r e q u i r e d to produce , b y three 
different processes, a mass of hydrogen equivalent to 1 k W h of c h e m i c a l 
energy: photovol ta ic conversion f o l l o w e d b y electrolysis, a h igh - tempera 
ture solar furnace u s i n g concentrators f o l l o w e d b y either m e d i u m - t e m 
perature electrolysis or a t h e r m o d y n a m i c cycle . T h e hypothet i ca l y ie lds 
used are the most opt imist i c ( 8 ) . N o t s h o w n are the p r o d u c t i o n of 
h y d r o g e n b y photoelectrolysis or b y a solar furnace f o l l o w e d b y h i g h -
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1. H A G E N M U L L E R Hydrogen as an Energy Carrier 9 

temperature electrolysis. I t s h o u l d also be noted that the concentrators 
of the solar furnace use on ly direct sunl ight . 

O f the three produc t i on units considered i n F i g u r e 5 the first is b y 
far the most expensive: for an average insolat ion of 350 W / m 2 the solar 
pane l shou ld have a surface area of ca. 25 m 2 . I f the p a n e l is m a d e of 
s ingle -crystal s i l i con , the cap i ta l cost at today's prices w o u l d be $180,000. 
W h i l e this pr i ce w o u l d be signif icantly reduced , for instance, b y the use 
of th in - f i lm s i l i con on graphite , the smaller efficiency of the th in - f i lm cells 
w o u l d increase the area r equ i red . W i t h an electrolysis y i e l d of 7 5 % the 
second process w o u l d need an investment of on ly $1,000, most of i t 
assigned to the solar col lector. Rep lacement of the electrolysis c e l l b y a 
thermodynamic cycle h a v i n g a 4 5 % y i e l d w o u l d l ower the cap i ta l cost 
to ca . $600 since the size of the solar col lector w o u l d be decreased s i g 
ni f icantly . These cost estimates are, of course, in t imate ly t i e d to the y ie lds 
of the electrolyt ic process a n d the thermochemica l cycle . T h e use of solar 
energy involves numerous problems not discussed here. H o w e v e r , t w o -
axis concentrators w o u l d a l l o w m u c h h igher temperatures t h a n those 
avai lable f rom H T G R s a n d w o u l d therefore permi t more efficient cycles. 

Distribution and Storage 

T h e transport of pure hydrogen i n pipes under 80-100 bar pressure 
does not create serious m e t a l l u r g i c a l prob lems. A l t h o u g h the l o w e r 
density a n d viscosity of hydrogen gives i t a faster flux than n a t u r a l gas, 

Solar panel 
electr. 

1 5 % 
— ^ — 

7 5 % 
— > — 

H 2 

8,9 kW 
1,33 kW 1kW 

Solar Furnace 
7 0 % 

turb. alt. electr. H 2 

α ' 1200 'C 
4,6 kW 

4 0 % 7 5 % 

3,2 kW 1,33 kW IkW 

Solar furnace 

α 
thermoch. cycle 

3kW 

) 7 0 * 4 5 % 

' ^oo^c ' ^oo^c 
2,1 kW 1kW 

Figure 5. Production of hydrogen from sohr energy 
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10 S O L I D S T A T E C H E M I S T R Y 

Energy capacities 

kWh/kg kWh/l 
Ho 200 bar 

0,55 
light alloy reserr 

liq. H 2 20 Κ 

La N i 5 H 6 

3 4,2 

8 9 

Figure 6. Mass and volume capaci
ties of some energy sources 

h y d r o g e n carries on ly one - th i rd the heat ing power ; thus, compressors 
5 -6 t imes as p o w e r f u l as those used for natural-gas systems are needed 
to at ta in the same rate of energy de l ivery . Nevertheless , for l o n g d is 
tances hydrogen transport is m u c h cheaper than e lectr i ca l transport over 
p o w e r lines ( 2 ) . 

L a r g e quantit ies of hydrogen , l i ke na tura l gas, can be stored i n 
u n d e r g r o u n d water b e d d e d cavities or i n salt cavities p u r g e d of the ir salt 
b y water in ject ion. T h e simplest so lut ion is to store hydrogen as a c o m 
pressed gas, but the m a s s / v o l u m e ratio relat ive to that of l i q u i d h y d r o 
carbons is disastrous for m o b i l e units because of the large mass of the 
high-pressure tanks ( F i g u r e 6 ) . T h e specific energy of l i q u i d h y d r o g e n 
is m u c h higher , b u t safety problems s t i l l seem to prec lude , at this t ime , 
its use i n cars, planes, or even trains. A proposed so lut ion to this p r o b l e m 
is the use of reversible hydr ides that desorb their h y d r o g e n w i t h modest 
heat ing a n d / o r l o w e r i n g of the hydrogen pressure. T h e basic m e t a l store 
can be recharged w i t h h y d r o g e n w h e n it is not i n use. 

A m o n g the reversible hydr ides M g H 2 is a p r i o r i the most attractive 
because of its l o w mass a n d cost. Unfor tunate ly , this h y d r i d e saturates 
on ly at re lat ive ly h i g h temperatures a n d pressures. 

A l l o y s of the rare-earth a n d transi t ion elements offer alternative 
possibi l i t ies , but the m a s s / H 2 rat io a n d the cost are b o t h h i g h , as is also 
the dissociat ion pressure at r oom temperature. T h e best of these mate 
rials seems to be the h y d r i d e L a N i 5 H e . 

F e T i H 2 is more stable a n d less expensive, b u t the m a s s / H 2 rat io is 
s t i l l qu i te h i g h . T h i s rat io is better i n V H 2 , but v a n a d i u m is expensive 
a n d the m a s s / H 2 rat io is h igher ( b y about 5 0 % ) than that of M g H 2 . 

Recent research has l e d to an i m p r o v e d h y d r o g e n dif fusion i n m a g 
nes ium h y d r i d e . T h e approach used was to m i x into s intered pellets of 
m a g n e s i u m a dispersed phase of another m e t a l or a l loy that fixes h y d r o 
gen easily. F i g u r e s 7 a n d 8 show that the quantit ies of hydrogen fixed b y 
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1. H A G E N M U L L E R Hydrogen as an Energy Carrier 11 

Figure 7. Absorption of hydrogen on pure and doped 
magnesium (p = 30 bar) 

a n 80:20 mixture of M g a n d L a N i 5 at a g iven temperature , pressure, a n d 
t ime in terva l are m u c h higher than those fixed b y pure magnes ium. T h u s 
the temperature a n d pressure for fixing h y d r o g e n can be r e d u c e d to t o l 
erable values w i t h o u t excessive a d d i t i o n a l cost a n d mass. T h e o r i g i n of 
this synergetic effect is not yet w e l l understood ( 9 ) . 

T h e reversible hydr ides have a serious r e l i a b i l i t y p r o b l e m . T h e y 
tend to absorb oxygen a n d water vapor more easily t h a n hydrogen , so 
that w i t h t ime the amount of hydrogen absorbed a n d desorbed decreases. 
L i t t l e progress has been made on this p r o b l e m . 

Figure 8. Absorption of hydrogen on pure and doped 
magnesium (p = 60 bar) 
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12 S O L I D S T A T E C H E M I S T R Y 

It appears that i n the next 10-20 years the hydr ides m a y be used for 
stationary hydrogen storage but not as m o b i l e fue l sources for vehicles . 
T h i s is a consequence of their chemica l react iv i ty a n d l o w specific energy. 
F o r transport , hydrogen w i l l increase the gasoline p r o d u c e d i n o i l refine
ment or produce synthetic l i q u i d fuels. Nevertheless , i t shou ld be no ted 
that the specific energy of M g H 2 is s ignif icantly h igher than that of the 
N a - S batteries presently under development . 

M e t a l s capable of f o r m i n g hydr ides m i g h t be used as absorb ing 
cathodes for l oad averaging i n the e lectro lyt ic p r o d u c t i o n of hydrogen . 
T h e gas absorbed at n ight w o u l d be l iberated d u r i n g the dayt ime hours 
of peak demand . A n o t h e r possible use for hydr ides is the isotopic sepa
ra t i on of l i ght hydrogen a n d deuter ium ( I ) . 

Safety "Problems 

H y d r o g e n has h a d a b a d reputat ion since the b u r n i n g of the G e r m a n 
z e p p e l i n before W o r l d W a r I I . Perhaps there is also an association i n 
the p u b l i c m i n d between its combust ion a n d the explos ion of the H - b o m b . 

I n fact, gaseous hydrogen is no more dangerous than any other 
combust ib le gas; i t i g n i t e s — a n d even exp lodes—in air , b u t the i g n i t i o n 
a n d explosion thresholds for a mixture poor i n air are h igher t h a n those 
of propane or butane ( 4 % air instead of 2.1 a n d 1.9%. C o m p a r e d w i t h 
gaseous hydrocarbons , hydrogen ignites at a l ower temperature ( 5 8 5 ° C ) , 
a n d its flame is prac t i ca l ly inv i s ib le because of its l o w luminos i ty . H o w 
ever, because of its l o w density a n d viscosity, i t diffuses more q u i c k l y i n 
case of a leak, w h i c h reduces the r isk of explosions or spontaneous 
i g n i t i o n . 

I n W e s t G e r m a n y a n d the U S S R , p ipel ines transport hydrogen u n d e r 
pressure today, a n d the domestic gas used u n t i l recent ly i n E u r o p e con 
ta ined 5 0 % hydrogen . F o r m a n y years n o w the chemica l industry has 
used pressur ized (several h u n d r e d b a r ) hydrogen i n the synthesis of 
a m m o n i a or for the F i s c h e r - T r o p s c h process. O n the other h a n d , the 
h a n d l i n g of l i q u i d hydrogen is qui te hazardous since, i n the case of a 
leak, a ir w o u l d l i q u i f y o n contact. Nevertheless , N A S A has been trans
p o r t i n g l i q u i d h y d r o g e n b y h i g h w a y a n d b y r a i l w i thout inc ident . 
F i n a l l y , neither hydrogen nor its combust ion product water is toxic or 
p o l l u t i n g . T h e same cannot be sa id for fossi l fuels. 

I n summary , as an alternate fue l of sufficient energy density, h y d r o 
gen w i l l be compet i t ive on ly w h e n p r o d u c e d f r om water w i t h a h i g h 
enough efficiency to justi fy the large cap i ta l investment i n p roduc t i on , 
storage, a n d d i s t r ibut ion faci l i t ies . F i g u r e 9 summarizes h o w h y d r o g e n 
m i g h t eventual ly be d i s t r ibuted a n d used i n the future . 
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1. H A G E N M U L L E R Hydrogen as an Energy Carrier 13 

Nuclear 
fuel 

i n 
Nuclear 
reactor 

heat or| electricity 

Dissociation 
plant 

Oxygen Hydrogen 

H 2 pipes 

Industrial 
applications 

Hg underground 
storage 

Hydrogen distribution 
network and fuel 

7Γ distributi 

J > | Industrial uses 
Reducting gaz 

Natural gaz 

j j Synthetical materials 
and fuels 

Peak electricity 
turbines or fuel cells 

Hydride storage 

JO 
Mobil Fuel cells 

(S) CH4 + Hg mixture plants 

Figure 9. Prospective distribution scheme of hydrogen 

H y d r o g e n p r o d u c e d f r o m water b y i m p r o v e d techniques , such as 
h i g h - y i e l d electrolysis or thermochemica l cycles, w o u l d have a h igher 
p u r i t y than that p r o d u c e d f r o m hydrocarbons a n d c o u l d be a n impor tant 
i n d u s t r i a l feedstock i f its pr i ce became compet i t ive . H o w e v e r , i t is p re 
mature to consider h y d r o g e n a rea l compet i tor of n a t u r a l gas or o i l for 
domestic a n d indus t r ia l heat ing (JO, 11,12). 

M e t h a n o l is f requent ly proposed as the best m e d i u m - t e r m energy 
carr ier for automot ive fue l . A s a l i q u i d at r o o m temperature m e t h a n o l 
is easier to store a n d distr ibute than hydrogen , a n d i t requires l i t t le , i f 
any, adjustments to present automob i l e s—part i cu lar ly i f methano l is used 
as an add i t ive to gasoline. I n fact, methano l is essentially an alternate 
w a y of stor ing hydrogen , w h i c h means that methano l has a l ower specific 
energy than pure h y d r o g e n — b u t a h igher specific energy t h a n M g H 2 . 
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14 SOLID STATE CHEMISTRY 
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Catalytic Synthesis of Hydrocarbons from 

Carbon Monoxide and Hydrogen 

M. A. VANNICE1 

Corporate Research Laboratories, Exxon Research and Engineering Co., 
Linden, N.J. 07036 

Different synthesis processes are reviewed briefly before 
recent research on the catalytic behavior of the Group VIII 
metals in carbon monoxide hydrogenation, in which spe
cific activities have been determined for the first time, is 
presented. Chemisorption measurements used to define 
reduced metal surface area indicate that the ordering of 
specific activities for these supported metals is significantly 
different from relative activities determined in older studies 
of unsupported metals in which metal surface areas were 
not measured. Supported Pt and Pd catalysts have much 
higher specific activities than unsupported Pt and Pd, and 
these activity increases are attributed to a crystallite size 
effect and a metal-support interaction, respectively. Sup
ported Ni catalysts show a similar, but less pronounced, 
activity enhancement compared with unsupported Ni, and 
in addition exhibit a shift in selectivity to higher molecular 
weight hydrocarbons. 

Hp he increas ing d e m a n d for energy, c oup led w i t h the uncerta inty a n d 
Α expense of c rude o i l imports , has r e n e w e d interest i n the p r o d u c t i o n 

of fuels a n d chemicals f r o m hydrogen-def ic ient materials . E n e r g y sources 
such as coal , res idua, o i l shale, a n d tar sands can be gasified w i t h steam 
or oxygen to produce a gas conta in ing large quantit ies of carbon monox 
i d e a n d hydrogen . O n c e methane is r emoved f r om this C O - H 2 rnixture, 
i t is pur i f i ed to remove sul fur poisons a n d then a l l o w e d to over a catalyst 

1Current address: Department of Chemical Engineering, The Pennsylvania State 
University, University Park, Pa. 16802. 
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16 S O L I D S T A T E C H E M I S T R Y 

to produce a var ie ty of organic products . T h e synthesis of h y d r o c a r b o n 
products , w i t h the exception of methane, is c o m m o n l y re ferred to as the 
F i s c h e r - T r o p s c h synthesis react ion. 

M a n y organic products can be f o r m e d b y these C O - H 2 synthesis 
reactions. C o n t r o l of the p r o d u c t d i s t r ibut i on is of major importance 
since specific products are r e q u i r e d for different e n d uses. F o r instance, 
methane a n d other l ight hydrocarbons are necessary for the p r o d u c t i o n 
of substitute n a t u r a l gas ( S N G ) . H o w e v e r , i f a synthetic naphtha , w h i c h 
can be u p g r a d e d into h i g h octane motor fue l , is des ired , then C4-C10 

h y d r o c a r b o n l i qu ids are preferred . A n o t h e r s i tuation of interest involves 
methane w h i c h is n o w b e i n g flared i n the N e a r East . A s an alternat ive 
to b u r n i n g this fue l , i t c o u l d be transported to the U . S . as l i q u i d n a t u r a l 
gas ( L N G ) , methano l , or paraffinic l i q u i d s . T h e latter two alternatives 
invo lve steam re forming of methane f o l l o w e d b y different C O - H 2 s y n 
thesis reactions. F i n a l l y , the p r o d u c t i o n of paraffinic l i q u i d s m a y b e an 
impor tant factor i n a c o m b i n e d coa l gas i f i cat ion-e lectr i ca l generation 
p o w e r p lant since these paraffinic l i qu ids (or C H 3 O H ) can be easily 
stored d u r i n g off-peak hours for use d u r i n g peak- load hours. 

T h e benefits of unders tand ing a n d contro l l ing p r o d u c t select ivity i n 
C O - H 2 reactions are apparent , a n d knowledge of the catalyt ic behav ior 
of the G r o u p V I I I metals is a n important step t o w a r d achievement of 
this goal . A short r ev i ew of exist ing synthesis processes w i l l descr ibe 
the state of the art today i n C O - H 2 catalysis. Recent research u s i n g 
we l l - character i zed , supported meta l catalysts is presented, a n d the s ig 
nif icance of these results is discussed. 

Different Synthesis Processes 

T h e gasification of heavy, hydrogen-def ic ient materials provides one 
route to produce c lean fuels a n d chemicals . T h i s process generates 
large quantit ies of C O a n d H 2 w h i c h can react to f o r m a w i d e var ie ty 
of products . A s impl i f i ed scheme of the overa l l process is s h o w n i n 
F i g u r e 1. T h e C O - H 2 s tream is pur i f i ed to remove C 0 2 a n d sul fur -
conta in ing poisons. T h e des ired H 2 / C O ratio is then obta ined b y u s i n g 
the water -gas shift react ion. F i n a l l y , b y the appropr iate choice of 
catalyst a n d react ion condit ions, the p roduc t d i s t r ibut ion is adjusted to 
m a x i m i z e p r o d u c t i o n of the desired compounds . 

T h e thermodynamics for the f ormat ion of organic compounds have 
been ca l cu lated a n d discussed i n deta i l elsewhere ( J ) . W i t h the excep
t i o n of a f e w compounds such as f ormaldehyde a n d acetylene, the A G ° 
values at 298°Κ are negative ; therefore, p roduc t i on of an enormous 
var iety of compounds at reasonable react ion temperatures is theoret ical ly 
possible. T h e p r o d u c t i o n of different products , however , can be favored 
b y a judic ious choice of catalyst a n d the appropr iate range of t empera -
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2. V A N N I C E Catalytic Synthesis of Hydrocarbons 17 

CH, CO + Η· 
PURIFIER 

GASIF1ER WATER-GAS 
SHIFT SYNTHESIS —t»CH 4 

- ^ C 2 H A 

— C H 3 O H 

—«* GASOLINE 

L _ HEAT 
REACTOR 

COAL 
RESIDUA 
OIL SHALE 
TAR SANDS 

STEAM 
OR 0 o 

Figure 1. Gasification of hydrogen-deficient materials provides one 

ture a n d pressure as i l lus trated i n F i g u r e 2. M e t a l catalysts favor the 
p r o d u c t i o n of n o r m a l paraffins a n d olefins, whereas m e t a l oxides such as 
T h 0 2 / A l 2 0 3 can produce branched - cha in hydrocarbons . M e t a l oxides 
a n d d o p e d m e t a l oxides are also r e q u i r e d for the format ion of alcohols. 
Aromat i c s , a ldehydes, ketones, a n d acids can also be produced . A d is 
cussion of each of these processes i n somewhat more deta i l w i l l p rov ide 
a f ami l i a r i za t i on w i t h the catalysts used a n d the t y p i c a l produc t d i s t r i b u 
tions attained. 

A n u m b e r of c ompl i ca t ing reactions can occur concurrent ly w i t h the 
synthesis react ion ; some of the most important reactions are s h o w n i n 
T a b l e I . Since water is a p r i m a r y produc t i n most of the synthesis reac
tions, the water -gas shift react ion can occur be tween this water a n d 
carbon monoxide f r o m the feed stream. T h i s react ion changes the oxygen-
conta in ing by -products f r om H 2 0 to C 0 2 a n d alters the usage rat io of 
h y d r o g e n a n d carbon monoxide . T h e B o u d o u a r d react ion results i n the 
disproport ionat ion of C O to produce carbon o n the catalyst surface a n d 
C 0 2 . C a r b o n depos i t ion can also occur b y the d irect react ion of h y d r o 
gen a n d carbon monoxide . T h i s is bas i ca l ly the reverse react ion of coa l 
gasif ication i f the latter is represented i n a very s impl i f i ed manner . 

Table I. Complicating Reactions in C O Hydrogénation 

W a t e r gas shift 

B o u d o u a r d reaction 

C o k e deposit ion 

C a r b i d e format ion 

C O + H 2 0 C 0 2 + H 2 

2 C O -> C + C 0 2 

H 2 + C O -> C + H 2 0 

xM + C M * C 
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2. v A N N i C E Catalytic Synthesis of Hydrocarbons 19 

Table II. Product Distribution from Medium-Pressure 
Synthesis Processes (1 ) 

Mol% 

Catalyst Paraffins Olefins 

F e (220°C, 10 atm) 46.4 33.1 
C o (200°C, 7 atm) 79.0 20.0 

Alcohols 

20.5 
1.0 

The Fischer-Tropsch and Related Syntheses 

F i n a l l y , w h e n carbon exists o n the surface of a m e t a l catalyst, there is 
the poss ib i l i ty of meta l carb ide format ion . T h e format ion of these car
bides , such as F e 2 C , C o 2 C , a n d N i 3 C , can alter the catalyt ic behavior of 
the m e t a l that was i n i t i a l l y present. 

M e t h a n a t i o n has rece ived the most attention d u r i n g the past f e w 
years, p r i m a r i l y because i t converts a l ow B t u syn-gas mix ture into a 
h i g h B t u substitute n a t u r a l gas ( S N G ) . T y p i c a l l y , R a n e y n i c k e l or 
massive n i c k e l / a l u m i n a catalysts are used i n a temperature range of 
523-673°K. Temperatures h igher than 700° Κ can result i n severe cata 
lyst deact ivat ion caused b y meta l s inter ing . A w i d e range of pressures 
can be employed , b u t operat ion at 3600-7200 k P a (500-1000 ps i ) a l lows 
a d irect t i e - in w i t h p ipe l ine n a t u r a l gas. U n d e r these operat ing c o n d i 
tions methane is the preponderant h y d r o c a r b o n product since only s m a l l 
amounts of ethane, propane, a n d butane are formed. T h i s react ion is 
discussed i n deta i l b y M i l l s a n d Steffgen ( 2 ) , V lasenko a n d Y u z e f o v i c h 
( 3 ) , a n d G r e y s o n ( 4 ) . 

T h e first c o m m e r c i a l F i s c h e r - T r o p s c h catalysts deve loped were co-
prec ip i ta ted C o / K i e s e l g u h r a n d reduced , p romoted i r o n oxide. T h e r e 
are substantial differences i n the produc t d i s t r ibut i on obta ined i n the 
medium-pressure synthesis process, w h i c h is normal ly r u n between 5 
a n d 20 a tm. C o b a l t produces paraffins p r i m a r i l y , w h i l e p r o m o t e d i r o n 
gives a larger percentage of olefins a n d oxygenated mater ia l w h i c h is 
most ly alcohols, as i n d i c a t e d i n T a b l e I I . A look at just the h y d r o c a r b o n 
p o r t i o n of the product reveals further differences i n the catalyt ic be 
hav ior of C o a n d F e . A n examinat ion of the molecu lar w e i g h t d i s t r i b u 
tions s h o w n i n F i g u r e 3 indicates that w i t h F e , a m a x i m u m occurs for 
the C 3 species o n a w t % basis, whereas methane is the predominant 
produc t over C o w i t h a second m a x i m u m occurr ing for the C 5 f ract ion . 
T h e enormous amount of data descr ib ing these synthesis processes has 
been discussed before ( 1 ). 

I n the late 1930s P i c h l e r d iscovered that r u t h e n i u m produces very 
h i g h molecu lar we ight paraffinic waxes at l o w temperatures a n d v e r y 
h i g h pressures. T h i s behavior is represented i n F i g u r e 4 where i t can be 
seen that over 30 w t % of the product has an average mo lecu lar w e i g h t 
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The Fischer-Tropsch and Related Syntheses 

Figure 3. Molecular weight distribution of hydrocarbon products in the 
medium-pressure synthesis process (1) 

> 200,000. T h i s behav ior has been discussed i n greater de ta i l b y P i c h l e r 
a n d co-workers (5,6). 

T h e m e t a l oxides seem to be less act ive synthesis catalysts t h a n the 
metals , thereby necessitating more d e m a n d i n g react ion condit ions . T h e y 
do produce a m u c h different produc t spectrum, however . M e t h a n o l can 
be synthesized qu i te select ively w i t h Z n O catalysts, a n d z i n c o x i d e -
c h r o m i a catalysts were first c o m m e r c i a l i z e d i n the ear ly 1920s. T h e l o w 
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2. V A N N I C E Catalytic Synthesis of Hydrocarbons 21 

0 200000 LOO 000 600003 800 000 ' WOO 000 

MOLECULAR WT. 

Chemie Ingénieur Tech ni k 

Figure 4. Ruthenium is unique in its pro
duction of high molecular weight paraffinic 

waxes (90°C, 2000 atm) (5). 

act iv i ty of these catalysts r e q u i r e d h i g h operat ing temperatures of 5 5 0 ° -
700°K, resu l t ing i n very unfavorab le e q u i l i b r i u m conversions since A G ° 
for the methano l synthesis react ion becomes posit ive at ca . 425°K. V e r y 
h i g h reactor pressures of 100-600 a t m w e r e therefore necessary to 
achieve reasonable conversions because of this thermodynamic l imi ta t i on . 
Catalysts deve loped recently w h i c h contain copper are more act ive than 
the z i n c o x i d e - c h r o m i a catalysts a n d can be used at l ower temperatures, 
thereby r e d u c i n g the pressure r e q u i r e d to achieve the same conversions. 
T h i s change results i n a more economica l process since pressures of on ly 
50 -100 a tm are n o w needed. A good rev i ew of the methano l synthesis 
react ion is p r o v i d e d b y N a t t a ( 7 ) . 

T h e add i t i on of a l k a l i metals to z inc oxide imparts the capab i l i ty to 
produce longer -chain alcohols, b u t these catalysts must be operated at 
h i g h temperatures a n d h i g h pressures. A t these condit ions 2 -butanol is 
the p r i m a r y product , exclusive of methano l , a n d comprises over 50 w t % 
of the produc t s h o w n i n F i g u r e 5. T h e synthesis of h igher mo lecu lar 
w e i g h t alcohols is discussed i n greater de ta i l b y N a t t a , C o l o m b o , a n d 
P a s q u o n ( 8 ) . 

A t these h i g h pressures a n d even h igher temperatures, the use of 
T h 0 2 - A l 2 0 3 catalysts results i n the isosynthesis react ion i n w h i c h the 
products are p r i m a r i l y b r a n c h e d paraffins rather t h a n stra ight -chain 
hydrocarbons . A t the condit ions g iven i n F i g u r e 6, isobutane is the 
p r i n c i p a l p roduc t on a w t % basis. T h e p r o d u c t i o n of aromatics also has 
been observed i n this system. A deta i led descr ipt ion of the isosynthesis 
react ion is g iven b y C o h n ( 9 ) . 

T h e newest development i n C O - H 2 catalysis was disc losed recent ly 
b y U n i o n C a r b i d e ( 1 0 ) . B y u s i n g a homogeneous R h catalyst at m o d 
erate temperatures ( 5 2 5 ° K ) a n d extremely h i g h pressures of 20 ,000 -
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22 S O L I D S T A T E C H E M I S T R Y 

( 4 1 0 e C , 375 ATM) 

π 
i - C 4 2-METHYL HIGHER 

ALCOHOL CARBON NUMBER A L C . 

Catalysis 

Figure 5. Product distribution for the alcohol synthesis reaction. Catalyst: 
14% K90/ZnO(8). 

(450 e C , 300 ATM) 

run 
C 4 i - C 4 C 5 + (ALC) 

CARBON NUMBER 

Catalysis 

Figure 6. The isosynthesis reaction favors isobutane formation. Catalyst: 
ThOt/AkOs (9). 
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2. V A N N i C E Catalytic Synthesis of Hydrocarbons 23 

50,000 ps i , ethylene g lyco l can be synthesized d i rec t ly f r o m C O a n d H 2 . 
A b o u t three-quarters of the po lyhydroxy product is composed of ethylene 
g lyco l , w i t h the b a l a n c e composed of propy lene g l y c o l a n d g lycer ine . 
M e t h a n o l is also p r o d u c e d i n this process. T h i s result strongly suggests 
that n e w homogeneous catalysts m a y p l a y an important future role i n 
the catalysis of C O - H 2 synthesis reactions. 

A l t h o u g h research concerning C O - H 2 synthesis reactions spans three-
quarters of a century, a n u m b e r of problems s t i l l r e m a i n to be so lved. 
A s typ i f i ed b y the figures presented, there is s t i l l a lack of p roduc t selec
t iv i ty , especial ly i n the synthesis of hydrocarbons other t h a n methane. 
T h e capab i l i ty of selectively f o r m i n g a specif ied c ompound , i.e., ethylene, 
w o u l d be h i g h l y desirable. I n a d d i t i o n to this p r o b l e m , a l l the G r o u p 
V I I I metals are very sensitive to sul fur poisons such as H 2 S , a n d a su l fur -
tolerant catalyst w o u l d be a major improvement . F o r example , the m e t h a -
nat ion processes us ing n i c k e l catalysts require that the H 2 S l eve l i n the 
feed stream be r educed to 0.01-0.1 p p m to achieve satisfactory catalyst 
l i fet imes. Because of this requirement , add i t i ona l pur i f i cat ion steps must 
be a d d e d to atta in these very l o w sul fur levels. 

A n o t h e r p r o b l e m is catalyst deact ivat ion, w h i c h can occur because 
of s inter ing of meta l partic les , coke deposit ion, a n d meta l carb ide f o r m a 
t ion . Catalysts that are more sinter-resistant are par t i cu lar ly desirable . 
A l s o , some of the G r o u p V I I I metals f o rm volat i le carbonyls . T h i s creates 
a p r o b l e m not on ly because of the toxic i ty of these carbonyls b u t also 
because i m p r o p e r catalyst treatment can result i n m e t a l transport w i t h i n 
the catalyst b e d a n d even out of the reactor. 

A l t h o u g h m a n y studies i n v o l v i n g heterogeneous catalysts for C O - H 2 

reactions have been conducted , most of the data were obta ined before 
the advent of the sensitive ana ly t i ca l techniques avai lable today. T h e r e 
fore, large product y ie lds were r e q u i r e d for product analyses, w h i c h 
were frequent ly represented i n terms of d i s t i l la t i on fractions. D e t a i l e d 
product d istr ibut ions were not commonplace . Reactors were usua l ly 
operated at h i g h conversions, thereby p r o v i d i n g k inet i c data f r o m in te 
gra l reactors. These data are not so easily interpreted as data f r o m 
di f ferential reactors since heat a n d mass transfer effects, secondary reac
tions, a n d product i n h i b i t i o n can compl icate k inet i c analysis. I n a d d i t i o n , 
no specific ac t iv i ty rate data h a d been determined i n these earl ier studies 
because chemisorpt ion techniques h a d not been deve loped to the po int 
where they were u t i l i z e d as a rout ine catalyst character izat ion p r o 
cedure. T h e compar ison of rates on the basis of un i t m e t a l surface area 
or per m e t a l surface site, i.e. turnover numbers , is the on ly m e a n i n g f u l 
w a y to compare the intr ins i c ac t iv i ty of different m e t a l catalysts. Because 
of these l imitat ions s t i l l exist ing i n the 1970s, a study was i n i t i a t e d to 
p r o v i d e this necessary in format ion for the first t ime. 
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24 SOLDO S T A T E C H E M I S T R Y 

Table III. Dispersion Variations for Different 
Metal Catalysts (11) 

Catalyst % Metal Dispersion 

1 5 % F e / A l 2 0 3 2* 
5 % R u / A l 2 0 3 6* 
2 % C o / A l 2 0 3 8 ' 
5 % N i / A l 2 0 3 1 3 ' 
2 % P d / A l 2 0 3 22* 
1% R h / A l 2 0 3 4 8 ' 
1.75% P t / A l 2 0 3 88* 
2 % I r / A l 2 0 3 9 0 ' 

* Assuming bridged bonding of CO. 
* Assuming linear bonding of CO. 

Journal of Catalysis 

Supported Metal Catalysts 

T h e behav ior of G r o u p V I I I metals d ispersed o n a var ie ty of t y p i c a l 
m e t a l oxide supports has been invest igated i n the C O — H 2 synthesis reac
t i o n ( I I ) . D i s p e r s i n g a m e t a l o n a support is advantageous not o n l y 
because i t results i n the f o rmat ion of very s m a l l m e t a l crystal l i tes , thereby 
increas ing the surface area per g ram of the m e t a l component , b u t also 
because the m e t a l surface is s tab i l i zed u n d e r react ion condit ions . 

I t was necessary to s tudy these we l l - charac ter i zed G r o u p V I I I m e t a l 
catalysts i n order to make m e a n i n g f u l k i n e t i c comparisons. C h e m i s o r p -
t i o n of H 2 a n d C O measured the surface area of the r e d u c e d m e t a l , 
thereby a l l o w i n g the ca l cu la t i on of b o t h specif ic ac t iv i ty , expressed as 
turnover numbers , a n d m e t a l d ispers ion, w h i c h is the rat io of surface 
m e t a l atoms to the to ta l n u m b e r of m e t a l atoms i n the catalyst . T a b l e I I I 
shows the dispers ion data for a series of a lumina - suppor ted metals . T h e 
more nob le G r o u p V I I I metals are t y p i c a l l y better dispersed. T h e w i d e 

Table IV. New vs. O l d Data for Methanation Activity (11) 

Vannice 

CHt Formation/'g Metal 
Fischer et al. (1925) 

Metal 
NCHi @ 275°C 

(sec'1) 

R u 
I r 
R h 
N i 
C o 
Os 
P t 
F e 
P d 

R u 
F e 
N i 
C o 
R h 
P d 
P t 
I r 

0.181 
0.057 
0.032 
0.020 
0.013 
0.012 
0.0027 
0.0018 

Journal of Catalysis 
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2. V A N N I C E Catalytic Synthesis of Hydrocarbons 25 

v a r i a t i o n i n d ispers ion values i l lustrates the importance of character iz ing 
catalysts i n this manner . 

A di f ferential , flow microreactor was operated at steady-state c o n d i 
t ions, a n d conversion data free f r o m heat a n d mass transfer l imitat ions 
were obta ined (11). E v e n at these l o w conversions, t y p i c a l l y less t h a n 
5 % , accurate product d istr ibut ions c o u l d be de termined b y gas c h r o m a 
tography us ing sub-ambient temperature p r o g r a m m i n g . Specif ic a c t i v i 
ties for the G r o u p V I I I metals are l i s ted i n T a b l e I V . These results for 
the methanat ion react ion are c ompared w i t h those f r o m the on ly other 
k ine t i c s tudy w h i c h encompassed a l l the G r o u p V I I I meta l s—that of 
F i s c h e r i n 1925 ( 1 2 ) . Techniques to measure m e t a l surface areas were 
not yet avai lable , a n d these activit ies were c o m p a r e d on a gram-meta l 
basis w i t h no correct ion for surface area differences. W h e n this correct ion 
is made , significant changes occur i n the o rder ing of ac t iv i ty , especial ly 
for F e a n d Ir . A n o t h e r important feature is that a factor of on ly 100 i n 
specific act iv i ty separates the least act ive a n d the most active metals i n 
the methanat ion react ion. T h e same order ing of ac t iv i ty exists for to ta l 
C O conversion (11). 

E v e n at these l o w conversions, h igher mo lecu lar w e i g h t products are 
easi ly detected w h e n present, a n d these metals exhib i t select ivity trends 
representative of their behavior u n d e r t y p i c a l processing condit ions . A s 
expected, an increase i n the H 2 / C O rat io i n the feed stream increases 
the relat ive format ion of methane. 

T h e k inet i c parameters obta ined for this series of a lumina -suppor ted 
metals are l i s ted i n T a b l e V . B y fitting data to a power rate l a w , a c t i va 
t i o n energies a n d p a r t i a l pressure dependencies were obta ined . W i t h the 
exception of R u a n d C o , the methanat ion react ion is about first order i n 
h y d r o g e n a n d near zero order i n carbon monoxide . These data revea l 

Table V . Methanation Kinetics over Alumina-Supported Metals 
as Determined by a Power Rate Law (11 ) 

N C H 4 = A e E » ' R T - P H / - P c o y 

A Em 

Catalyst ( sec1) ( sec'1) (kcal/mol) X Y 

R u 0.181 5.7 χ 10 8 24.2 1.6 - 0 . 6 
F e 0.057 2.2 Χ 10 7 21.3 1.1 - 0 . 1 
N i 0.032 2 . 3 X 10 8 25.0 0.8 - 0 . 3 
C o 0.020 9.0 Χ 10 7 27.0 1.2 - 0 . 5 
R h 0.013 5.2 Χ 10 7 24.0 1.0 - 0 . 2 
P d 0.012 1.2 X 10 e 19.7 1.0 0 
P t 0.0027 1.6 Χ 10 4 16.7 0.8 0 
I r 0.0018 1.4 Χ 10 4 16.9 1.0 0.1 
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26 S O L I D S T A T E C H E M I S T R Y 
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Figure 7. The compensation effect for the methanation reaction (11) 

that a compensat ion effect exists for the methanat ion react ion as s h o w n 
i n F i g u r e 7. Secondly , w i t h adsorpt ion data f r o m the open l i terature , a 
s trong correlat ion was f o u n d to occur be tween specific act iv i ty a n d the 
heat of adsorpt ion of C O (11). T h i s is represented i n F i g u r e 8. T h i s 
corre lat ion appears to be the r i g h t - h a n d por t i on of the w e l l - k n o w n v o l 
cano plot . T h i s re lat ionship is a n important result since i t not on ly 
correlates a cata lyt i c property w i t h a phys i ca l l y measurable property , 
b u t i t also tells us that w e a k e n i n g the m e t a l - C O b o n d appears to result 
i n h igher act iv i ty . 

Metal Crystallite Size Effects and Metal-Support Interactions 

M e t a l s were dispersed o n a var iety of materials that are t y p i c a l l y 
used as supports, such as A 1 2 0 3 , S i 0 2 , zeolites, a n d carbon . I t was f o u n d 
that the support can p l a y a very not iceable ro le i n the catalysis of C O - H 2 

reactions b y in f luenc ing the behav ior of the m e t a l component (IS). F o r 
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2. V A N N I C E Catalytic Synthesis of Hydrocarbons 27 

-30 -40 -50 
CO Heat of Adsorption (kcal/aole) 

Figure 8. Conelation between methanation activity and CO heat 
of adsorption for alumina-supported metals. Both values for Ni/η-

Al2Os from Table VIII are included. 

instance, suppor ted P t catalysts have a specific ac t iv i ty t w o orders of 
m a g n i t u d e h igher than unsuppor ted P t , as s h o w n i n T a b l e V I . T h e major 
ro le of the support i n this case appears to be the f o rmat ion a n d s tab i l i za 
t i o n of very s m a l l P t crystall ites since on ly smal l differences i n turnover 
n u m b e r exist be tween h i g h l y dispersed P t o n different supports . T h i s 

Table VI . Effect of Platinum Crystallite Size on 
Methanation Activity (14) 

H 2 / C O — 3, Ρ = 1 a t m 

Ncm @ 275°C Pt Crystallite 
Catalyst (sec^XlO3) Diameter (A) 

1.75% P t / A l 2 0 3 2.7 12 
1.75% P t / A l 2 0 3 (sint.) 2.2 57 
2 . 0 % P t / S i 0 2 1.6 16 
P t B l a c k < 0 . 0 2 3600 
2 5 % P t B l a c k / A l 2 0 3 0.018 4300 

( P h y s i c a l mixture) 
Journal of Catalysis 
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28 S O L I D S T A T E C H E M I S T R Y 

Table VII. Methanation Activity Is Affected More by the 
Support than by Crystallite Size (14) 

H 2 / C O — 3, Ρ — 1 a t m 

NCHt @ 275°C Pd Crystallite 
Catalyst (sec1 χ 103) Diameter (A) 

0 .5% P d / H - Y Zeolite 5.9 31 
2 % P d / A l 2 0 3 12 48 
2 % P d / A l 2 0 3 7.4 82 
9 .5% P d / A l 2 0 3 10 120 
4 .75% P d / S i 0 2 0.32 28 
P d B l a c k 0.15 2100 

Journal of Catalysis 

indicates that the methanat ion react ion m a y be structure-sensitive o n P t 
surfaces. 

W i t h P d catalysts the support seems to p l a y a more important role 
t h a n just p r o v i d i n g smal l P d crystall ites. A l t h o u g h smaller , suppor ted 
P d crystall ites were a lways more act ive than larger, unsuppor ted crysta l 
lites, the act iv i ty was m u c h more sensitive to the support itself, as s h o w n 
i n T a b l e VII. N o pronounced correlat ion exists be tween act iv i ty a n d 
m e t a l crystal l i te size, as observed for P t , b u t the type of m e t a l oxide 
support alters specific ac t iv i ty b y a factor u p to 80 c o m p a r e d w i t h u n s u p 
p o r t e d P d . A t r e n d does seem to exist, though , be tween the support 
a c id i ty a n d specific act iv i ty . A n increase i n ac id i ty increases the t u r n 
over n u m b e r o n P d , as seen b y c o m p a r i n g the t w o ac id i c supports , 
zeol ite a n d a l u m i n a , w i t h the nonac id i c support , s i l i ca . 

These effects can be exp la ined b y the assumption that any factor 
that weakens the P t - C O or P d - C O adsorpt ion b o n d w i l l result i n a n 
increase i n cata lyt i c act iv i ty . F o r P t catalysts, i t has been s h o w n b y the 
chemisorpt ion studies of F r e e l (14) a n d the i r spectroscopy investigations 
of E i c h e n s (15,16) that the more w e a k l y b o u n d , l inear ly adsorbed f o r m 
of C O is favored o n s m a l l P t crystal l i tes . T h i s t r e n d t h e n explains w h y 
s m a l l P t crystall ites are more active t h a n large ones, s ince based o n the 
corre lat ion i n F i g u r e 8 a decrease i n b o n d strength w o u l d be expected 
to enhance act iv i ty . 

F o r P d catalysts, v a n H a r t e v e l d a n d H a r t o g (17) have u t i l i z e d i r 
spectroscopy to show that the support itself c a n great ly influence the 
f o r m of C O adsorbed on the dispersed m e t a l surface. T h e y f o u n d that 
the more strongly b o u n d b r i d g e d f o r m of C O is favored on a l l b u t the 
most h i g h l y dispersed P d / S i 0 2 catalysts. W h e n P d is supported o n A 1 2 0 3 , 
however , the l inear f o r m of C O s t i l l predominates o n crystall ites as large 
as 11.5 n m . T h i s alterat ion of C O adsorpt ion aga in explains w h y P d / 
A 1 2 0 3 catalysts are more act ive than P d / S i 0 2 catalysts. T h e exact manner 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

02



2. V A N N I C E Catalytic Synthesis of Hydrocarbons 29 

Table VIII. Activity of Nickel Catalysts in the Synthesis Reaction 

H 2 / C O = 3, Τ = 275°C, Ρ = 103 k P a 

Nom Nco Dispersion 
Catalyst (sec1) (sec1) (H/Ni) 

8.8% N i / y A l 2 0 3 0.085 0.128 0.025 
5 % N i A r A l 2 0 3 0.037 0.044 0.12 
4 2 % N i / « - A l 2 0 3 0.043 0.109 0.018 
3 0 % N i / « - A l 2 0 3 0.018 0.035 0.12 
16.7% N i / S i 0 2 0.034 0.047 0.085 
16.7% N i / S i 0 2 0.045 0.062 0.077 
2 0 % N i / G r a p h i t e 0.051 0.079 0.031 
N i M e t a l 0.016 0.018 0.0035 

i n w h i c h the support influences the catalyt ic behavior of the m e t a l is not 
clear, a n d further w o r k is r e q u i r e d to prov ide a better unders tand ing of 
these metal -support interactions. 

T h e catalyt ic properties of n i c k e l catalysts also appear to be sensitive 
to the support , as shown i n T a b l e V I I I . A l t h o u g h the differences i n t u r n 
over n u m b e r are less than an order of magni tude , they s t i l l indicate that 
n i c k e l m a y be susceptible to the influence of the support or to crystal l i te 
size effects. A l t h o u g h they are i n c l u d e d for completeness, the 4 2 % 
N i / « - A l 2 0 3 a n d 3 0 % N i / a - A l 2 0 3 catalysts shou ld not be compared d i 
rect ly w i t h the other a lumina-suppor ted catalysts since they were c o m 
m e r c i a l samples. These c o m m e r c i a l catalysts can conta in promoters 
w h i c h can alter the catalyt ic behav ior of the catalyst. S i m i l a r N i - s u p p o r t 
effects were f o u n d i n the ethane hydrogenolysis react ion b y Sinfe l t a n d 
co-workers ( 1 8 ) . T h e compar ison of produc t d istr ibut ions g iven i n 
T a b l e I X also demonstrates the support effect. T h e f o rmat ion of h igher 

Table IX. Supported Nickel Crystallites Favor the Production 
of Higher Molecular Weight Paraffins 

H 2 / C O = 3, P = 103 k P a 

Catalyst 

B u l k N i 
4 2 % N i / « - A l 2 0 3 

3 0 % N i / a - A l 2 0 3 

8 .8% N i A r A l 2 0 3 

5 % N i A r A l 2 0 3 

1 6 . 7 % N i / S i 0 2 

2 0 % N i / G r a p h i t e 

%CO 
Conver-

Mol % of Each Carbon Number 

T°C sion C i ct 

229 2.8 90 10 
236 2.1 76 14 5 3 1 
229 8.2 81 11 5 2 1 
230 3.1 81 14 3 2 — 
235 4.9 87 9 3 1 — 
220 5.3 92 5 3 1 — 
218 7.0 88 9 2 1 0.5 
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30 S O L I D S T A T E C H E M I S T R Y 

Table X . Specific Activities Measured in Different Laboratories 

H 2 / C 0 — 3, Τ = 275°C, Ρ = 103 k P a 

Ncm Nco 

Catalyst (sec1 χ 103) (sec1 Χ 103) Reference 

5 % N i / A l 2 0 3 37 44 11 
1 5 % N i / A l 2 0 3 35 43 20 
N i / A l 2 0 3 35 -75 — 21 ,22 
R a n e y N i 45 115 23 
8 .8% N i / A l 2 0 3 85 128 T h i s s tudy 
3 % N i / A l 2 0 3 99 119 20 
2 % N i / A l 2 0 3 90 220 23 
5 % N i / Z r 0 2 91 170 24 
16 .7% N i / S i 0 2 0.89° — T h i s s tudy 
1 2 . 2 % N i / S i 0 2 0 .61 a — 25 

β Measured at 212°C. 

molecu lar w e i g h t paraffins, par t i cu lar ly C 3 * hydrocarbons , is favored b y 
d ispers ing N i on a var iety of support materials . U n s u p p o r t e d N i produces 
on ly methane a n d ethane at these condit ions . It is encouraging to l earn 
that select ivity can be a l tered b y this synergism between m e t a l a n d 
support . S u c h behavior is perhaps not unexpected, at least i n retrospect, 
since the strength of C O adsorpt ion o n N i has been f o u n d to be d e p e n d 
ent o n crystal l i te size ( 1 7 ) . I n add i t i on , O ' N e i l l a n d Yates (19) have 
s h o w n b y i r spectroscopy that the support can alter the state of C O 
adsorpt ion o n N i surfaces. S h o u l d such effects w e a k e n the N i - C O b o n d , 
w e m i g h t expect a rate enhancement o n that N i surface, a n d i f a l l possible 
synthesis reactions are not a l tered to the same extent, a n overa l l change 
i n p roduc t d i s t r ibut i on w i l l occur. 

F o r m a n y years the absence of surface area measurements o n cata
lysts made i t imposs ib le to compare d i rec t ly intr ins i c ac t iv i ty i n the 
synthesis react ion. H o w e v e r , the increas ing use of specific ac t iv i ty repre 
sentations is we lcome, a n d the results f r o m five different laboratories for 
N i catalysts are shown i n T a b l e X ( 2 0 - 2 5 ) . C o r r e c t e d to i dent i ca l t e m 
peratures a n d pressures, turnover numbers for catalysts us ing the same 
support agree to w i t h i n a factor of two . T h e consistency i n these data 
aga in i l lustrates the importance a n d usefulness of catalyst character i 
zat ion . 

Conclusions 

T h e specific activit ies of the G r o u p V I I I metals for C O hydrogéna
t i o n have n o w been measured. T h i s s tudy of we l l - charac ter i zed , s u p 
p o r t e d metals p r o v i d e d not on ly intr ins i c rate data , b u t also a measure 
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2. v A N N i C E Catalytic Synthesis of Hydrocarbons 31 

of meta l dispersion. T h e specific activit ies of these metals were corre
la ted w i t h the heats of adsorpt ion for C O o n the ir surfaces. T h e c o n c l u 
s ion that a decrease i n m e t a l - C O b o n d strength w o u l d increase ac t iv i ty 
appeared to be ver i f ied b y the behav ior of P t a n d P d catalysts. Factors 
such as m e t a l crystal l i te size a n d metal -support interactions, b o t h of 
w h i c h have been s h o w n to alter the b o n d i n g state of adsorbed C O o n the 
m e t a l surface, were f o u n d to alter cata lyt i c act iv i ty . S u p p o r t e d N i cata 
lysts showed this effect to a lesser extent. W i t h N i catalysts, however , 
changes i n product d i s t r ibut i on occurred w h i c h can be a t t r ibuted to the 
presence of the support . T h i s is par t i cu lar ly i n t r i g u i n g since a l terat ion 
a n d contro l of p roduc t d i s t r ibut i on are two of the p r i m a r y goals i n the 
synthesis react ion. F i n a l l y , a compar ison of specific activit ies ob ta ined 
for N i catalysts i n five different laboratories shows excellent agreement. 
T h e increas ing t r e n d to report specific activit ies for this react ion a n d 
other reactions is i n d e e d welcome. 

T h e behav ior of these different suppor ted catalysts is certa in ly 
interest ing, b u t i t is not w e l l understood at this t ime. Regardless , these 
n e w findings increase our unders tand ing of C O - H 2 reactions o c c u r r i n g 
o n m e t a l surfaces a n d encourage us i n deve lop ing n e w catalysts to alter 
p roduc t select ivity i n the synthesis react ion. 
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Photoelectrochemical Production of Hydrogen 

J. O'M. BOCKRIS and K. UOSAKI 

School of Physical Sciences, The Flinders University of South Australia, 
Bedford Park, South Australia 5042 

The recent work on the photoelectrochemical production 
of hydrogen is surveyed briefly. Theoretical expressions for 
photocurrents at p- and n-type semiconductors are set up 
under the assumption that the rate-determining step is 
charge transfer. The photocurrents are estimated by using 
typical characteristics of semiconductor electrodes. Calcu
lated quantum efficiencies are from 10-6 to 10% for the 
semiconductors considered. The theoretical results for TiO2 

can be made consistent with the observations if surface 
states are assumed and the rate-determining step is consid
ered to be dependent on the supply of holes to the surface. 
Photocurrents and hence photo-hydrogen yields are calcu
lated for a typical cell. Optimization conditions are de
duced. Quantum efficiencies of TiO2 single crystal are 
measured as functions of wavelength and electrode poten
tial. TiO2 films are made by heating Ti in air, and the 
quantum efficiencies of these films are compared with the 
results of TiO2 single crystal. Iron titanate gives results 
similar to those of TiO2. A protective TiO2 film is made 
on CdS (Eg = 2.5 eV) by chemical vapor deposition, and 
photoelectrochemical reactions are carried out on the speci
mens. Anodic dissolution of the substrate (CdS) is greatly 
reduced by the TiO2 coating. The quantum efficiency was 
greater than that for TiO2. 

A n efficient process for the photoelectrochemical p r o d u c t i o n of h y d r o -
gen w o u l d contr ibute s ignif icantly to the solut ion of the problems of 

future energy requirements a n d their d r a i n on the l i m i t e d ava i lab i l i ty of 
fossi l fuels. 

T h e f o u n d i n g paper of semiconductor electrochemistry b y B r a t t a i n 
a n d Garre t t ( J ) i n 1955 examined the e lectrochemical properties of 
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34 S O L I D S T A T E C H E M I S T R Y 

g e r m a n i u m . T h e first deta i led theoret ical s tudy of semiconductor electro
chemistry made b y G r e e n (2 ) in t roduced electrode kinet ics into the field. 
Since then m a n y studies of semiconductor electrodes have been carr i ed 
out. T h e m a i n groups d u r i n g the 1960s were Ger ischer et a l . (3,4,5,6), 
Pleskov et a l . ( 7 ) , a n d M e m m i n g et a l . ( 8 , 9 ) . D e w a l d (10,11) also 
contr ibuted signif icantly to the exper imental a n d theoret ical unders tand 
i n g of the semiconductor -e lec tro lyte interface. T a b l e I lists some of the 
semiconductors w h i c h have been invest igated photoe lectrochemical ly . 

Table I. List of Semiconductors Investigated Photoelectrochemically 

Semiconductor Type Energy Gap (éV) Réf. 

G e n,p 0.66 1 
S i n,p 1.1 12-18 
G a A s n,p 1.35-1.43 5, 7,19-21 

fl[CdTe n,p 1.44-1.5 22] 
C d S e η 1.74 23,24 

221 T C u O 1.95 
23,24 

221 
L C d O 2.2 22Λ 

C u 2 0 Ρ 2.2 23, 25, 26 
F e s 0 3 η 2.2 27 
v 2 o 5 η 2.23 28, 29 
Z n T e Ρ 2.26 23, 30 
G a P η,ρ 2.25-2.35 15, 31 
C d S η 2.4 23, 32-34 
ZnSe η 2.6 35 
w o 3 η 2.7 36 
a - S i C η,ρ 2.75-3.1 37 
T i 0 2 η 3.0 38-42 
Z n O η 3.2 43-46 
S r T i 0 3 η 3.2 47,48 
K T a 0 3 η 3.5 49 
S n 0 2 

[ N i O 
η 3.7 50, 51 S n 0 2 

[ N i O Ρ 4.0 52, 53] 
T a 2 0 5 η 4.6 54 

β Semiconductors shown in brackets were examined in dark only. 

F u j i s h i m a a n d H o n d a (40) first po in ted out the possible a p p l i c a t i o n 
of a n i r rad ia ted semiconductor -e lec tro lyte system w h e n they reported the 
photo -evo lut ion of h y d r o g e n for a p l a t i n u m cathode i n a ce l l i n v o l v i n g 
an i r rad ia ted T i 0 2 ( r educed ) anode. M a v r o i d e s et a l . (55) reported that 
the photocurrent observed b y F u j i s h i m a a n d H o n d a (40) was caused b y 
oxygen reduc t i on at the cathode. L a t e r F u j i s h i m a , K o h a y a k a w a , a n d 
H o n d a (56) ob ta ined hydrogen b y i n t r o d u c i n g a p H gradient ( p H = 14 
near T1O2, p H = 0 near p l a t i n u m ) . T h e y reported o n the results of v a r i 
ous methods of m a k i n g photoact ive t i t a n i u m diox ide i n a d d i t i o n to that 
of a single crystal . W h e n they made the film anodica l ly , the current was 
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3. B O C K R i s A N D uosAKi Photoelectrochemical Production of Hydrogen 35 

one-tenth that on the single crystal because the oxide was too t h i n to 
absorb l i ght ; however , w i t h a thermal ly p r o d u c e d crystal , w h e n the film 
was th icker than that f o rmed anodica l ly , the currents were the same as 
that on a single crystal . H y d r o g e n p r o d u c t i o n i n sunl ight gave 0 .4% 
efficiency. 

Y o n e y a m a et a l . (57) used t i t a n i u m diox ide a n d g a l l i u m phosphide 
as electrodes, the latter ac t ing as the cathode. B o t h electrodes w e r e 
i r rad ia ted . T h e experiments were carr ied out i n homogeneous solutions, 
b o t h i n I N sul fur ic a c i d a n d IN s od ium hydrox ide . T h e y ob ta ined 
h y d r o g e n a n d oxygen, but the g a l l i u m phosphide deteriorated; current 
densities f e l l to one tenth of the o r ig ina l va lue i n ca. one hour . 

H a r d e e a n d B a r d (27) c ompared these s ingle -crystal results for 
photoeffect on T i 0 2 w i t h those for films of T i 0 2 p repared f r om the vapor 
phase; the s ingle-crystal results gave four times more current than those 
f r om the th inner films. 

W r i g h t o n et a l . (58) set u p a variety of T i 0 2 ( s ingle c r y s t a l ) / P t 
cells w i t h different p H gradients a n d conf i rmed the evo lut ion of 0 2 at 
the T i 0 2 anode a n d H 2 at the P t cathode us ing a mass spectroscope. 
U s i n g a power supp ly (0 .5-2.0 V ) or a p H gradient , substantial currents 
(0.5 m A cm" 2 ) were obta ined . D o p i n g the T i 0 2 w i t h tungsten m o v e d the 
response to the b lue reg ion (i.e., the w r o n g d irect ion to increase the 
ef f ic iency) ; neverthless the qual i tat ive result is important . 

O h n i c h i et a l . (59) repeated the w o r k of F u j i s h i m a a n d H o n d a a n d 
reported a q u a n t u m y i e l d of 10" 3 . F o r the first t ime the importance of the 
pos i t ion of the flat b a n d potent ia l was re lated to the overa l l q u a n t u m 
efficiency of the ce l l . 

N o z i k (60) invest igated the q u a n t u m efficiencies of T i 0 2 ( s ingle 
crysta l ) / P t cells us ing external " b i a s i n g " a n d bo th homogeneous a n d 
heterogeneous [i.e., different p H at cathode ( p H = 0 ) a n d anode ( p H = 
14 ) ] . Convers i on efficiencies of u p to 1 0 % were observed. 

M a v r o i d e s et a l . (55) compared the q u a n t u m efficiency w i t h w a v e 
l ength curves for T i 0 2 s ingle crystals, polycrystals , a n d thermal ly p r o 
d u c e d t h i n films a n d obta ined s imi lar ly shaped curves for a l l anodes 
t h o u g h the re lat ive intensities of the absorpt ion peaks for T i 0 2 t h i n films 
d e p e n d o n the film thickness a n d preparat ion procedure . Keeney et a l . 
(61) have also reported photoe lectrochemical sensit ivity of thermal ly 
p r o d u c e d T i 0 2 t h i n films. 

M a v r o i d e s et a l . (47) a n d W a t a n a b e et a l . (48) have reported that 
a S r T i 0 3 / P t can act as a photo-self d r iven ce l l i n a homogeneous m e d i u m 
w i t h o u t the app l i ca t i on of a n external bias . T h e energy gap of S r T i 0 8 

(3.2 e V ) is too h i g h to be useful under solar i r rad ia t i on . 
Ger i scher (62) has p o i n t e d out that i n p r i n c i p l e a l l p - a n d n- type 

semiconductors can be used for a photoce l l electrode w h e n a suitable 
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36 S O L I D S T A T E C H E M I S T R Y 

revers ib le redox system is f o u n d w h i c h induces the f ormat ion of a dep le 
t i o n of a space—charge layer . T h e problems l i e i n finding a semiconductor 
w i t h a suitable energy gap ( 1.3-1.8 e V ) that is stable i n so lut ion a n d 
whose c r i t i c a l photopotent ia l (i.e., po tent ia l at w h i c h the onset of a 
photocurrent is observed) is sufficiently negative for the electrode to be 
used i n a photo -dr iven ce l l w i thout the app l i ca t i on of an external bias . 
F o r a comprehensive coverage of earl ier works on semiconductor e lectro
chemistry there are several books (62,63) a n d reviews (2,64,65) 
avai lab le . 

Theory of Hydrogen Production in a Photoelectrochemical Cell 

Photoeffect on Electrode Reactions at a Semiconductor—Solution 
Interface. P H O T O E F F E C T O N A C A T H O D I C C U R R E N T A T A p - T Y P E S E M I C O N 
D U C T O R - S O L U T I O N I N T E R F A C E . T h e r e are m a n y holes i n the valence b a n d 
a n d f e w electrons i n the conduct ion b a n d of p-type semiconductors w i t h 
out i l l u m i n a t i o n . I l l u m i n a t i o n w i t h fight, the energy per photon of w h i c h 
is larger than the energy gap of the semiconductor , creates electrons i n 
the conduct ion b a n d a n d holes i n the valence b a n d ( F i g u r e 1 ) . H o w e v e r , 
s ince there are m a n y holes i n the valence b a n d w i t h o u t i U u m i n a t i o n a n d 
usua l ly the n u m b e r of holes created b y fight is sma l l c ompared w i t h the 

Figure 1. Schematic of the photoeffect on a cathodic current at a p-type 
semiconductor-solution interface 

CONDUCTION 
BAND 

VALENCE 
BAND 

p-TYPE SEMICONDUCTOR SOLUTION O H P 
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3. BOCKRis A N D uosAKi Photoelectrochemical Production of Hydrogen 37 

n u m b e r of holes w i thout l ight , the values of the anodic current v i a the 
valence b a n d w i t h a n d wi thout i l l u m i n a t i o n are near ly the same. O n the 
other h a n d , there are a very f e w electrons i n the conduct i on b a n d a n d 
therefore a very l o w cathodic current v i a the conduct ion b a n d w i t h o u t 
i l l u m i n a t i o n . Consequent ly , a photoeffect w o u l d be expected v i a the 
conduct ion b a n d for p-type semiconductors a n d w o u l d be cathodic . 

I n h y d r o g e n evo lut ion react ion i n ac id i c solutions one assumes a 
rate -determining step of 

S C + H 3 0 + -> S C - H + H 2 0 (1) 

T h e photocurrent corresponding to this react ion i p , is g iven b y (66): 

i p = = e ° % t f ° ° ^ e ( £ ) G ^ ( W c ( £ ) d # (2) 

where Ne(E) is the n u m b e r of electrons w i t h energy Ε w h i c h strike the 
semiconductor surface per un i t t ime a n d area; G A ( £ ) is the d i s t r ibut i on 
func t i on for the v ibrat ional - rotat ional states of an acceptor, H 3 0 + , at 
energy E; WC(E) is the W K B tunne l ing p r o b a b i l i t y of electrons t h r o u g h 
the potent ia l barr ier at energy, E; C A is the n u m b e r o f e lectron acceptors 
per un i t area i n the outer H e l m h o l t z p lane ( O H P ) ; C T is the to ta l n u m 
ber of sites per un i t area i n the O H P ; e0 is the electronic charge. E n e r g y 
levels are taken as zero at the bot tom of the conduct ion b a n d . 

Enthalpy Change for Electron Transfer from Semiconductor to HsO*. 
T h e standard enthalpy change Δ ί / ( β ) for the electron transfer react ion 
corresponding to E q u a t i o n 1 f r o m the bot tom of the conduct ion b a n d 
of the semiconductor to the proton , w h e n the proton-so lvent system is 
i n its g r o u n d state, can be obta ined b y us ing the f o l l o w i n g thermody 
n a m i c cyc le : 

A f f ( e ) 
P - S . C ( e ) + H 3 0 + > P - S . C — Η — H 2 0 

î Lo I - R 
P - S . C (e) + H + + H 2 0 P - S . C — Η + H 2 0 

Τ - X J i - A 
P - S . C + e + H + + H 2 0 < P - S . C + Η + H 2 0 

w h e r e R , A , J , χ, a n d L 0 represent respect ively the H - H 2 0 repuls ive 
energy ( R ) , the heat of adsorpt ion of a hydrogen atom o n the semicon
ductor ( A ) , the i on izat ion potent ia l of the hydrogen atom ( / ) , the elec
t ron affinity of the semiconductor ( χ ) , a n d the h y d r a t i o n energy of a 
pro ton ( L 0 ) . Therefore , 

A j ï ( e ) L 0 + x - J + A + B (3) 
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38 S O L I D S T A T E C H E M I S T R Y 

T h e values of L 0 , R , a n d / are —261 k c a l / m o l ( 6 7 ) , — 3 k c a l / m o l [the 
va lue for the H atom i n i ce ( 6 8 ) ] , a n d 313 k c a l / m o l ( 6 7 ) , respect ively . 
T h e va lue of χ is 78 -115 k c a l / m o l d e p e n d i n g o n the semiconductor ( 6 9 ) . 
T h e va lue of A is —6 k c a l / m o l to —7 k c a l / m o l d e p e n d i n g on the semi 
conductor . There fore the est imated va lue of A f f ( e ) is 16 -54 k c a l / m o l . 

Photon Absorption Step ( 6 6 ) . T h e n u m b e r of photons absorbed b y 
the semiconductor f r o m l ight n o r m a l to the surface be tween χ a n d χ + cbc 
f r o m the surface, Nvh(x)9 is g iven b y : 

Nvh(x) — 7 0 (1 — ϋ)α&<Γ°»*άχ (4) 

where Z 0 is the tota l n u m b e r of photons of inc ident l i ght ( c m - 2 sec" 1 ) , R 
is the ref lect ivity of the semiconductor , a n d a p h is the absorpt ion coeffi
c ient of the semiconductor at the wave length λ ( c m - 1 ) . 

Creation of Excited Electrons. E a c h absorbed photon , the energy 
of w h i c h is greater than the energy gap of the semiconductor , makes a n 
exc i ted electron i n the conduct ion b a n d a n d a hole i n the valance b a n d 
( F i g u r e 1 ) . T h e n u m b e r of excited electrons, the energy of w h i c h is 
betweeen Ε a n d Ε + d E i n the conduct ion b a n d , be tween χ a n d χ + dx, 
Ne(E,x)is(66): 

Ne(E,x) =Nph(x) · P ( ^ ) { 1 ~ HE)}p(E - hv}x)f(E - hv)dE 

f p(E,x){l - i(E)}p(E - hV}x)f(E - hv)dE 
J Ec,x 

i.e., f r o m E q u a t i o n 4 

- J.<1 - E ) g ^ : i E ' X ) { 1 - i { E ) ) p i E - h v ' X ) H E - h v H E άΧ 

f p(E,x) {1 - f (E)}p(E - hv,x)J(E - hv)dE 
(5) 

w h e r e ECiX is the energy of the b o t t o m of the conduct i on b a n d at χ a n d 
p(E,x) is the density of states at £ at χ a n d g iven b y E q u a t i o n 6 ( 7 0 ) . 

ί (8*m*/h3)VE - Ec. when {Ε ^ E„) 
Ρ (Ε,χ) - (8πί»* /Λ 3 ) S {Eft) = \ 0 (ECiX ^ E ^ Ev,x) 

i (&rm*/h3)VEv,x-E (Ε ^ E„,x) 

(6) 

H e r e f ( E ) is the F e r m i d i s t r ibut i on funct ion , a n d m * is the effective mass 
of the electron i n the semiconductor . 

Potential Profile in a p-Type Semiconductor. T h e n u m b e r of exc i ted 
electrons w h i c h reach the electrode surface depends not on ly on the 
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3. BOCKRis A N D u o s A K i Photoelectrochemical Production of Hydrogen 39 

gradient of the c h e m i c a l potent ia l of the exc i ted electrons c onduc t i on 
b a n d b u t also o n the in te rna l e lectr ic field. T h e potential -distance prof i le 
ins ide a semiconductor m a y be obta ined b y so lv ing Po i ssons E q u a t i o n 7. 

- — L ^ e x p \ k f — } - n ° e x p { — k f — ; 

+ i \ r D - i V A J (7) 

where e0 is the electronic charge; c is the die lectr ic constant of the semi 
conductor ; p 0 , n0, a n d V B are, respect ively , the concentrat ion of holes 
a n d electrons a n d the potent ia l i n the b u l k of the semiconductor i n the 
reg ion b e y o n d the space charge ( w h e n x - » oo ). Vx is the potent ia l at x; 
ΝΌ a n d N A are the concentrations of donor levels a n d acceptor levels , 
respect ively (values are i n the Gauss ian system of u n i t s ) . T h e donors 
a n d the acceptors are assumed to be complete ly i o n i z e d a n d i m m o b i l e . 

E v a l u a t i o n gives the f o l l o w i n g equat ion f r o m E q u a t i o n 7 (62, 71) 

dVx 

dx 
-(NO-NA)y + p0(e''-l)+n0(e'-l) 

(8) 

where y represents 

y - M ^ - g . ) ( 9 ) 

N u m e r i c a l solutions have been f o u n d for V as a func t i on of x. Results 
are s h o w n i n F i g u r e 2. T h e parameters used i n the . ca l cu lat ion are N A = 
Po = 1 0 1 5 - 1 0 1 7 / c m 3 ; ND = n0 = 0 / c m 3 ; c = 20.0, a n d V B - V s = 0-1 .0 V , 
w h e r e V B a n d V s are the potent ia l i n the b u l k a n d at the surface of 
semiconductor , respectively. 

Number of Excited Electrons Arriving at the Surface. T h e n u m b e r 
of photo-exc i ted electrons, o r ig ina l ly expressed for the distance, x± i n 
E q u a t i o n 5, decreases to Neia-ax(E,x) g iven b y E q u a t i o n 10, after t rave l 
l i n g dx. 

- —-— àx 

N„.u{Efi)-N.{E?)e U m ) , (10) 

w h e r e L(x) is the m e a n free p a t h of electrons at χ a n d is g iven b y E q u a 
t i o n 11 (72). 
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0.CXK 

POTENTIAL DROP. Vyfcm 

Figure 3. Dependence of mean free path, diffusion length, and 
drift length of electron on potential drop 
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3. BOCKRis A N D uosAKi Photoelectrochemical Production of Hydrogen 41 

L(x) = y ( I D 
V i E

2 + 4 Z D
2 — ZE 

where 1 D is the dif fusion l ength a n d ZE is the dr i f t l ength . T h e terms 1 D 

a n d 1 E are g iven b y : 

lO = VÔ7e = V300 /xeTe f c r / e o (12) 

fe-(13) 

respect ively , where /*e is the m o b i l i t y of the electron i n the semiconductor 
( c m 2 / V · sec ) , T e is the l i f e t ime of the electron, a n d V ' ( x ) is the potent ia l 
d rop at x[ = (dV/dx)x; V / c m ] . T h e parameters it a n d e0 are i n cgs units . 

W h e n V'(x) = 0, L(x) becomes Z D a n d w h e n V'(x) is sufficiently 
h i g h , ZE > > ZD, a n d L(x) becomes ZE ( F i g u r e 3 ) . H e r e , L changes after 
t rave l l ing dx corresponding to a change of V'(x). 

S i m i l a r l y , 

dx 

= Ne(E?)e K u x ) (14) 

dx 

Ne,s-*-36X(E,x) Μ . ( ^ ) β L U " 2 d I ) 

ι ι 
= Jye(a,x)e 

(15) 

a n d so on . 
A f t e r Ν steps (2V — x/dx), 

Ne,x=o(E,x)=NetXmMdx(E,x)e L i d x ) 

- Ne(e,x)exp { - + χ ^ ί ) + ~ " + 1(5)) d * } 

(16) 

N e , * - . o (JE ,* ) gives the n u m b e r of electrons at the surface w h i c h w e r e 
exc i ted between χ a n d χ + dx, the energy of w h i c h is be tween Ε a n d 
E + dE. 

T h e total n u m b e r of electrons, Ne(E), w h i c h has an energy be tween 
Ε a n d Ε -f- dE at the surface is g iven b y 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

03



42 S O L I D S T A T E C H E M I S T R Y 

Ne(E) - Γ NetX = ,{E,x)ax (17) 
^ ο 

Electron Transfer Process. 
(a ) Cons t ruc t i on of the potent ia l energy barr ier . 
( i ) Interact ion of a n electron w i t h the d ipo le potent ia l of adsorbed 

water . T h e w o r k r e q u i r e d for the e lectron to cross the water layer is 
g iven as the negative va lue of the surface potent ia l made b y the waters , 
m u l t i p l i e d b y e0. T h e concentrat ion of surface state is assumed to be less 
t h a n 1 0 1 4 / c m 2 ; the charge on the electrode is almost zero ( 2 ) . T h e sur 
face potent ia l caused b y adsorbed water dipoles at the potent ia l of zero 
charge was ca l cu lated (73) a n d is 0.03-0.04 at H g , C d , a n d Z n electrodes. 
T h e diameter of the water molecule is 2.76 A . 

( i i ) Interact ion w i t h ions i n the O H P a n d the ir images. W h e n a 
photo-exc i ted e lectron leaves the semiconductor surface, i t interacts w i t h 
a l l the ions i n the O H P a n d their images i n the semiconductor . T h e 
C o u l o m b i c force between this e lectron (x f r om electrode) a n d a l l ions 
i n O H P a n d their images, F(x) is s h o w n i n E q u a t i o n 18 (74). 

(d — x)2top
 τ (d + x ) 2 € 0 p e + £ 0 P 

_ 2 " e ° 2 / 1 1 « ~ ' O P \ N F 0 

η - 1 ^ ' 

where d is the distance between the semiconductor surface a n d O H P , € o p 

is the opt i ca l d ie lectr ic constant of water , η = 1, 2, 3 ( a n d represents the 
succession of r ings of ions a r o u n d a g iven centra l i o n ) , a n d R{ is the 
distance between two ions i n the O H P depend ing o n its coverage w i t h 
ions a n d determined b y R{ = 4 ^ / ( π 0 ) % , where θ is the coverage a n d f i is 
the radius of the ions. 

T h e potent ia l energy of an electron at χ caused b y this force, ΐ 7 1 ο η ( * ) , 
is g iven b y : 

Ulon(x) - Γ F(x)dx (19) 
^ ο 

a n d this va lue is obta ined b y n u m e r i c a l integrat ion . 
( i i i ) O p t i c a l B o r n energy of the electron. I n the reg ion outside that 

of the water layer attached to the electrode it is diff icult to calculate the 
e lectron interact ion w i t h the water u p o n a model is t i c basis because of 
l i m i t e d k n o w l e d g e concerning the water structure. T h e energy of a n 
e lectron w i t h respect to v a c u u m can be est imated w h e n i t has entered 
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3. BOCKRis A N D uosAKi Photoelectrochemical Production of Hydrogen 43 

this water layer b y means of the B o r n equat ion , w i t h an op t i ca l d ie lectr i c 
constant: 

opt. Born 2 r c [_ copj 
(20) 

T h e va lue of r c i n this equat ion is taken f r o m the S . C . F . calculat ions 
of F u e k i et a l . as 1 A ( 7 5 ) . T h e va lue of C 7 o p t . B o m is then — 3.2 e V . 

( i v ) C a l c u l a t i o n of the barr ier m a x i m u m . T h e potent ia l energy of 
the e lectron w i t h respect to the bot tom of the conduct ion b a n d is g iven b y 

U — Χ "Τ " Un2o + C/ion + £A)pt.Born (21) 

where i / H 2 o I s the interact ion energy between a n electron a n d a n adsorbed 
water d ipo le layer. A potent ia l energy profi le is g iven as a func t i on of 
distance i n F i g u r e 4 assuming d is 6.5 A (76) i n E q u a t i o n 18. T h e m a x i -

10 
ENERGY WITH 
RESPECT TO THE 
BOTTOM OF THE 
CONDUCTION 
BAND 

e V 6 

CONDUCTION 
BAND 

VALENCE 
BAND 

• GROUND STATE 
OF ACCEPTOR 

DISTRIBUTED ACCEPTOR 
LEVEL 

3 4 5 6 
DISTANCE FROM ELECTRODE SURFACE, A 

Figure 4. Schematic of the potential energy barrier for electron transfer from 
a p-type semiconductor 

m u m va lue of the barr ier height , t / m a x , depends on the e lectron affinity of 
the semiconductor χ a n d is g iven ( i n e V ) b y : 

î/max — X - 0.2 (22) 

( b ) E q u a t i o n for the photocurrent . T h e equat ion for the current 
density can then be d i v i d e d into three parts. I n section A of F i g u r e 4 
the photoelectrons pass through the barr ier a n d are accepted b y H 8 0 * 
ions i n so lut ion. T h e current for this section, iPi±, is g iven b y : 
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44 SOLED S T A T E C H E M I S T R Y 

i „ ,A = e 0 ^ J ΛΓ. (tf ) G A (E)We(E) dE 

Atf (e) -Max Λ Γ β ( # ) β χ ρ [ - 0 ( Δ ί ϊ ( β ) -E)/kT]exp 

where Ne(E) is g iven o n p. 42, Ζ is barr ier w i d t h . I n section Β the 
photoelectrons do not find a n acceptor state i n H 3 0 + b u t i n water . T h e 
current density for the Β reg ion is represented b y : 

ip.s = βογ±\ / N.(E) Wc(E)dE I - e0 ^ \ / JV e (£ )exp 

| - ^ ( f / m . x - i : ) | d E (24) 

F i n a l l y , some photoelectrons m a y pass over the barr ier a n d into the 
solvent water , a n d the current density f r om this contr ibut ion is g iven b y : 

i p C = eo^^ j°° N e ( E ) dE j (25) 

I n total , the photocurrent is g iven b y : 

ip = V A + ip,B + iP,c (26) 

T H E P H O T O E F F E C T O N T H E A N O D I C C U R R E N T A T Π - Τ Υ Ρ Ε S E M I C O N 
D U C T O R S . B y analogy w i t h the arguments on p . 37 anod i c photocurrents 
can be considered to arise t h r o u g h the donat ion of electrons b y ions i n 
so lut ion to holes i n the va lency b a n d of η-type semiconductors . T h e 
mechan ism of anodic reactions is less w e l l k n o w n than that of cathodic 
reactions. O n e compl i ca t i on is that there m a y b e t w o reactions corre
spond ing to the anod ic current . O n e is the anod i c d issolut ion of the 
semiconductor itself, a n d another is the ox idat ion of a species (e.g., O H " , 
water , ha logen i o n ) i n the so lut ion. 

L e t us suppose that the anodic current corresponds to the ox idat ion 
of O H " a n d water a n d that the rate -determining steps are : 

n-S.C (hole) + O H a q " -> n - S . C — O H — H 2 0 (27) 

n-S.C(hole) + H 2 0 - » n - S . C — O H — H 3 0 + (28) 
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3. BOCKRis A N D uosAKi Photoelectrochemical Production of Hydrogen 45 

Estimation of the Standard Enthalpy Change for Electron Transfer 
from the Donor to a Hole in the Valence Band. T h e s tandard entha lpy 
change Δ ί / ι ' ( β ) for an electron transfer react ion corresponding to E q u a 
t i o n 27 f r om the electron l eve l of the h y d r o x y l i o n to the top of the valence 
b a n d of the semiconductor , w h e n the h y d r o x y l ion-solvent system is i n its 
g r o u n d state, is obta ined us ing a t h e r m o d y n a m i c cyc le s imi lar to that for 
e lectron transfer f r om the conduct i on b a n d to an acceptor. 

O n e finds 

A f f ' ( e ) — - L 0 ' + E.A. - χ - Eg + A' + R' (29) 

T h e values of R', L0'y a n d E . A . are —3 k c a l / m o l (see p . 3 7 ) , - 8 7 k c a l / 
m o l ( 7 7 ) , a n d 42 k c a l / m o l ( 7 8 ) , respectively. T h e va lue of x is 78 -115 
k c a l / m o l depend ing on the semiconductor (69). A l t h o u g h the va lue of 
Eg can v a r y over a w i d e range, 30 -70 k c a l / m o l is a reasonable range of 
choice for this purpose because too large an Eg reduces photon absorpt ion 
i n the solar spectrum range. T h e va lue of A ' ranges f r o m —3 k c a l / m o l to 
—4 k c a l / m o l . Therefore the est imated va lue of ΔΗχ(β) is — 6 9 — ( - 15 
k c a l / m o l . 

S i m i l a r l y , the s tandard enthalpy change Δ ί / 2 ' ( β ) for an electron 
transfer react ion corresponding to E q u a t i o n 28 f r om the electron l eve l 
of the water molecule to the top of the valence b a n d of the semicon
ductor , w h e n the H - O H b o n d system is i n its g r o u n d state, can be ob
ta ined us ing a cyc le as before, a n d i s : 

Δ # 2 ' ( θ ) —L0 + A' - x - E K + J + #Dise + #vap (30) 

T h e values of L 0 , / , E D i 8 s , a n d E v a p are —261 k c a l / m o l ( 6 7 ) , 313 k c a l / m o l 
( 6 7 ) , 119 k c a l / m o l ( 79 ) , a n d 10.4 k c a l / m o l ( 8 0 ) , respectively . T h e va lue 
of χ is 78 -115 k c a l / m o l depend ing on the semiconductor ( 69 ) . A l t h o u g h 
the va lue of Eg can vary i n w i d e ranges, 25 -69 k c a l / m o l is chosen because 
of the reason ment ioned above. A l s o , the va lue f r om —3 k c a l / m o l to —4 
k c a l / m o l taken for A ' a n d Δ ί / 2 ' ( β ) then varies f r o m —12 k c a l / m o l to 71 
k c a l / m o l . 

The Creation of Holes. E a c h photon , the energy of w h i c h is greater 
than the energy gap of the semiconductor , creates an electron i n the con 
duc t i on b a n d a n d a hole i n the valence b a n d . T h e n u m b e r of created 
holes, the energy of w h i c h is between (E — hv) a n d (E — hv) + dE in 
the valence b a n d a n d at distances f rom the electrode surface be tween 
χ a n d χ - f dx, Nh(E — hv,x), is e q u a l to the n u m b e r of created electrons 
the energy of w h i c h is be tween Ε a n d Ε + d E i n the conduct ion b a n d 
a n d at a distance between χ a n d χ + dx, Ne(E,x). H e n c e , u s i n g E q u a 
t i on 5, Nh(E,x) is g iven b y : 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

03



46 S O L I D S T A T E C H E M I S T R Y 

Nh(E,x) _ 

J 0 ( l - Β) -αρη·βαΡ> 
ρ (Ε + hv,x) {1 - f (Ε + hv)}p(E?)î(E)dE 

Ι ' p(E + hv?){l - i(E + hv)}p(Etff(E)dE 

(31) 

w h e r e E„,* is the energy of the top of the valence b a n d at χ f r o m the 
electrode surface. 

Potential Energy Profiles in η-Type Semiconductor. E q u a t i o n s 8 a n d 
9 are app l i cab le to a n η-type semiconductor . 

Number of Holes Arriving at the Surface. T h e n u m b e r of holes at 
the surface, the energy of w h i c h is be tween Ε + d E , is g iven i n a s imi lar 
w a y to that of electrons discussed o n p . 41 , w i t h the changes m e n t i o n e d 
be l ow . T h u s , 

where /xh is the m o b i l i t y of the hole i n the semiconductor a n d rh is the 
l i fe t ime of the hole . 

Electron Transfer Process. E lec trons are transferred f r o m a donor i n 
so lut ion to a hole i n the valence b a n d . Since ΝΌ(Ε) is a n inver ted B o l t z -
m a n d i s t r ibut i on for donors ( 8 1 ) , a photocurrent corresponding to a 
direct e lectron transfer f r om a donor to a hole is expected on ly w h e n the 
energy of g r o u n d state of the donor is l ower than the top of the valence 
b a n d at the surface ( F i g u r e 4 ) , i.e., Δ Η ' < 0. 

( a ) Cons t ruc t i on of the potent ia l energy barr ier . T h e potent ia l e n 
ergy barr ier for the electron f r o m O H " is constructed b y cons ider ing the 
o p t i c a l B o r n energy, C o u l o m b i c interact ion, a n d interact ion energy be 
tween electron a n d adsorbed water , analogous to p - type semiconductor 
case (see p . 4 2 ) . T h e potent ia l energy of the electron w i t h respect to 
its va lue i n the g round state of O H " , I / ' , is g iven b y 

ID = VDT~^= V 3 ( X W n / c 7 y e 0 (32) 

IE = -whV'(x) (33) 

U' = E . A . + E / o p t . B o r n + t ^ i o n + ^ H 2 0 (34) 

where 

(2d - x ^ + tfR? c + €( 

1 e g — Cop 
WT^R?)}dx ( 3 5 ) 
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3. BOCKRis A N D uosAKi Photoelectrochemical Production of Hydrogen 47 

S i m i l a r l y , the po tent ia l energy of the electron f r o m water w i t h respect 
to its va lue i n the g r o u n d state of water 17" is g iven b y : 

U" = 2?Diss + J + Uol>t. Born + i^'ion + ^ H 2 0 (36) 

A potent ia l energy profi le based on these considerations is s h o w n as a 
func t i on of distance i n F i g u r e 5 b y assuming d is 6.5 A i n E q u a t i o n 35. 
O t h e r parameters taken i n this ca l cu lat ion are Eg = 1.5 e V a n d χ =» 
3.5 e V . 

ENERGY WITH 
RESPECT TO THE 
BOTTOM OF THE. 
CONDUCTION * 
BAND 3| 

-8h 

ISTRIBUTED 
IDONOR LEVELl 

2 3 4 5 6 

DISTANCE FROM ELECTRODE SURFACE, A 

Figure 5. Schematic of the potential energy barrier for the electron 
transfer from donors (OH~ ion and water) in solution 

( b ) T h e equat ion for the photocurrent . F r o m E q u a t i o n 5 the photo -
current corresponding to an electron transfer f r o m O H " is g iven i n general 
b y (see also F i g u r e 5 ) : 

V O H - = = *o^r f'* Nh(E) GD(E) WA(E) dE (37) 

where Nh(E) is the n u m b e r of holes w i t h energy Ε w h i c h strike the 
semiconductor surface per un i t t ime per u n i t area; G D ( E ) is the d i s t r i 
b u t i o n of v i b r a t i o n a l - r o t a t i o n a l states of donor at energy Ε i n the s o l u 
t i o n ; W A ( E ) is the W K B t u n n e l i n g p r o b a b i l i t y of electrons t h r o u g h the 
potent ia l barr ier at energy E; C D is the n u m b e r of e lectron donors per 
un i t area i n the O H P . A m e r j c a n c h e m i c a , 

Society Library 
1 1 5 5 16th St. N . W . 

W a s h i n g t o n , D. C . 2 0 0 3 6 
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4 8 S O L I D S T A T E C H E M I S T R Y 

Since — E g > — Et — A f f i ' ( e ) > — Et — AH2'(e), ip ' i s : 

V = Γ^?° Γ~"' Nh (Ε)βχρ{β ( - Ε . - Δ # 2 ' (e) - E/kT)exp 

/ _ Λ ( « j s _ Δ Η 2 ' ( β ) + £ / " m a x - β ) 1 d E + Γ*' 

NiWexptfi-Eg-ïHSie) — E)/kT} 

exp J - ^ (-Eg - AH^(e) + t / ' m a x - Ε) j dE J ( 3 8 ) 

w h e r e C H 2 o a n d C 0 H - are the n u m b e r of water molecules a n d O H " ions 
per u n i t area i n the O H P , respect ively ; I 7 " M A X a n d U'mtLX are the barr i e r 
m a x i m a for the electrons f r o m water a n d O H " i o n , respect ively . Nh(E) 
is g i ven on p . 4 6 . 

The Computation of the Quantum Efficiency for an Individual 
Electrode. Q u a n t u m efficiencies are g iven b y E q u a t i o n 3 9 . T h e y have 
been c o m p u t e d u s i n g E q u a t i o n 26 for a p - type semiconductor a n d E q u a 
t i o n 3 8 for an η-type semiconductor . 

electrons transferred f rom 
Q u a n t u m _ _h or to a semiconductor 
efficiency e0I0 inc ident photons 

5r ' 

^ 4 
* 
ΰ 
Ξ 3 
UJ 
Ε 

Î2 
Ό 3 
σ 

1 

Χ = 3.57 e V 

χ =4.07 eV 

0 -0 .2 -OA -0.6 -0.8 -1.0 
Potential with respect to f lat band potent ia l^ 

Figure 6. Dependence of quantum efficiency 
of p-type semiconductor on electrode potential 

for several values of electron affinities 
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3. BOCKRis A N D uosAKi Photoelectrochemical Production of Hydrogen 49 

Figure 7. Dependence of quantum efficiency of 
p-type semiconductor on the energy of photon 

P R E D I C T E D R E S U L T S F O R C A T H O D I C P H O T O C U R R E N T S A T P - T Y P E S E M I 
C O N D U C T O R E L E C T R O D E S . Effect of Potential. I n F i g u r e 6 the q u a n t u m 
efficiency ca lcu lated b y E q u a t i o n 39 is s h o w n as a func t i on of potent ia l . 
T h e parameters for computat ion are hv = 3 e V , R = 0.47 ( 8 2 ) , a p h — 4.4 
X 10 e c m " 1 ( 8 2 ) , E g = 1 .40eV ( 6 9 ) , x = 4 . 0 7 e V ( 6 9 ) , = 8,600 c m 2 / 
V · sec ( 8 3 ) , a n d τ = 10~ 1 2 sec. T h e parameters used are those for G a A s . 

Effect of the Energy of the Photon. T h e op t i ca l constants of G a A s 
at several photon energies are avai lable f r om Ref . 82. Q u a n t u m efficien
cies at several photon energies ca l cu lated b y E q u a t i o n 39 are g iven i n 
F i g u r e 7 as a func t i on of the energy of the photon . T h e parameters for 
computat i on are the same as those on p. 49 a n d V = —1.0 V w i t h respect 
to the flat b a n d potent ia l . 

Effect of Lifetime. T h e q u a n t u m efficiency ( ca l cu la ted b y E q u a 
t i on 39) dependence on l i fe t ime is shown i n F i g u r e 8. W h e n 1 D > > 1 / 
a p h , most of the excited electrons reach the surface; further increase of 
l i fe t ime does not affect the photocurrent (see p. 4 6 ) . Parameters for 
ca l cu lat ion are the same as those on p. 49 a n d V = —1.0 V w i t h respect 
to the flat b a n d potent ia l . 

Effect of Electron Affinity of the Semiconductor. W h e n χ changes, 
the re lat ive pos i t ion of the acceptor changes, a n d this changes Ne(E) a n d 
G(E). T h e ca l cu lated q u a n t u m efficiencies for several values of χ are 
s h o w n i n F i g u r e 6. T h e smaller the values of χ, the larger are the q u a n 
t u m efficiencies ca lculated . 

Energy Gap Effect. T h e ca lcu lated q u a n t u m efficiency is s h o w n for 
three values of the energy gap i n F i g u r e 9. T h e parameters for the 
ca l cu lat ion are the same as those on p . 49, except for Eg a n d V . V is 
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50 S O L I D S T A T E C H E M I S T R Y 

i r 

LIFE TIME,sec 

Figure 8. Dependence of quantum efficiency 
of p-type semiconductor on life time of electron 

2 Γ 

tô V5 2 Ό 

ENERGY GAP. eV 

Figure 9. Dependence of quantum efficiency of 
p-type semiconductor on the energy gap 
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3. BOCKRis A N D uosAxi Photoelectrochemical Production of Hydrogen 51 

taken as —1.0 V w i t h respect to the flat b a n d potent ia l . T h e smaller the 
va lue of E g , the larger the q u a n t u m efficiency. 

Effect of Electron Mobility. T h e q u a n t u m efficiency ca l cu lated f r o m 
E q u a t i o n 39 as a funct ion of the electron m o b i l i t y is shown i n F i g u r e 10. 
W h e n the e lectron m o b i l i t y is large enough to have Ï D > > l / « P h , most 
of the exc i ted electrons reach the surface a n d saturate the photocurrent ; 
further increase i n /x e does not affect the photocurrent . T h e parameters 
for the ca l cu la t i on are the same as those o n p . 49, except for /*e a n d V . 
V = —1.0 V w i t h respect to the flat b a n d potent ia l is used. 

/ 
m 

I 
/ 

0.01 0.1 1.0 10 100 1000 10000 
ELECTRON MOBILITY, cm/v.sec 

Figure 10. Dependence of quantum efficiency of 
p-type semiconductor on electron mobility 

P R E D I C T E D R E S U L T S F O R Π - Τ Υ Ρ Ε S E M I C O N D U C T O R S . Effect of Potential. 

T h e potent ia l dependence of the q u a n t u m efficiency ca l cu lated b y E q u a 
t i on 39 is s h o w n i n T a b l e 11(a) . T h e parameters for computat ion are 
the same as those of G a A s except that μ η = 400 c m 2 / V · sec a n d χ =-
3.5 e V . 

Effect of Electron Affinity of the Semiconductor. T h e q u a n t u m effi
ciencies ca l cu lated b y E q u a t i o n 39 for several values of electron affinity 
are s h o w n i n T a b l e 11 (b ) . T h e parameters for the ca l cu lat ion are the 
same as those o n p . 51 except χ a n d V . T h e va lue of V = + 1 . 0 V w i t h 
respect to flat b a n d potent ia l is used. 

Effect of the Energy Gap. I n T a b l e 11(c) the ca lcu lated q u a n t u m 
efficiencies for several Eg are s h o w n w h i l e other parameters are k e p t con 
stant. A va lue of V = + 1 . 0 V w i t h respect to flat b a n d potent ia l is used . 
O t h e r parameters for the ca l cu lat ion are the same as those o n p . 51. 

Comparison with the Experimental Results of η-Type Semiconduc
tors. T h e ca l cu lated results of q u a n t u m efficiencies for the η-type s e m i -
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52 S O L I D S T A T E C H E M I S T R Y 

Table II. Computed Results for «-Type Semiconductor 

Effect of Quantum Efficiency (%) 

(a) Potential ( V w i t h respect to the 
flat b a n d potent ia l ) 

0 
0.2 
0.4 
0.6 
0.8 
1.0 

(b) Electron Affinity (eV) 
3.1 4.5 Χ 10" 2 

3.3 4.1 Χ 10" 2 

3.5 3.2 χ 10" 2 

(c) Energy Gap (eV) 
1.0 4.0 X 1 0 " 2 

1.2 3.5 X 1 0 " 2 

1.4 3.0 X 1 0 " 2 

conductors are l ow . T h e p h y s i c a l reasons for this , for the m o d e l taken, 
c a n be seen f r o m F i g u r e 4. E lec t rons are donated f r o m d i s t r ibuted energy 
states of a donor. T h e presence of the d i s t r ibut i on l a w i n the n- type 
s i tuat ion (see also the pos i t ion of the donor i n F i g u r e 5) leads to a reduc 
t i o n of ava i lab le states. Converse ly , exper imental results for T i 0 2 ( n -
type ) electrodes show h i g h q u a n t u m efficiencies, i.e., u p to 6 0 % at 3.4 e V . 

Surface States Involved in the TiO% Mechanisms. H o l e consumpt ion 
at the surface can occur b y : 

( 1 ) d irect e lectron transfer f r o m a donor i n so lut ion ; 
(2 ) surface recombinat i on w i t h electrons i n the conduct i on b a n d ; 
(3 ) surface recombinat ions w i t h electrons i n surface states; 
(4 ) ox idat ion of anions i n crystal , e.g., S" 2 + 2 p + -> S i n C d S . 
T h e react ion mechan ism for oxygen evo lut ion on T i 0 2 w i t h o u t i l l u 

m i n a t i o n was s tud ied b y B o d d y ( 3 8 ) : e lectron t u n n e l i n g f r o m a surface 
state to the b u l k of the electrode is the rate -determining step. C o r r e 
spond ing ly , the h i g h q u a n t u m efficiency of the oxygen evo lut ion react ion 
o n T i 0 2 c a n be exp la ined b y cons ider ing surface states. S ince the energy 
levels of the donors are h igher than that of the top of the valence b a n d , 
e lectron transfer f r o m the donor to a ho le can occur easi ly i f surface 
states exist. T h u s most of the holes a r r i v i n g at the surface f r o m the b u l k 
are expected to react w i t h electrons of the surface states because p a t h ( 1 ) 
cannot occur as exp la ined before, (4 ) does not occur, as s h o w n b y F u j i 
sh ima , H o n d a , a n d K i k u c h i ( 8 4 ) , a n d (3 ) m a y occur, b u t the contr ibut i on 
is s m a l l because of anod ic po lar i za t i on . A l s o , i n the presence of a h a l i d e 

1.0 X 10" 2 

1 . 8 X 1 0 - * 
2.2 Χ 10" 2 

2.7 Χ 10" 2 

3.0 Χ 10" 2 

3.2 Χ 10" 2 
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3. BOCKRis A N D uosAKi Photoelectrochemical Production of Hydrogen 53 

an ion ha logen p r o d u c t i o n occurs instead of oxygen evo lut ion , a n d this is 
exp la ined b y the react ion be tween holes a n d adsorbed h a l i d e anions ( 8 5 ) . 

I n F i g u r e 11 the q u a n t u m efficiency is s h o w n as a func t i on of po ten 
t i a l (see p. 4 6 ) . T h e parameters for the ca l cu lat ion , the results of w h i c h 
are s h o w n i n F i g u r e 12, are Eg = 3 e V , hv — 3.5 e V , R — 0.15 ( 5 9 ) , a = 
5 Χ 10 3 c m " 1 [the va lue of T i O a film ( 8 6 ) ] , τ — 10" 7 sec, a n d ^ = 1.0 
c m / V · sec (value for the electron), a n d e — 89 (value for the a-direct ion) . 

ELECTRODE POTENTIAL. 
VOLT WITH RESPECT TO THE FLAT BAND 
POTENTIAL 

Figure 11. Dependence of the num
ber of holes arriving at the surface per 
unit time per unit area divided by the 
number of incident photons per unit 
time per unit area on the electrode 

potential 

Whole Cell System. Expressions for the q u a n t u m efficiency of i n d i 
v i d u a l electrodes ( n - a n d p-type semiconductors ) have been computed . 
T h e photocurrent of the e lectrochemical ce l l , a cathode a n d a n anode 
w i t h o u t other external potent ia l source, has the important p r a c t i c a l m e a n 
i n g . I n the evaluat ion of the ce l l carr i ed out be low , the p h o t o c u r r e n t -
energy re lat ion at chosen electrode potent ia l has b e e n integrated over 
the w h o l e solar spectrum. 

R E L A T I O N B E T W E E N T H E P O T E N T I A L O F A N E L E C T R O D E A N D A C E L L . 

T h e potent ia l of a se l f -dr iv ing ce l l at a current I , V c e n , is g iven b y 

Veen = E m - Esi - IRC (40) 

where E B 0 is the potent ia l of the cathode w i t h respect to a reference elec
trode, E B l is the potent ia l of the anode w i t h respect to the same reference 
electrode, a n d Rc is the inner c e l l resistance. A l s o , the potent ia l of a 
d r i v e n c e l l at a current I, V e x t , is g iven b y E q u a t i o n 41 ( 8 7 ) . 
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54 S O L I D S T A T E C H E M I S T R Y 

7ext = EBl -EBO + IRC (41) 

L e t V be : 

V = E B 0 - E s l - IRC (42) 

I f V is pos i t ive at current I , the ce l l is se l f -dr iven . I f V is negative at I , 
the c e l l is d r i v e n . A c e l l potent ia l , — V , is r e q u i r e d to cause a current 
I to flow. T h i s is s h o w n i n F i g u r e 12. I f t w o electrodes are d i p p e d into 
a n a c i d i c so lut ion a n d one of t h e m is i n contact w i t h oxygen a n d another 
is i n contact w i t h hydrogen , the system works as a se l f - d r i v ing ce l l . T h e 

Current, A 

Figure 12. Potential-current relationships of individual electrodes and cell 

oxygen electrode works as a cathode ( % 0 2 + H + + e - » % H 2 0 ) a n d the 
hydrogen electrode as an anode ( % H 2 - > H + + e) u n t i l I reaches h (at 
I i , V = EBO — EBi — IRc = 0 ) . T o obta in a current I 2 a n extra external p o 
tent ia l I2RC (= —V) is needed . Correspond ing ly , to get hydrogen f r o m 
one electrode a n d oxygen f r o m another i n the n o r m a l dark case one must 
supp ly an external potent ia l , V E X T [— — V — — (EB0 — E B L — J R c ) ] . 

C A L C U L A T E D H Y D R O G E N P R O D U C T I O N R A T E F R O M S O L A R E N E R G Y U S I N G 
P H O T O - D R I V E N C E L L S . Photocurrents f r o m i n d i v i d u a l electrodes s t i m u 
la ted b y solar energy at a certa in potent ia l have been ca l cu lated b y 
integrat ing the photocurrent of the monochromat i c l i ght t h r o u g h the 
w h o l e solar energy range. T h u s one can get a c u r r e n t - p o t e n t i a l r e la t i on -
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3. BOCKRis A N D uosAKi Photoelectrochemical Production of Hydrogen 55 

sh ip of a n i n d i v i d u a l electrode b y car ry ing out this process over some 
potent ia l range. T h e n one can get a ce l l po tent ia l - current re lat ionship i f 
one knows the va lue of the flat b a n d potent ia l of the semiconductor elec
trode w i t h respect to a reference electrode. 

A s examples, E q u a t i o n 42 has been a p p l i e d to c e l l 1, T i 0 2 so lut ion 
( p H — 1 4 ) / s o l u t i o n ( p H — 0, 7 , 1 4 ) / P t , a n d c e l l 2, T i 0 2 / s o l u t i o n ( p H 
= 0 ) / G a A s , w i t h the assumption that a l l holes a r r i v i n g at the surface 
react w i t h electrons f r om the O O H " i on (or H 2 0 ) of the so lut ion. T h e 
parameters used are as fo l lows. T h e flat b a n d potent ia l of T i 0 2 at p H = 
0 a n d G a A s at p H = 0 are - 0 . 8 V ( N H E ) ( 8 8 ) , - 0 . 0 5 V ( N H E ) (88) 
a n d 0.43 V ( N H E ) ( 8 9 ) ; R is 100 Ω; i0 of P t electrode is 1 0 " 4 A / c m 2 , a n d 
opt i ca l constants of T i 0 2 were taken f r om Ref . 32. Results are s h o w n i n 
F i g u r e s 13 a n d 14. T h e m a x i m u m ce l l current of c e l l 1 is a funct ion of 
p H gradient . W h e n the p H of the cathodic compartment is 0, the m a x i 
m u m ce l l current is 0.14 m A / c m 2 , a n d the m a x i m u m h y d r o g e n p r o d u c t i o n 
rate is 0.06 c c / h r c m 2 . T h e efficiency of this c e l l is 0 . 3 % of the tota l solar 
energy ( 0.0739 w / c m 2 ) . 

I n ce l l 2 i n w h i c h bo th electrodes are i l l u m i n a t e d , current flows even 
w h e n the p H gradient is zero. T h e m a x i m u m current is de termined b y 
the cathodic react ion a n d is 0.03 m A / c m 2 ( F i g u r e 14) . 

O P T I M U M P R O P E R T I E S O F E L E C T R O D E S . 

( a ) E l e c t r o n affinity. F o r p-type semiconductors the l ower the elec
t ron affinity, the greater the q u a n t u m efficiency. T h e m i n i m u m va lue is 
3.5 e V . F o r η-type semiconductors , since the energy l eve l of donor must 
be h igher than that of the top of the valence b a n d of semiconductor a n d 
l ower t h a n that of the bo t tom of the conduct i on b a n d of semiconductor , 
—Eg < Δ Η ι ' < 0, i.e. χ + Eg > 5.3 a n d χ < 5.3. 

( b ) E n e r g y gap. T h e smal ler the energy gap, the larger the p o r t i o n 
of solar energy absorbed b y the semiconductors . H o w e v e r , i f the energy 
gap is too smal l (e.g., < 1.23 e V ) , water decomposi t ion cannot occur. 

( c ) E l e c t r o n m o b i l i t y a n d l i fet ime. W h e n these values increase, 
the q u a n t u m efficiencies increase u n t i l saturation. I f μ is large, most car 
riers arr ive at the surface even w h e n τ is sma l l . Therefore the o p t i m u m 
cond i t i on is e lectron m o b i l i t y X l i fe t ime > 10~8. 

( d ) F l a t b a n d potent ia l . T h i s property determines whether the c e l l 
is se l f -dr iven or not. Since the p-type semiconductor works as a photo -
cathode, the more posit ive the flat b a n d potent ia l , the better. I f this is 
more posit ive t h a n 1 . 2 3 V ( N H E ) at p H = 0, even w h e n the counter 
electrode ( anode ) is a meta l , a n d there is no p H gradient , the ce l l works 
l ike a se l f -dr iven one. I f this is more pos i t ive than 0.42 V ( N H E ) at p H = 
0, the c e l l works l ike a se l f -dr iven one w h e n the counter electrode is 
m e t a l a n d at p H = 14. F o r η-type semiconductors the more negative the 
flat b a n d potent ia l , the better. I f the va lue is more negative t h a n —0.83 
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Figure 13. Potential-current relationship of the 
cell, TiOt/solution (pH = 14)/solution (pH = 0, 7, 

14)/Pt 

Current, A/cm a 

Figure 14. Potential-current relationship of the cell, ΊΊΟ'2/'solu
tion (pH = 0)/GaAs 

V ( N H E ) at p H = 14, even w h e n the counter electrode ( cathode) is a 
m e t a l a n d there is no p H gradient , the c e l l works l i k e a se l f -dr iven one. 
I f this is more negative t h a n 0.0 V ( N H E ) at p H = 14, the c e l l is self-
d r i v e n w h e n the counter electrode is m e t a l a n d i n p H — 0. I f the flat 
b a n d potent ia l of a p-type semiconductor is more pos i t ive t h a n that of 
a n η-type semiconductor i n the same so lut ion , the c e l l works l i k e a self-
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3. BOCKRis A N D uosAKi Photoelectrochemical Production of Hydrogen 57 

Table III. Optimum Condition of Semiconductor Electrodes 

p - S . C n - S . C 

E l e c t r o n 
affinity 

L i f e t ime , 
m o b i l i t y 

E n e r g y gap 

F l a t band 
potent ia l 

Surface 
state 

T h e smal ler , the better. 
M i n i m u m ca. 3.5 e V 

x + £ g > 5 . 3 e V 
χ < 5.3 e V 

μ Χ τ > 10" 8 ( c m V V ) 

T h e less, the better down to a m i n i m u m of about 
1.23 e V 

> 0 . 4 V ( N H E ) < 0 . 0 V ( N H E ) 

v e r y i m p o r t a n t 

Figure 15. Photoelectrochemical cell 
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58 S O L I D S T A T E C H E M I S T R Y 

d r i v e n ce l l . A s u m m a r y of the p r e d i c t e d o p t i m u m properties for a semi
conductor to b e u s e d i n a pho to -dr iven c e l l is l i s ted i n T a b l e I I I . 

Photoelectrochemical Reaction on TèOM Single Crystal 

E x p e r i m e n t a l . A T i 0 2 s ingle c rysta l was r e d u c e d i n H 2 at 800°C . 
A n o h m i c contact was m a d e a n d the spec imen m o u n t e d i n a Te f lon elec
trode ho lder . A three-compartment c e l l was used ( F i g u r e 15 ) . A 1 5 0 - W 
X e l a m p served as the l i ght source; a monochrometer was used. 

Resu l t s . C U R R E N T — P O T E N T I A L R E L A T I O N S H I P A T S E V E R A L p H V A L U E S . 

C u r r e n t - p o t e n t i a l re lat ionships for the anodic react ion o n reduced T i 0 2 

u n d e r i l l u m i n a t i o n were measured for several solutions ( I N N a O H , 0 . 1 ^ 
N a O H , 12V N a 2 S 0 4 , 0.12V H 2 S 0 4 , a n d 12V H 2 S 0 4 ) potent iostat ical ly at 
r o o m temperature . Results are i n F i g u r e 16. T h e shape of the curves 
is the same for a l l solutions a l though the curves are shi f ted a l ong the 

Figure 16. Photocurrent-^potential relationships of TtO, single 
crystal at several pH solutions 
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3. BOCKRis A N D uosAKi Photoelectrochemical Production of Hydrogen 59 

I— 1 1 ι ι 
3200 3400 3600 

WAVELENGTH (Â) 

Figure 17. Quantum efficiencies-wavelength relation 
of Ti02 single crystal at several electrode potentials 

potent ia l axis corresponding to the p H change. T h e potent ia l at w h i c h 
the photocurrent can first be observed shifts b y about 0.059 V / p H . 

Quantum Efficiency—Photon Energy Refotionships at Several Poten
tials. C u r r e n t - p h o t o n energy relationships were measured at several 
potentials i n 0.12V N a O H so lut ion. 

Q u a n t u m efficiencies w e r e ca l cu lated f r o m photocurrents a n d the 
photons per u n i t t ime ( F i g u r e 17) . T h e more negat ive the electrode 
potent ia l , the larger the rat io of the q u a n t u m efficiency at h i g h , c o m p a r e d 
w i t h that at l o w , energies of the inc ident l i ght ( F i g u r e 18) . 

M E C H A N I S M O F O X Y G E N E V O L U T I O N R E A C T I O N O N T i 0 2 U N D E R I L L U 
M I N A T I O N . T h e photocurrents at the same potent ia l w i t h respect to the 
flat b a n d potent ia l are the same i n a l l p H ranges; this suggests a react ion 
step inside the semiconductor as the rate -determin ing step. 

O n e possible mechan ism is s h o w n i n F i g u r e 1 9 ( a ) . ( A ) shows the 
T i 0 2 surface w h i c h becomes a cat ion center ( B ) after react ion w i t h holes 
a n d gives oxygen ( Step I ) . O H " ions a n d water molecules are adsorbed 
o n these centers (S tep I I ) , a n d ( B ) becomes ( C ) a n d ( D ) . T h e r e is a n 
e q u i l i b r i u m be tween ( C ) a n d ( Β ) w h i c h causes the p H dependence of 
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60 S O L I D S T A T E C H E M I S T R Y 

6 h 

0 I • • ι ι ι I I 
3200 3300 3400 3500 3600 3700 3800 3900 

WAVELENGTH (A) 

Figure 18. Relative values of quantum efficiencies 
(Q/Q at 3900 À)—wavelength relation of TiOz single 

crystal at several electrode potentials 

the flat h a n d potent ia l . H o l e s a r r i v i n g at the surface react w i t h these 
states (Steps I V , I V , a n d I V " ) , a n d the surface oxide is recovered ( A ) . 
T h i s is the rate -determining step. T h e n Step I occurs again . T h e proc 
esses repeat. 

A n o t h e r possible mechan ism is i n F i g u r e 1 9 ( b ) . ( A ) shows oxygen 
vacancies at the surface, a n d these become cat ion centers ( B ) after 
donat ing electrons to the conduc t i on b a n d w h i c h can occur easily because 
an oxygen vacancy is an electron donor (Step I ) . O H " ions a n d water 
molecules are adsorbed o n these centers (Step I I ) , a n d ( B ) becomes ( C ) 
a n d ( D ) . T h e r e is an e q u i l i b r i u m between ( C ) a n d ( D ) w h i c h causes 
the p H dependence of the flat b a n d potent ia l as ment ioned on p. 59. 
H o l e s a r r i v i n g at the surface react w i t h these states ( Steps I V , I V , a n d 
I V " ) , a n d a surface oxide is m a d e ( E ) . T h i s step is rate de termin ing . 
State ( E ) m a y be T i - O - O - T i , the surface structure of T i 0 2 w i t h o u t 
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3. B O C K R i s A N D u o s A K i Photoelectrochemicol Production of Hydrogen 61 

( A ) 

Figure 19. Proposed reaction mechanisms of oxygen evolution reaction on 
TiOg single crystal under illumination 
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62 S O L I D S T A T E C H E M I S T R Y 

defects. State ( E ) gives oxygen a n d state ( A ) (S tep V ) . T h e processes 
r e p e a t 

T h e dif ference be tween t w o mechanisms consists of the assumed 
differences i n structure of the surface oxide. 

Photoelectrochemical Properties of TK>9 Film 

Experimental. A section of t i t a n i u m r o d (0 .62-cm d iameter ) about 
5 m m th ick was po l i shed , degreased, a n d w a s h e d i n d i s t i l l e d water . S p e c i 
mens were heated i n a n e lectr ic furnace i n a i r at 600°C for various periods 
u p to three hours . T h e T i 0 2 films f o r m e d were then r e d u c e d b y heat ing 
i n hydrogen . T h e same e lec trochemica l measurements as those for T i 0 2 

single crystals were per f o rmed i n 0 . 1 N N a O H . 
Results. P O T E N T I A L — C U R R E N T R E L A T I O N S H I P . F i g u r e 20 shows the 

p o t e n t i a l - c u r r e n t relationships of several types of T i electrodes. T h e 
photocurrents at l . O V ( N H E ) are p l o t t ed against heat ing t ime for u n 
r e d u c e d a n d r e d u c e d samples ( F i g u r e 2 1 ) . Photocurrents on o x i d i z e d T i 
w e r e 2 0 % of those of T i 0 2 s ingle crysta l ( 2 . 7 m A / c m 2 ) a n d d e p e n d 
l i t t l e o n heat ing t ime . T h e photocurrents increase w h e n the ox idat ion 

CURRENT DENSITY 

(2) (3)(A) 

Figure 20. Potential-current refotionships of TiOt films made by high tem
perature oxidation 
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3. BOCKRis A N D uosAKi PhotoeJectrochemical Production of Hydrogen 63 

Figure 21. Dependence of photocunent of TiOt films made by 
high temperature oxidation on oxidation time 

07 

\ \ 

r ν . 

\ 

3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000 4100 4200 
Wavelength , Â 

Figure 22. Quantum efficiencies-wavelength relations of TiOg films made by 
high temperature oxidation 
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t i m e increases a n d saturate after one h o u r of ox idat ion . T h e saturated 
photocurrents are the same as those of T i 0 2 s ingle crystal . 

Q U A N T U M E F F I C I E N C Y - W A V E L E N G T H R E L A T I O N S H I P S . Q u a n t u m effi
ciencies of the 15 -min ox id i zed a n d 2-hr r e d u c e d T i a n d 2-hr o x i d i z e d 
a n d 2-hr r e d u c e d T i are s h o w n i n F i g u r e 22. 

Discussion. Results f o u n d i n the po tent ia l - cur rent re lat ionship above 
agree w i t h those of F u j i s h i m a et a l . T h e l o w photocurrents before r educ 
t i o n ( F i g u r e 21) arise because of the resistance of the T i 0 2 films. T h e 
longer the heat ing t ime , the th i cker the film, a n d therefore the h igher the 
resistance. H o w e v e r , the th i cker the film, the larger the p h o t o n absorp
t i on . Consequent ly , before reduc t i on the ox idat ion t i m e does not affect 

Current, 
m A / e r r ? 

2.0 

-0 .6 -0 . 0.2 0.4 0.6 0 
Potential , V ( Ν Η Ε ) 

0.8 

Figure 23. Potential-current refotionships of 
FetTi05 
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the photocurrent . A f t e r reduc t i on resistances are reduced , a n d photo -
currents increase. T h e th i cker the film, the h igher the photocurrent 
( F i g u r e 2 1 ) . T h e resistance effect on the photocurrent before reduct i on 
is seen i n F i g u r e 20. 

T h e positions of the m a x i m u m po int of the q u a n t u m e f f i c iency -
wave length re lat ionship d e p e n d u p o n the ox idat ion t ime a n d , therefore, 
the thickness of the film. (See also the results of M o l l e r s et a l . (86 ) . ) 

T h e shorter the wave length of l ight , the larger the absorpt ion coeffi
c ient ( 8 7 ) . T h e penetrat ion depth is p ropor t i ona l to the rec iproca l va lue 
of the absorpt ion coefficient so that the larger the wave length , the longer 
the penetrat ion length . I f the oxide layer is not th i ck enough, not a l l 
photons are absorbed b y oxide layer w h e n the wave l ength of the l i ght 
is large, b u t a l l of t h e m are absorbed b y oxide layer w h e n the wave length 
of the l i g h t is short. H o w e v e r , i f the oxide layer is t h i c k enough, a l l 
photons are absorbed b y the oxide layer even w h e n the wave length is 
large. Consequent ly , the m a x i m a of the q a u n t u m e f f i c iency -wave length 
relationships appear on the shorter wave length side w h e n the oxide t h i c k 
ness is s m a l l or the ox idat ion t ime short. 

Photoelectrochemical Reactions on Metal Titanates 

I r o n titanate was t r i e d as an in tended l ow-gap semiconductor . 
Experimental. S Y N T O E S I S O F F E 2 T I 0 5 ( 8 8 ) . E q u i m o l a r amounts of 

F e 2 0 3 a n d T i 0 2 powders were m i x e d a n d heated i n an oxygen atmosphere 
at 1000°C for three days. T h e samples were r eground a n d pe l le ted b y 
pressing at 2000 k g / c m 2 . These pellets were heated i n a n oxygen atmos
phere at 1000°C for three days. T h e samples were par t ia l l y r educed i n 
h y d r o g e n at 800°C for 30 m i n , a n d the resistances became 1.6 kft · c m . 

Results. T h e po tent ia l - cur rent relat ionships of the samples i n 0 . 1 N 
N a O H w i t h a n d w i t h o u t i l l u m i n a t i o n are s h o w n i n F i g u r e 23. T h e photo -
currents were almost the same as those of T i 0 2 s ingle crystals. T h e q u a n 
t u m efficiency vs. wave length re lat ionship at 0.85 V ( N H E ) is s h o w n i n 
F i g u r e 24. T h e result suggests that the energy gap of F e 2 T i O s is near 
that of T i 0 2 . 

F i g u r e 25 shows the photocurrents at 0.85 V ( N H E ) as a func t i on of 
t ime. T h e photocurrent is stable for over 35 hr . Bubb les on the electrode 
w e r e observed. A f t e r 3.5 h r n o F e + + was detected i n so lut ion b y a d d i n g 
K S C N . 

Discussion. T h e photocurrent is oxygen evolut ion. T h e electrode 
satisfies the cond i t i on of no d isso lut ion u n d e r i l l u m i n a t i o n . Since the 
q u a n t u m e f f i c iency-wavelength re lat ionship is s imi lar to that of T i 0 2 , a 
better photocurrent under solar i l l u m i n a t i o n cannot be expected (see 
F i g u r e 2 2 ) . 
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Figure 24. Quantum efficiencies-wavelength relations of FegTi05 

Figure 25. Dependence of the photocurrent on time 
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Prevention of Anodic Dissolution of Photon Absorber by TX)t Coatings 

I f a semiconductor w h i c h has a l o w energy gap, b u t dissolves, is 
protected f r o m dissolut ion, there m a y be a w i d e r choice of possibi l i t ies . 
H e r e C d S (Eg = 2.5 V ) was coated w i t h a T i 0 2 film to prevent disso
l u t i o n . 

Experimental. A film of T i 0 2 was p r o d u c e d o n a C d S single c rys ta l 
b y c h e m i c a l vapor deposit ion. A n o h m i c contact was made , a n d the 
spec imen was m o u n t e d i n a teflon electrode ho lder so that on ly the face 
covered b y T i 0 2 was exposed to the so lut ion. E x per iments were c a r r i e d 
out i n IN N a O H so lut ion under potentiostatic condit ions. 

Results. T h e photocurrent was observed w h e n the electrode was 
p o l a r i z e d a n d the spectral response of the photocurrent was measured at 
1.0 V ( N H E ) . F i g u r e 26 shows the q u a n t u m efficiencies as a func t i on of 
wave l ength for T i 0 2 C V D film ( o n T i m e t a l ) , C d S single crystal , a n d 
T i 0 2 - c o a t e d C d S s ingle crystal . A l t h o u g h the photocurrent decreased 
5 0 % d u r i n g the first eight hours , the rate of decrease was on ly 2 0 % of 
that of the C d S single crysta l used alone, i.e., improvement was con 
s iderable . 

Discussion. U s i n g the result of F i g u r e 27 the spectral response u n d e r 
solar energy of T i O j r - C d S was ca l cu la ted ( F i g u r e 2 7 ) . T h e photocur 
rents under solar i l l u m i n a t i o n are g iven b y the area under these curves. 
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Figure 26. Quantum efficiencies-wavelength relationships of TiOt CVD film 
(on Ti), CdS single crystal, and CdS single crystal coated with TiOt CVD film 
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Figure 27. Spectral response of photocurrents of CdS single crystal 
coated with Ti02 CVD film and TiOB single crystal under solar energy 

T h e T i 0 2 - c o a t e d C d S electrode converts four times m o r e solar energy to 
electr ic i ty than a T i 0 2 s ingle c rysta l a l though the q u a n t u m efficiency of 
the C d S - T i 0 2 e lectrode is l o w e r t h a n that of T i 0 2 s ingle crysta l . T h e 
photocurrent decrease w i t h t ime is caused b y imperfect ions i n T i 0 2 film. 
Correspond ing ly , N a k a t o et a l . have reported (91) the prevent ion o f 
anod i c d isso lut ion b y A u coat ing . 
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4 
Conversion of Visible Light to Electrical 

Energy: Stable Cadmium Selenide 

Photoelectrodes in Aqueous Electrolytes 

MARK S. WRIGHTON, ARTHUR B. ELLIS, and STEVEN W. KAISER 

Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, Mass. 02139 

Stabilization of n-type CdSe to photoanodic dissolution is 
reported. The stabilization is accomplished by the competi
tive oxidation of S2- or Sn2- at the CdSe photoanode in an 
electrochemical cell. Such stabilized cells are shown to 
sustain the conversion of low energy (≥ 1.7 eV) visible light 
to electricity with good efficiency and no deterioration of 
the CdSe photoelectrode or of the electrolyte. The electro
lyte undergoes no net chemical change because the oxida
tion occurring at the photoelectrode is reversed at the 
cathode. Conversion of monochromatic light at 633 nm to 
electricity is shown to be up to ~ 9% efficient with output 
potentials of ~ 0.4V. Conversion of solar energy to elec-
tricity is estimated to be ~ 2% efficient. 

" p h o t o e l e c t r o c h e m i c a l cells such as that schemed i n F i g u r e 1 m a y prove 
to be useful devices for conver t ing l i ght to e lectr i ca l energy or to fuels 

i n the f o r m of e lectro lyt ic products . I t has been k n o w n for over a century 
( I ) that i r r a d i a t i o n of a n electrode i n a c e l l c a n result i n current flow i n 
the external c i rcu i t . L i g h t - i n d u c e d current flow results i n photoelectro ly-
sis w i t h ox idat ion at one electrode (anode) a n d reduc t i on at the other 
electrode ( ca thode ) . I n p r i n c i p l e , the current flow c a n be u t i l i z e d 
d i rec t ly as e lectr ic i ty b y mere ly i n t r o d u c i n g ( i n series) a n e lec tr i ca l 
l o a d i n t o the external c i r cu i t . A d d i t i o n a l l y , the e lectro lyt ic products m a y 
represent f u e l ( s ) w h i c h can be u t i l i z e d w i t h exist ing technology. O b v i 
ously, for example , the photoelectrolysis of H 2 0 accord ing to e ither 
E q u a t i o n 1 or E q u a t i o n 2 represents a l ight - to - chemica l energy conversion 

71 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

04



72 S O L I D S T A T E C H E M I S T R Y 

CATHODE 
electrolyte 

light 

PHOTOANODE 
(η-type SC) 

TYPICAL PHOTOELECTROCHEMICAL CELL 

Figure 1. Typical photoelectrochemical cell 

Η 2 0 - > Η 2 + ι / 2θ 2 (1) 

2 H 2 0 -> H 2 + H 2 0 2 (2) 

of some potent ia l interest since the fuels H 2 a n d H 2 0 2 have, or c o u l d 
have , considerable u t i l i t y . 

W h i l e m e t a l electrodes often y i e l d photocurrents w h e n i r rad ia ted , 
semiconductor photoelectrodes general ly give the highest photocurrents . 
I n m a n y cases every photon absorbed b y the semiconductor electrode 
y ie lds an electron i n the external c i rcui t . Semiconductor photoelectrodes 
have at least one basic proper ty w h i c h makes t h e m attract ive as the 
photoreceptor i n the cel ls : a mechan ism for the i n h i b i t i o n of r e combina 
t i o n of photogenerated electron-hole pairs . F i g u r e 2 shows the general 
m o d e l associated w i t h the semiconductor -e lec tro lyte inter fac ia l reg ion , 
s h o w i n g that the bands i n the semiconductor c a n be bent near the surface 
i n such a w a y as to i n h i b i t r e combinat i on of electron-hole pairs . M o r e 
over, the bands m a y be bent i n a d i rec t ion appropr iate for the observa
t i o n of a substant ial anod ic photocurrent for η-type semiconductors a n d 
a cathod ic photocurrent for p - type semiconductors. These b a n d b e n d i n g 
considerations have been e laborated prev ious ly ( 2 ) . T h e separat ion of 
the photogenerated electron-hole p a i r a l lows net redox chemistry to c o m 
pete very effectively w i t h recombinat ion . 

T h e importance of electron-hole separat ion immedia te ly after photo -
generation c a n be apprec ia ted b y cons ider ing a n ear ly propos i t i on for 
the photoassisted conversion of H 2 0 to H 2 a n d 0 2 . I t was c l a i m e d that 
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74 S O L I D S T A T E C H E M I S T R Y 

one c o u l d coup le the ox idat ion a n d reduc t i on of H 2 0 to the photo -
i n d u c e d ox idat ion a n d reduc t i on of aquo m e t a l ions such as F e 2 * a n d 
F e 3 + ( 3 ) . T h a t is , i r rad ia t i on of F e 2 + a n d F e 3 + proceeds, at least i n i t i a l l y , 
a c co rd ing to E q u a t i o n s 3 (4-11) a n d 4 (12, 13, 14, 1 5 ) , respect ively . 
These sum to give E q u a t i o n 5, yet the conversion of H 2 0 to H 2 a n d 0 2 

F e 2 + (aq) + H + > F e 3 + (aq) + ViYL2 (3) 
water 

F e 3 + (aq) + O H " F e 2 + (aq) + V 4 0 a + V 4 H 2 Ο (4) 
water 

2hv 
i / 2 H 2 0 > V2K2 + V 4 0 2 (5) 

F e 2 + / F e 3 + 

water 

cannot be sustained u s i n g the F e 2 + / F e 3 + photoassistance agent. T h e 
u n d e r l y i n g reason lies i n the fact that ha l f a molecu le of H 2 is a h y d r o g e n 
atom. T o f o rm a gaseous H 2 mo lecu le two hydrogen atoms must combine , 
b u t the hydrogen atom can back react w i t h the photogenerated F e 3 + 

w h i c h accumulates w i t h t ime. T h e p r o b l e m is that H 2 is not i r revers ib ly , 
p r o m p t l y generated w i t h one photon. T h e h i g h energy h y d r o g e n a tom 
or protonated a tom can s i m p l y back react to y i e l d no net chemistry . 
I n h i b i t i n g the back react ion of the h i g h energy intermediate is analogous 
to i n h i b i t i n g electron-hole re combinat i on i n the i r rad ia ted semiconductor . 

I t is w i d e l y be l i eved that the degree of b a n d b e n d i n g i n the semi 
conductor is e q u a l to the difference i n the F e r m i levels i n the semicon
ductor a n d the electrolyte ( 2 ) . Consequent ly , the b a n d b e n d i n g m a y 
or m a y not be large enough to prevent electron-hole recombinat ion , de
p e n d i n g o n the redox act ive components i n the electrolyte a n d the p r o p 
erties of the semiconductor itself. Moreover , the m a x i m u m theoret ica l 
open-c i rcui t photopotent ia l is e q u a l to the amount of b a n d b e n d i n g , a n d 
thus the efficiency of the u t i l i z a t i o n of the l i ght depends on the b a n d 
b e n d i n g for a g iven semiconductor . T o affect the b a n d b e n d i n g favor 
a b l y a n a p p l i e d bias c a n be s u p p l i e d b y a power s u p p l y i n series i n the 
external c i rcu i t . I t is usua l ly assumed that the entire po tent ia l d r o p 
occurs i n the dep le t ion reg ion of the semiconductor a n d not i n the elec
tro lyte as for m e t a l electrodes (2). I f the objective is to produce fuels 
b y photoelectrolysis , the a p p l i e d potent ia l used must be l ower t h a n the 
t h e r m o d y n a m i c revers ible electrolysis potent ia l . I f the a p p l i e d po tent ia l 
exceeds the t h e r m o d y n a m i c potent ia l , the role of the l ight , at best, is to 
serve as a m e c h a n i s m to reduce overvoltage encountered i n convent iona l 
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4. W R I G H T O N E T A L . Conversion of Visible Light 75 

electrolysis. T h e m a x i m u m theoret ica l storage efficiency, i^ax, b y photo -
electrolysis is g iven b y E q u a t i o n 6, where E p is the reversible electrolysis 
potent ia l o f the react ion b e i n g d r i v e n (e.g., 1.23 V for E q u a t i o n 1 ) ; E B o 
is the b a n d gap energy of the semiconductor photoelectrode; a n d V a p P i is 
the po tent ia l p r o v i d e d b y the p o w e r s u p p l y i n the c i r cu i t . T o o b t a i n 
m a x i m u m efficiency, then, one must attempt (a ) to m a t c h the b a n d gap 

Ep ^appl /f*\ 
ητηΛχ = ËT Ε BG 

of the semiconductor w i t h the electrolysis po tent ia l of the react ion, a n d 
( b ) to seek redox components a n d semiconductor materials such that the 
external p o w e r s u p p l y is not needed. 

I f the objective is to produce e lec tr i ca l p o w e r f r o m l ight , there m u s t 
be no external supply . Otherwise , the l ight - to -e lectr i ca l energy conver
s ion efficiency w o u l d be negative. I n more expl i c i t terms, i f the photo 
e lec trochemica l c e l l is to produce b o t h a f u e l a n d e lectr ic i ty , the b a n d 
b e n d i n g must exceed E p , a n d the m a x i m u m fract ion of energy output as 
e lectr ic i ty w i l l be the difference be tween the b a n d b e n d i n g a n d E p . T h e 
b a n d b e n d i n g requirement is for a n o n i l l u m i n a t e d electrode i n e q u i 
l i b r i u m w i t h the ha l f - c e l l redox react ion w h i c h occurs at the photoelec
trode. I t is conceivable that conversion of l i ght to e lec tr i ca l energy can 
be sustained w i t h o u t the produc t i on of a fue l ; i n this case one seeks a 
c h e m i c a l redox system l ike that i n d i c a t e d i n E q u a t i o n s 7 a n d 8; i.e., the 
electrolyte contains b o t h A a n d B , a n d their d i s t r ibut i on does not change. 

A > Β (cathode) (7) 

Β > A (anode) (8) 

I n this case the theoret ical m a x i m u m opt ica l - to -e lectr ica l energy con
vers ion efficiency is the extent of b a n d b e n d i n g d i v i d e d b y the b a n d gap 
energy. 

Besides contro l l ing b a n d b e n d i n g i n the semiconductor , the redox 
components i n the electrolyte can also p l a y a key ro le i n whether the 
e lectron transfer processes to a n d f rom the semiconductor are fast enough 
to compete w i t h electron-hole recombinat ion . T h e fastest rates of elec
t ron transfer can be expected w h e n the appropr iate semiconductor b a n d 
overlaps the pos i t ion of the redox levels i n the electrolyte. 

W h i l e m u c h effort has been a p p l i e d i n p r o v i d i n g this unders tand ing 
of semiconductor photoelectrodes ( 2 , 1 6 , 1 7 , 1 8 , 1 9 ) , some difficulties are 
encountered i n explo i t ing photoe lectrochemical cells. A t least one major 
p r o b l e m is that the semiconductor itself is often the e lectrochemical ly 
react ive species, a n d as such i t undergoes i rrevers ib le photoelectrolysis . 
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76 SOLID S T A T E C H E M I S T R Y 

U n t i l recently , i n fact, there existed no η-type semiconductor electrode 
w h i c h c o u l d surv ive i r rad ia t i on i n an aqueous electrolyte w i t h o u t decom
pos i t ion . A t y p i c a l s i tuat ion is encountered w i t h η-type C d S . I r rad ia t i on 
of this mater ia l results i n d isso lut ion accord ing to E q u a t i o n 9 (20,21,22). 

C d S i C d 2 + (aq) + S (s) + 2e" (9) 

T h e result is that current flows i n the external c i rcu i t , b u t the chemistry 
o c c u r r i n g at the photoanode results i n the decomposi t ion of the electrode 
w i t h zero va lent sul fur prec ip i ta t ing o n the surface a n d C d 2 + ions go ing 
into so lut ion. I n i t i a l experiments carr i ed out b y F u j i s h i m a a n d H o n d a 
(23,24, 25,26) on η-type T i 0 3 i nd i ca ted that T i 0 2 is an inert photoelec-
trode, a n d subsequently others (27-36) have been s t imulated to charac 
terize more f u l l y the T i 0 2 photoelectrode. A l l findings are consistent 
w i t h the conc lus ion that T i 0 2 itself is not susceptible to photoanodic 
d isso lut ion . I t has n o w been s h o w n that S r T i 0 3 (37, 38,39), S n 0 2 ( 3 8 ) , 
K T a 0 3 (40), a n d KTao .77Nbo.23O3 (40), W 0 3 (41), a n d F e 2 0 3 (42 ) are 
a l l stable photoelectrodes i n aqueous electrolytes. 

S tab i l i t y of the m e t a l oxide η-type semiconductors al lows the i r use 
as the photoreceptor i n photoe lectrochemical cells for the photo-assisted 
electrolysis of H 2 0 . Indeed a l l of those fisted above as stable have been 
s h o w n to assist the convers ion of H 2 0 to H 2 a n d 0 2 i n cells as s h o w n i n 
F i g u r e 3. S ince the reversible electrolysis potent ia l of H 2 0 is 1.23 V , the 
a b i l i t y to sustain the electrolysis at potentials be l ow this a p p l i e d potent ia l 
requires the i n p u t of energy b y some other mechanism. I r rad ia t i on of 
the stable semiconductor electrodes does a l l o w the electrolysis to pro 
ceed at a p p l i e d potentials substantial ly l ower t h a n 1.23 V , a n d conse
quent ly the l i ght can be converted to c h e m i c a l energy i n the f o r m of 
the e lectro lyt ic products H 2 a n d 0 2 . I f energy f r o m H 2 a n d 0 2 is recover
able at 56.7 k c a l / m o l H 2 , S r T i 0 3 - b a s e d cells have ~ 2 5 % efficiency for 
the conversion of 330 n m l ight ( 3 7 ) . S ince the b a n d gap i n S r T i 0 3 is 
3.2 e V (43, 44), the m a x i m u m efficiency is 1.23/3.2 or ~ 3 8 % . T h u s the 
closeness of the measured efficiency to this theoret ica l efficiency impl ies 
that the q u a n t u m y i e l d is h i g h a n d that the a p p l i e d potent ia l r e q u i r e d is 
smal l , as is the case (37 ) . T h e h i g h absorpt iv i ty of the S r T i 0 3 is also a 
useful proper ty i n that i t a l lows the photons to be complete ly absorbed 
w i t h i n the dep le t ion reg ion , setting the stage for h i g h observed q u a n t u m 
efficiency. 

A major h u r d l e i n i m p r o v i n g S r T i 0 3 efficiency is to l ower 
the b a n d gap w i t h o u t sacri f ic ing current -vo l tage properties or s tabi l i ty . 
T h e l o w energy v i s ib le response of stable F e 2 0 3 , for example, is s igni f i 
cant ly offset b y the large V a p p i necessary to dr ive the photoelectrolysis of 
H 2 0 . I n this art ic le w e w i s h to summarize our i n i t i a l results o n one 
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CATHODE 

t 

PHOTOANODE 
(η-type SC) 

light 

aqueous electrolyte 

Figure 3. Photoelectrochemical cell used to photoelectrolyze HgO to Ht and 
Ot. Photoélectrodes of η-type TiOt, SnOt, SrTiOs, KTaOs, or KTa077Nb0.tsOs 

have been shown to be effective. 

basic approach to deve lop ing use fu l photoe lectrochemical cells h a v i n g 
l o w energy v i s ib le response. T h e approach is to use redox act ive electro
lytes w h i c h c a n be used compet i t ive ly to q u e n c h photoanodic d isso lut ion 
b y scavenging photogenerated holes before electrode d isso lut ion c a n 
occur. Success w i l l be i l lus t rated w i t h the s tab i l i zat ion of η-type C d S e 
( E B G = 1.7 e V ) (45) b y us ing polysul f ide electrolytes. T h e f u l l details 
have been e laborated elsewhere (46, 47). 

Results and Discussion 

Stabilization of CdSe. L i k e η-type C d S , η-type C d S e photoelec-
trodes undergo r a p i d photoanod ic d isso lut ion u p o n i r r a d i a t i o n i n a n 
aqueous electrolyte (48, 49). W e have f o u n d (46, 47) that the photo 
anod ic d isso lut ion of C d S e or C d S c a n be q u e n c h e d b y a d d i n g p o l y 
sulfide to the aqueous electrolyte. O x i d a t i o n of the a d d e d polysul f ide 
occurs at the expense of the ox idat ion of the selenide of the C d S e as 
schemed i n F i g u r e 4. W e choose to define a stable photoelectrode here 
as one w h i c h undergoes no w e i g h t loss as a consequence of the photo 
current . T a b l e I summarizes t y p i c a l da ta w h i c h support the c l a i m that 
C d S e is " s t a b i l i z e d " b y the a d d i t i o n of po lysul f ide to a n aqueous electro
lyte . I n several instances the n u m b e r of o x i d i z i n g equivalents was 
enough to consume several t imes the w e i g h t of the C d S e crystals. 
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DARK CATHODE 

(S ITE OF p o l y -

SULFIDE REDUCTION) 

AQUEOUS POLYSULFIDE 

V I S I B L E LIGHT 

C d S o r C d S e 

( s i t e o f p o l y 

SULFIDE o x i d a t i o n ) 

Figure 4. Schematic of η-type CdSe-based photoelectrochemical cell. Photo-
anodic dissolution of CdSe does not occur in the aqueous poly sulfide electrolyte; 

rather the polysulfide is oxidized at the photoelectrode. 

T h e k i n d of s tabi l i ty i n d i c a t e d i n T a b l e I for C d S e is remarkable . 
I t has been s h o w n i n several instances that certa in species can b e ox id i zed 
compet i t ive ly w i t h the electrode decomposi t ion , b u t these data for the 
C d S e are the first to show that the decomposi t ion apparent ly c a n be 
to ta l ly quenched . S i m i l a r results were obta ined for C d S (46, 47). S u b 
stances such as F e ( C N ) e

4 " , Γ , a n d quinones can be ox id i zed at C d S or 

Table I. Stability of η-Type CdSe Photoelectrode in 
Aqueous Polysulfide Electrolytes 0 

Exp. 
No.' Crystal Face 

Crystal (mol X 10*) 

Before After 

Electrons 
Generated 

(mol X 10*) 
Αν i 

(mA') 
Time 
(h) 

1 1 0001 9.39 9.41 4.20 0.64 17.6 

2 2 o o o l 8.61 8.61 3.31 0.41 21.6 

3 3 8.78 8.75 23.9 4.2 15.4 
β Photoelectrochemical cell with C d S e photoanode ; see F igure 4. 
* E x p . 1 : E lec t ro ly te is 1.0M N a O H , 1.0M N a 2 S , 1.0M S cont inuously purged with 

A r . I rradiat ion is at 633 n m (2.8 m W ) at an appl ied potent ial of —0.35 V (negative 
lead to C d S e ) with a P t gauze cathode. Photoelectrode etched to expose the 5 X 5 
m m 0001 face. T h e photoelectrode is 1 m mth ick and the resistivity is ~ E x p . 
2: Same as E x p . 1 except 0001 surface is exposed. E x p . 3: E lec t ro ly te is \2bM N a O H , 
02M N a 2 S , and the C d S e has not been etched. I rradiat ion is with wavelengths 
longer than 420 n m f rom a 200 W super-pressure H g lamp. A P t wire cathode and an 
appl ied potential of +2.0 V (positive lead to C d S e ) were used. T h e exposed surface 
of the 1 m m thick C d S e crystal was 5 X 5 m m and the resistivity was 14 ficm. 

9 M u l t i p l y b y 4.0 c m - 2 to obta in m A / c m 2 . 
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4. W R i G H T O N E T A L . Conversion of Visible Light 79 

C d S e photoelectrodes (48, 49, 50, 51), b u t even at h i g h concentrations 
these have not g iven good electrode stabi l i ty . 

I t is interest ing to speculate o n the reason for the remarkable sta
b i l i t y of the C d S e a n d C d S i n the polysul f ide system. T h e result is v e r y 
interest ing since i t is v e r y ev ident that other addit ives are capable of 
b e i n g ox id i zed to some extent at the photoelectrode. T h e complete 
s tab i l i ty of C d S e or C d S i n polysul f ide electrolytes must be a consequence 
of the very fast rates of polysul f ide ox idat ion compared w i t h S e 2 ' > 

lattice 
Se° or S 2 " > S° ox idat ion . O t h e r addit ives are on ly compet i t ive ly 

lattice 
ox id i zed . 

H a v i n g establ ished the k i n d of s tabi l i ty of C d S e i n d i c a t e d i n T a b l e I , 
i t is appropr iate to consider a cr i ter ion for electrode s tabi l i ty w h i c h is 
somewhat more subt le : photocurrent stabi l i ty . A fee l ing for photocurrent 
s tabi l i ty c a n be ga ined f r o m examin ing the drop-off i n photocurrent w i t h 
t ime i n 1 .0M N a O H compared w i t h the steady photocurrent ob ta ined 
u s i n g a n electrolyte consist ing of 1 M N a O H , 1 M N a 2 S , a n d 1 M S ( F i g u r e 
5 ) . W e have f o u n d that, even at very h i g h l i g h t intensities, photocurrents 
i n the CdSe -based c e l l are very stable. A t the very least, the polysul f ide 
electrolyte provides a mechan ism for photocurrent s tab i l i ty for a p e r i o d 
w h i c h is m a n y orders of m a g n i t u d e longer t h a n for the 1 M N a O H so lu 
t i on . T h e current profile for E x p . N o . 2 of T a b l e I is representative: the 
photocurrent was i n i t i a l l y 0.405 m A a n d rose to 0.425 m A where i t l eve l l ed 
for 5.9 hr . O v e r the next 7.3 hr the current f e l l to 0.40 a n d then h e l d con 
stant for the r e m a i n i n g 8.3 hr . T h u s the observed photocurrent is very 
stable, at least for the 1 .0M N a O H , 1 .0M N a 2 S , 1 .0M S electrolyte. 

W e c a n discuss, i n qual i ta t ive terms, the stabi l i ty of the C d S e as a 
func t i on of e lectrolyte composit ion. F i r s t , w e have general ly f o u n d that 
a n electrolyte consist ing of 1 .0M N a O H , l . O A i N a 2 S , a n d l . O A i S provides 
a very stable system. Signi f icant ly d i m i n i s h i n g the amount of S leads to 
considerable changes i n the current -vo l tage properties ( v i d e i n f r a ) , a n d , 
for e tched C d S e electrodes, there seems to be some deter iorat ion of the 
photocurrent w i t h t ime , especial ly at h i g h l i g h t intensities. F o r n o n -
etched samples w e have f o u n d that solutions conta in ing on ly l . O A i N a O H 
a n d 0 . 2 M N a 2 S give satisfactory s tabi l i ty even at very h i g h l i ght in tens i 
ties. A t this po int , w e s i m p l y do not have a good enough measure of 
electrode s tabi l i ty to do a quant i tat ive s tudy at intermediate concentra
tions of a d d e d sulfide where there is some ox idat ion of a d d e d sulfide a n d 
some ox idat ion of C d S e . 

A t the very least, C d S e has been s tab i l i zed to such a n extent that 
i t is n o w possible to study current -vo l tage properties , q u a n t u m efficiency, 
w a v e l e n g t h response, etc. w i t h o u t the fear of i rrevers ible decompos i t ion 
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Figure 5. Photocurrent as a function of time in a CdSe-based cell using I M 
NaOH as an electrolyte (%) or using an electrolyte consisting of I M NaOH, I M 
Nf l .S , and 1M S (Ο). The irradiation source is a heam-expanded He-Ne laser 
with output at 633 nm. The 0001 face of the crystal is exposed to the elec

trolyte. 

of the electrode. Interest ingly, such measurements at h i g h l i g h t in tens i 
ties have rea l ly never been possible because of the decompos i t ion p r o b l e m . 

Wavelength Response. G e n e r a l l y , the onset of photocurrent w i t h 
var ia t i on i n exc i tat ion wave length w i l l occur near the pos i t i on of the 
b a n d gap trans i t ion energy. T h e w a v e l e n g t h response of the C d S e i n 
1.0M N a O H , 1 .0M N a 2 S is s h o w n i n F i g u r e 6. A s seen i n the figure, the 
onset of photocurrent a n d the onset of the b a n d gap transi t ion co inc ide 
at ~ 7 5 0 n m , consistent w i t h the reported £ B G of C d S e (45). W i t h 
r e g a r d to po tent ia l solar energy conversions, w e note that C d S e absorbs 
ca . 5 0 % of the inc ident solar inso lat ion (52) at the earth's surface. 

A s i d e f r o m the fact that the onset of the photocurrent is near the 
b a n d gap energy, the h i g h energy v i s ib le response is qu i te good. I n fact , 
as the excitat ion energy is increased, there seems to be a gentle increase 
i n response. O n e possible explanat ion for the increased response is that 
there is a greater percentage of the inc ident l i g h t absorbed w i t h i n the 
dep le t i on reg ion at the shorter wavelengths. T h e absolute q u a n t u m 
efficiency for electron flow w i l l be discussed be low. 
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4. W R i G H T O N E T A L . Conversion of Visible Light 81 

Open Circuit Photopotential. T h e open c i r cu i t photopotent ia l de
pends o n the l i g h t intensity , a n d over a signif icant range of intensities 
the open c i r cu i t photopotent ia l shou ld increase l i n e a r l y w i t h the l o g of 
the intens i ty ( 2 ) . N a t u r a l l y , at some po in t the photopotent ia l must reach 
a va lue where h i g h e r intensities have no effect. I n 1 .0M N a O H , 1 .0M 
N a 2 S , a n d 1 .0M S the open c i r cu i t photopotent ia l depends o n l i g h t i n t e n 
sity as s h o w n i n F i g u r e 7. These results compare favorab ly w i t h those 
repor ted (2 ) for C d S e - b a s e d cells i n other electrolytes. 

A c c o r d i n g to our m o d e l , the l i m i t i n g photopotent ia l is e q u a l to the 
b a n d b e n d i n g w h i c h c a n be no greater t h a n the va lue of E B Q . M e a s u r e 
ment of open c i r cu i t photopotentials of the order of 0.5 EBQ indicates that 
the b a n d b e n d i n g is very substant ia l a n d that w e can expect theoret ica l 
energy convers ion efficiencies of ~ 5 0 % for i r r a d i a t i o n at Ε Β α · 

Current-Voltage Properties. U s i n g a s tandard three-electrode c e l l 
conf igurat ion a n d a potentiostat, w e have examined the current -vo l tage 

2.8 

Ζ 2 . 4 -c 
O) 

3 2 . 0 -o 
ο 
CL 1.6 α> > 
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Figure 6. Wavelength response curve for a CdSe-based 
photoelectrochemical cell with a I M NaOH, I M NatS elec
trolyte. The filled circles (%) and squares (M) are relative 
photocurrents as a function of incident irradiation wavelength 
after correction for variation in intensity with wavelength. 
The filled circles are values obtained using the excitation 
optics of an Aminco-Bowman emission spectrophotometer as 
the irradiation source, and the filled squares are values using 
a 600-W tungsten source monochromatized using a Bausch & 
Lomb high intensity monochromator. The open circles (O) 
are the optical density for a 1-mm thick polished CdSe crystal. 
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10 100 1,000 
Intensity, / iW 

10,000 

Figure 7. Plot of open circuit photopotential against light 
intensity (514.5 nm) for CdSe-based cell with a I M NaOH, I M 
Na2S, J M S electrolyte. Open circles (O) represent the 0001 
face and filled circles (%) represent the 0001 face of the crys

tal exposed to the electrolyte. 

properties of the CdSe -based cells. T h e reference electrode was a satu
ra ted ca lomel electrode ( S C E ) , a n d the potentials of b o t h the P t elec
trode a n d the C d S e potent ia l were moni tored ; the P t electrode potent ia l 
d i d not vary . C u r r e n t - v o l t a g e curves are a very sensitive func t i on of sur 
face treatment (po l i sh ing , e tching , etc . ) . A l l data re ferred to here are for 
e tched single crystals. A s expected, the current -vo l tage properties de
p e n d o n l i ght intensity a n d electrolyte compos i t ion as s h o w n i n F i g u r e s 
8, 9, a n d 10. F i r s t , i n the dark there is on ly a s m a l l anod ic current , con 
sistent w i t h the fact that no m i n o r i t y charge carriers are ava i lab le to 
part i c ipate i n the charge transfer. I r rad ia t i on , however , produces holes 
w h i c h g ive rise to an anod ic photocurrent as expected for an η-type semi 
conductor . T h e onset of the anodic photocurrents occurs at more nega
t ive potentials re lat ive to the S C E as the l i ght intensity is increased. T h i s 
shift i n anodic photocurrent onset can be seen c lear ly i n F i g u r e 8 w h e r e 
the current -vo l tage properties for C d S e are s h o w n at three different l i ght 
intensities. T h e shift i n anod i c photocurrent onset is consistent w i t h the 
open-c i rcui t photopotent ia l plots g iven i n F i g u r e 7. F r o m F i g u r e 7 w e 
see a change of ~ 0.15 V i n po tent ia l w i t h a n order of magn i tude change 
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W R I G H T O N E T A L . Conversion of Visible Light 83 

U ι ι ι ι L 
-1.4 -1.3 -1.2 -I.I -1.0 -0.9 

Potential vs. SCE 

Figure 8. Current-volt
age properties for an ir
radiated (633 nm) n-type 
CdSe (0.25 cm2 surface 
area) electrode with 0001 
face exposed to the 1.0M 
ΝαΟΗ,Ι.ΟΜ NatS,1.0M 
S electrolyte. The Pt 
dark electrode potential 
is constant at —0.71V 
vs. SCE for any bias. 
The sweep rate for all 
curves is 0.2 V per min
ute. Note the depend
ence of the curves on 

irradiation power. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

04



84 S O L I D S T A T E C H E M I S T R Y 

i n l i g h t intensity. T h e shift i n the anod i c photocurrent onset is a c o m 
parab le amount w i t h the 10-fold change i n l i ght intensity . 

F i g u r e 8 shows that the l i m i t i n g photocurrent is approx imate ly d i 
rec t ly propor t i ona l to the l i g h t intensity . Moreover , the shapes of the 
curves are f a i r l y s imi lar for the range of intensities s tudied . A t h igher 
l i ght intensities, however , the photocurrent is not d i rec t ly p ropor t i ona l 
to l i g h t intensity. T h e saturat ion effect sets i n at different intensities 
d e p e n d i n g o n the electrolyte ( v i d e in f ra ) a n d somewhat o n the p a r t i c u 
l a r electrode a n d its surface treatment. Saturat ion effects of this sort are 
often encountered a n d ind icate that the hole capture b y S n

2 ~ is on ly 
compet i t ive w i t h electron-hole recombinat ion , a n d the compet i t i on is 
apparent ly inf luenced b y l i ght intensity . 

W e have invest igated the current -vo l tage propert ies of C d S e as a 
f u n c t i o n of i r r a d i a t i o n w a v e l e n g t h for wavelengths near the b a n d gap 
( F i g u r e 9 ) . T h e ac tua l intensi ty s t r i k i ng the electrode has been h e l d 
constant. H o w e v e r , as seen i n F i g u r e 9, the photocurrent not on ly 
increases as the i r r a d i a t i o n w a v e l e n g t h is shortened, b u t the c u r r e n t -
voltage curves differ i n the same w a y that they differ w i t h changes i n 

10.0 
I 1 1 1 1 1 1 1 

8.0 600nm ^ 

< 6 0 ^ ^ ^ ^ 660 n r n , 

-
c 4.0 
Φ 

-̂
7 l 0 n m X 2 _ _ _ _ 

— 

<-> 2.0 720nm X2 • 

0.0 
Dark X2 -

0.0 

1 1 1 1 1 1 1 1 
-1.2 -I.I -1.0 -0.9 -0.8 -0.7 -0 .6 -0.5 

Potential vs. S C E 

Figure 9. Current-Voltage properties of CdSe as a function of inci
dent irradiation wavelength. The 0001 face, 0.25 cm2 surface area, 
is exposed to the 1.0M NaOH, 1.0M NatS, 1.0M S electrolyte and 
illuminated at a constant intensity of 7.2 X 10~10 einlsec at all four 
wavelengths. The Ft dark cathode potential was constant at —0.72 V 

vs. SCE, and the sweep rate was 0.2 V per minute. 
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Figure 10. Dependence of CdSe current-voltage proper
ties on intensity and electrolyte composition. In each case 
the sweep rate was 0.2 V per minute, and the 0.25 cm2 

0001 surface is exposed. In the 0.05M S electrolyte the 
Pt electrode is at -0.78 V vs. SCE, and in the l.OM S 

electrolyte the Pt electrode is at -0.71 V vs. SCE. 
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86 S O L I D S T A T E C H E M I S T R Y 

l i g h t intensi ty at a constant wave length . W e therefore ascribe the 
changes i n current -vo l tage behav ior w i t h v a r i a t i o n i n wave length to 
differences i n the amount of l i g h t absorbed i n the dep le t ion region. A t 
the points where absorpt iv i ty of C d S e is re lat ive ly smal l , the amount of 
l i g h t absorbed i n the dep le t ion reg ion is smal l , b u t at wavelengths sub
stant ia l ly shorter t h a n b a n d gap, a very s izable f ract ion of the inc ident 
i r r a d i a t i o n is absorbed i n the deplet ion region. 

Some extremes i n the cur rent -vo l tage properties of C d S e w i t h 
changes i n electrolyte compos i t ion are g iven i n F i g u r e 10. TTie curves 
show that the smaller S concentrat ion leads to deleterious effects a n d that 
the effect is most p ronounced at h i g h l i ght intensity . T h e photocurrent 
seems to saturate at a l ower l i ght intensi ty a n d does not increase as 
steeply w i t h increas ing anodic bias as for the electrolyte consist ing of 
1 .0M N a O H , 1 .0M N a 2 S , a n d 1 .0M S. 

Comparison of 0001 and 0001 Faces. I t is possible to expose either 
the 0001 or 000Î face of C d S e ( 5 3 ) . F o r the 000Î face one w o u l d have 
p r i n c i p a l l y Se exposed. D e t e r m i n i n g whether there is a difference be 
tween these two is a very s imple exper iment i n p r i n c i p l e , b u t w e have 
f o u n d that the differences are sufficiently smal l ( or our r e p r o d u c i b i l i t y 
so poor ) that w e cannot, at this t ime , report differences i n e i t h e r p h o t o -
potent ia l or current -vo l tage properties for the 0001 a n d the 0001 faces. 
Genera l l y , for example , w e have been ab le to reproduce current -vo l tage 
curves for a g i v e n crysta l of C d S e such that the anod i c photocurrent 
onsets are w i t h i n ~ 100 m V of each other. R e c a l l that the curves d e p e n d 
signif icantly on etching procedure , etc. 

Power Conversion Efficiency. T h e sustained conversion of l i ght 
energy to e lectr ica l energy i n the present system is possible, since the 
current -vo l tage curves show that the photocurrent w i l l flow against a 
negative a p p l i e d potent ia l . T y p i c a l l y , a n anodic bias w i l l assist the flow 
of current such that oxidations occur at the C d S e . T h e signif icance of 
a n anodic photocurrent flowing w i t h a cathodic bias is that the p o w e r 
s u p p l y is an e lectr i ca l l oad , a n d the p o w e r output of the ce l l is just 
current m u l t i p l i e d b y voltage. A p lot of photocurrent vs. a p p l i e d poten
t i a l f r o m a power s u p p l y i n series i n the external c i r cu i t is s h o w n i n 
F i g u r e 11. T h e curve shows very c lear ly that an anod ic photocurrent w i l l 
flow even at very negative a p p l i e d potentials . H o w e v e r , the m a x i m u m 
va lue of current times vol tage occurs at some intermediate negative 
a p p l i e d potent ia l . T h e data f r o m F i g u r e 11 reveal that 9 .2% of the 
i n p u t op t i ca l p o w e r at 633 n m is recoverable as e lectr ica l power . W e 
have also demonstrated equivalent sustained power conversion efficien
cies b y rep lac ing the power s u p p l y w i t h a resistor i n series i n the external 
c i r cu i t . 
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88 S O L I D S T A T E C H E M I S T R Y 

Sustained conversion of l i ght to e lec tr i ca l energy demands a 
tota l ly non-deter iorat ing system. W e have demonstrated that the photo 
electrode is stable a n d have assumed that the P t cathode is inert . 
T h e electrolyte must be capable of b e i n g o x i d i z e d at C d S e a n d r e d u c e d 
at P t w i t h no net c h e m i c a l change. Aqueous polysulf ides meet this 
c r i t er i on i n our hands as demonstrated b y passing e lectr ic current 
t h r o u g h a l . O A i N a O H , l . O A i N a 2 S , 1 M S electrolyte (2.0 m l ) u s i n g t w o 
P t electrodes. C u r r e n t was passed at ~ 0.2 V a n d ~ 2.0 m A / c m 2 for a 
very l ong p e r i o d w i t h no obvious deter iorat ion of the system. T w o other 
p r a c t i c a l considerations shou ld be emphas ized . Polysulf ides are sensitive 
to 0 2 , a n d electrolytes used have been cont inuous ly p u r g e d w i t h A r . 
Secondly , aqueous polysulf ides ( b u t not N a 2 S ) absorb b l u e l i g h t qu i te 
strongly. T h e l . O A i N a O H , 1 M N a 2 S , ΙΛί S electrolyte is orange a n d has 
a n op t i ca l density of ~ 1.0 i n a 1 m m p a t h l ength at ^ 490 n m . T h u s , 
very short p a t h lengths are r e q u i r e d for complete v i s ib l e spectral re 
sponse i n this electrolyte. 

T h e 9 .2% sustained efficiency s h o w n i n F i g u r e 11 is one of the best 
values w e have obta ined . N o t e that this va lue is for a v e r y l o w l i ght 
intensity . Increasing the l i g h t intens i ty causes saturat ion of the photo 
effect, but reasonable sustained efficiencies are f o u n d , T a b l e I I . E v e n 
h igher absolute p o w e r outputs f r o m the C d S e - b a s e d c e l l are possible , but , 
of course, the efficiency is less. 

T h e inefficiency i n the p o w e r conversion rests w i t h the fact that w e 
do not see a u n i t q u a n t u m y i e l d for e lectron flow at a negative a p p l i e d 

Table II. Power Conversion Efficiency Using CdSe-Based 
Photoelectrochemical Cells 

Exp. 
No.' 

Crys
tal 

No. 

Face 
Ex

posed 
Irrdn, λ (nm) 

[Power (mW)]" 

Max 
Power* 

Out 
(mW) 

Vfmax 
(%) 

Poten
tial 

@rlmax 
(V) 

Cur
rent 

(mA") 

4 1 0001 632.8 [0.10] 
[2.8] 

0.0092 
0.168 

9.2 
6.0 

- 0 . 3 5 
- 0 . 3 5 

0.0263 
0.480 

5 2 000Ï 632.8 [0.10] 
[2.8] 

0.0053 
0.117 

5.3 
4.2 

- 0 . 3 5 
- 0 . 3 5 

0.0151 
0.333 

6 4 not 
etched 

632.8 [2.2] 0.0082 0.4 - 0 . 2 0 0.041 

7 5 0001 514.5 [0.025] 
[7.30] 

0.0012 
0.176 

4.8 
2.4 

- 0 . 3 5 
- 0 . 5 5 

0.0034 
0.320 

' A l l experiments were performed in an electrolyte consisting of 1.0M N a O H , 
1.0M Na 2 S, 1.0M S. The circuit is schemed in Figure 4. See also notes in Table I. 

b Multiply by 4.0 c m - 2 to obtain m W / c m 2 . 
β Multiply by 4.0 c m - 2 to obtain m A / c m 2 . 
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4. W R i G H T O N E T A L . Conversion of Visible Light 89 

Table III. Quantum Efficiency for Electron Flow for 
CdSe-Based Photoelectrochemical Cells 

Exp. Crystal Face Irrdn,\ (nm) 
No. No. Exposed [Intensity (ein/sec)]'' Φ ± 16% 

4* 1 0001 632.8 [5.29 Χ 10" 1 0] - 0 . 3 5 0.52 632.8 [5.29 Χ 10" 1 0] 
+ 0 . 4 0 0.77 

632.8 [148 Χ 10" 1 0] - 0 . 3 5 0.33 632.8 [148 Χ 10" 1 0] 
+ 0 . 4 0 0.55 

8* 6 0001 632.8 [10.6 Χ 10" 1 0] +1 .00 0.53 
454.5 [6.76 Χ 1 0 1 0 ] + 1 . 0 0 0.90 

9* 7 oooT 454.5 [6.46 Χ 10" 1 0] + 1 . 0 0 0.67 
632.8 [10.6 Χ 1 0 1 0 ] + 1 . 0 0 0.34 

5" 2 0001 632.8 [5.29 Χ 1 0 1 0 ] - 0 . 3 5 0.30 632.8 [5.29 Χ 1 0 1 0 ] 
+ 0 . 4 0 0.50 

632.8 [148 Χ 1 0 1 0 ] - 0 . 3 5 0.23 632.8 [148 Χ 1 0 1 0 ] 
+ 0 . 4 0 0.38 

7* 5 0001 514.5 [1.07 Χ 10" 1 0] - 0 . 3 5 0.33 514.5 [1.07 Χ 10" 1 0] 
0.00 0.40 

514.5 [3.4 X 1 0 " 1 0 ] - 0 . 5 5 0.11 514.5 [3.4 X 1 0 " 1 0 ] 
0.00 0.17 

• l.OM N a O H , l.OM Na2S, l .OM S electrolyte using same circuit as in Figure 4. 
• l.OM N a O H , l.OM Na2S electrolyte using same circuit as in Figure 4. 
• Exposed electrode area is 0.25 cm 2 . 

potent ia l e q u a l to the b a n d gap energy. T h i s is because of ( a ) saturat ion 
effects at h i g h l i g h t intensities a n d ( b ) a re lat ive ly ( c o m p a r e d to b a n d 
g a p energy) s m a l l degree of b a n d b e n d i n g . H o w e v e r , the observed 
q u a n t u m yie lds for e lectron flow (not corrected for reflective losses) are 
rather h i g h ( b u t certa in ly not u n i t y ) at the a p p l i e d potent ia l for the 
m a x i m u m energy convers ion a n d reach even h igher values at pos i t ive , 
a p p l i e d potentials ( T a b l e I I I ) . T h e data i n T a b l e I I a n d F i g u r e 11 sup 
port the c l a i m that the C d S e - b a s e d c e l l is one of the more efficient re 
por ted photoe lectrochemical devices for the conversion of op t i ca l energy. 
C o n v e r s i o n of sunl ight to e lectr i ca l energy w i t h an efficiency of at least 
2 % c o u l d be expected u s i n g the s ingle-crystal C d S e - b a s e d cells. 

Summary and Perspective 

T h e s tab i l i zat ion of C d S e to photoanodic d isso lut ion b y polysul f ide 
electrolytes has been demonstrated (46, 47). O p t i c a l to e lec tr i ca l energy 
convers ion efficiencies of ~ 9 % have been ob ta ined w i t h no deter iorat ion 
of the electrolyte or photoelectrode, a n d the m a x i m u m p o w e r output of 
the CdSe -based photoe lectrochemical c e l l occurs at a potent ia l of a f e w 
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tenths of a volt . T h e s tab i l i ty has a l l o w e d the first measurements of 
current -vo l tage properties of C d S e even at h i g h l i ght intensities w i t h o u t 
problems associated w i t h photoanodic dissolut ion. 

T h e c r u c i a l result here is the s tabi l i zat ion . T h i s shows that i t is 
possible, b y compet i t ive redox processes, to quench complete ly photo -
electrolysis of semiconductors. T h e essence of the results out l ined here 
has been repeated successfully i n other laboratories ( 5 4 , 5 5 ) . I n a d d i 
t i on to C d S , the η-type B i 2 S 3 ( E B G = 1-4 e V ) ( 56 ,57 ) can be s tab i l i zed 
(55) us ing the polysul f ide electrolyte. Recent ly , i n our o w n laboratory 
w e have s tab i l i zed C d T e ( E B G = 1 . 4 e V ) , G a P ( E B G = 2 . 2 4 e V ) , G a A s 
( E B G = 1.35 e V ) , a n d I n P ( E B G = 1.25 e V ) us ing the polysul f ide electro
ly te or other chalcogenide-containing electrolytes (58, 5 9 ) . These several 
examples of s tab i l i zat ion are p r o m i s i n g , b u t there are disadvantages to 
the compet i t ive e lectron transfer approach . T h e c r u c i a l disadvantage is 
that one c lear ly restricts the range of c h e m i c a l reactions that c a n be 
d r i v e n photoelectrochemical ly . I f the objective is to convert l i ght to 
e lectr ic i ty , this m a y be no drawback . 

O t h e r approaches to the s tab i l i zat ion of smal l b a n d gap semicon
ductors exist, a n d they are not w i t h o u t disadvantages. O n e a p p r o a c h is 
to coat the s m a l l b a n d gap mater ia l w i t h a t h i n , inert meta l film. I t has 
been c la imed , for example , that A u - c o a t e d η-type G a P is stable to photo -
anodic d isso lut ion, a n d one can ox id ize H 2 0 at such a photoelectrode 
(60). T h i s approach is no different f r o m a Schottky-barr ier photoce l l , 
a n d a di f f iculty encountered here w i l l be i n fabr i cat ion of the s o l i d - s o l i d 
junct ion . A n o t h e r tactic has been to attempt to coat an unstable electrode 
w i t h another semiconductor that is stable. F o r example , coat ing C d S 
w i t h a t h i n film of T i 0 2 has been suggested a n d t r i e d (61, 62). F i r s t , 
there is no ev idence that the technique works at a l l , a n d shou ld i t be 
successful one aga in faces the difficulties associated w i t h s o l i d - s o l i d 
junctions. O n e final " coa t ing" technique involves dye sensit izat ion of 
large b a n d gap materials . Ger i s cher (2) states that d y e sensit izat ion has 
been k n o w n for some t ime (63, 64, 6 5 ) , b u t that the efficiency is l i m i t e d 
b y the fact that on ly monolayers of dye c a n be used. A n o t h e r factor, 
w i t h the dye sensit ization, is the s tab i l i ty of the dye itself. 

I n summary , there are some p r o m i s i n g avenues of research i n photo -
assisted redox processes at electrodes. T h e results ou t l ined here are the 
first of a set showing that i t is possible to have inter fac ia l redox processes 
w h i c h occur so fast that electrode decompos i t ion cannot compete. T h e 
quest ion n o w is w h y do some reductants w o r k w h i l e others do not? S t u d y 
of factors in f luenc ing the rate of in ter fac ia l e lectron transfer shou ld y i e l d 
the answer. S ince inter fac ia l e lectron transfer rates govern efficiency i n 
a l l cases, these studies shou ld prove use fu l i n a l l approaches to the u l t i 
mate u t i l i z a t i o n of photoe lectrochemical cells. 
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Solar Energy Conversion through 
Photosynthesis? 

RODERICK K. CLAYTON 

Division of Biological Sciences, Cornell University, Ithaca, Ν. Y. 14853 

Ultimately the use of sunlight offers the clearest way to 
meet our needs for energy without running afoul of serious 
environmental problems. Direct solar heating is approach
ing technical and economic feasibility on a large scale. 
Generation of fuel from organic wastes can be economically 
profitable now, especially when combined with the waste
-assisted growth of algae. Growth of energy-efficient plants 
such as sugarcane and harvesting of wild plants such as 
water hyacinth as sources of fuel are attractive possibilities. 
Schemes to modify normal photosynthesis or to use ex
tracted parts of photosynthetic tissues to generate hydrogen 
or electricity from sunlight are visionary, but they are in 
their infancy and should be developed along with all other 
reasonable approaches. 

We estimate that i n the U n i t e d States w e have enough fossi l fue l , i n 
one f o r m or another, to meet our energy requirements for more t h a n 

a thousand years at the present rate of consumpt ion , be tween 1 0 1 9 a n d 
1 0 2 0 J (or about 1 0 1 7 B t u ) annual ly . R o u g h estimates of energy reserves, 
mod i f i ed f rom data l i s ted b y H a m m o n d ( I , 2 ) , are shown i n T a b l e I . 
H o w e v e r , the use of a l l our fossil fue l reserves w i l l r equ i re n e w solutions 
to economic a n d env i ronmenta l problems. I n the l ong r u n , on ly solar 
energy is re lat ive ly free f r om t h e r m a l a n d c h e m i c a l po l lu t i on . E v e n the 
increased absorpt ion of solar rad ia t i on because of its co l lect ion as a n 
energy source c o u l d be offset b y compensat ing reflectors, so that the 
absorpt ion of heat b y the planet as a who le remains unal tered . C u r r e n t l y 
the U . S . E n e r g y Research a n d D e v e l o p m e n t A d m i n i s t r a t i o n ( E R D A ) 
projects that 6 % of our energy needs w i l l be met w i t h solar systems b y 
the year 2000, a n d 2 5 % b y 2020 ( 3 ) . 
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Table I. Rough Estimates of Energy Reserves in the United States 
at the Present Rate of Consumption 

Energy Source Years 

Present ly developed o i l and gas < 10 
E s t i m a t e d t o ta l o i l a n d gas 10 2 

F i s s i o n (conventional) < 10 2 

C o a l and o i l shale > 10 3 

Geothermal > ΙΟ 3
 α 

F u s i o n 10 q
6 -10 9 

Solar > 10 9 

L e t us l ist energy sources that can be made quant i ta t ive ly impor tant 
i n the U n i t e d States, a n d that are d i rec t ly or ind i r e c t l y of contemporary 
solar o r ig in . W e sha l l then rev i ew these brief ly a n d consider i n more 
de ta i l those that invo lve photosynthesis. 

1. W i n d - p o w e r e d turbine . 
2. O c e a n thermal gradients ; heat engine. 
3. D i r e c t solar heat ing ; heat engine or chemica l react ion cycle p r o 

d u c i n g hydrogen f r o m water . 
4. Photosynthet ic systems, (a ) Var ia t i ons of agr i cu l ture ; g r o w t h of 

plants i n c l u d i n g algae, a n d conversion to fuels, ( b ) Photosynthet ic 
h y d r o g e n product ion . 

5. Photoelectr ic devices, poss ib ly u s i n g materials d e r i v e d f r o m 
photosynthet ic tissues. 

I n m a n y of these systems hydrogen is l ike ly to p l a y a centra l ro le 
(4) b o t h as a c lean fue l a n d as a means of storing a n d transport ing 
energy. A s a fue l , the only chemica l po l lu tant m i g h t be oxides of n i t ro 
gen i f atmospheric n i trogen is exposed to a h i g h combust ion temperature . 
A s a m e d i u m of exchange hydrogen can be converted to e lectr ic i ty w i t h 
about 4 0 % efficiency, a n d e lectr ic i ty to hydrogen at about 8 0 % effi
c iency. I t has been estimated (5 ) that the transport of energy as h y d r o 
gen is cheaper than the transmission of e lectr ic i ty i f the distance is 
greater than about 250 miles . 

Wind 

W i n d - p o w e r e d electric generators can be good decentra l ized sources 
of p o w e r i n r u r a l areas, a l though the o p t i m u m size for efficiency is est i 
m a t e d at several megawatts. T h e cost of such a power p lant is est imated 
(3 ) to be two to four times greater t h a n the present cost, about $400 per 
k i l owat t , of a nuc lear power p lant . 

A n extensive array of major w i n d - p o w e r e d plants , absorbing m u c h 
of the surface w i n d over a large region, c o u l d have an effect o n the l o c a l 
weather that merits serious study. 
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5. C L A Y T O N Sohr Energy Conversion 95 

Ocean Thermal Gradients 

A temperature difference of 20 ° C exists ver t i ca l l y t h r o u g h a d e p t h of 
1000 m i n t rop i ca l waters, a n d a s imi lar difference is f o u n d at the edge of 
the G u l f Stream near the coast of F l o r i d a . T h i s difference a r o u n d 300° Κ 
c o u l d prov ide ~ 6 % efficiency for a heat engine w i t h a C a r n o t cyc le , 
a n d a n efficiency greater t h a n 2 % for the generation of e lectr ic i ty or 
hydrogen c o u l d be expected. T h e r e w o u l d be f o rmidab le engineer ing 
problems (2 ) concerned w i t h thermal conduct iv i ty be tween the sea 
water a n d the w o r k i n g fluid, perhaps ammonia , w h e n the di f ferential i n 
temperature is so smal l . T h e corrosive act ion of sea water must also be 
cons idered i n est imating cost a n d l i fe t ime of such a p o w e r p lant . 

Abs t rac t i on of heat f r o m the ocean w o u l d be compensated b y the 
fact that the op t i ca l absorbance of c o l d water is greater t h a n that of 
w a r m e r water . T h u s there w o u l d be a net increase i n the flow of heat 
f r o m the sun to the earth's surface, where the energy is eventual ly re 
leased, b u t the l o ca l temperature of the ocean w o u l d r e m a i n f a i r l y 
constant. 

W i t h a ver t i ca l gradient the u p w e l l i n g of deeper water w o u l d carry 
organic nutrients that might be used to feed p h y t o p l a n k t o n at the surface. 
A l s o , the system c o u l d be arranged to p rov ide fresh water , a c o m m o d i t y 
that m a y soon become cr i t i ca l ly scarce i n F l o r i d a . 

Direct Solar Heating 

T h e tota l flux at the earth's surface f r o m the sun at its z en i th is about 
l k W / m 2 ( 6 ) . T h e a n n u a l m e a n flux i n the U n i t e d States is about 200 
W / m 2 . T h e consumpt ion of power i n the U n i t e d States amounts to about 
0.2 W / m 2 . T h u s a solar p o w e r p lant operat ing at 5 % overa l l efficiency 
w o u l d require about 1/50 of the country's surface, or the average size 
of one state. 

Roof top solar heat ing of water i n i n d i v i d u a l houses a l ready finds 
w i d e s p r e a d use, especial ly i n t r op i ca l regions. E v e n i n the northeastern 
U n i t e d States one can read i ly prov ide 2 0 % of the tota l domest ic p o w e r 
requirement i n this way , at a cost compet i t ive w i t h e lectr ic heat ing 
der ived f r o m the costlier fuels (about twice the cost of energy f r o m a 
nuc lear or a coa l b u r n i n g p l a n t ) . 

T h e prac t i ca l i ty of d irect solar heat ing depends on the "greenhouse 
effect." T h e glass of a greenhouse transmits near ly a l l the solar rad ia t i on . 
W h e n absorbed b y the earth, most of this r a d i a t i o n is converted to heat, 
corresponding to quanta i n the in frared . T h e re -radiated heat at these 
wavelengths is almost ent ire ly reflected or absorbed b y the glass of the 
greenhouse, a n d is thereby t rapped ins ide except for the part that is 
rad ia ted f r o m the outer surface of the glass. A n i d e a l mater ia l for t r a p -
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p i n g heat i n this w a y w o u l d transmit a l l wavelengths of the solar spec t rum 
b e l o w about 2000 n m a n d reflect a l l greater wavelengths. T h i s c a n be 
ach ieved w i t h a m u l t i l a y e r interference filter a n d can be approx imated 
b y depos i t ing a t h i n film of s i l i con on glass. H o w e v e r , the use of such 
h igh-per formance "greenhouse" materials entails unso lved problems of 
cost a n d l o n g term stabi l i ty . 

T h i s type of solar heat t rap can reach temperatures approach ing 
3 0 0 ° C w i t h no focusing of the sun. F o c u s i n g the sun into a l inear image 
w i t h about tenfo ld concentrat ion of intensi ty can give about 500°C ( 7 ) , 
a n d an approximate po int focus can give temperatures greater t h a n 
1000°C. O f course the focusing systems (arrays of mirrors that track the 
sun's movement ) enta i l greatly increased costs. A l s o , the unfocused sys
t e m can funct ion w i t h a c l oudy sky. F i n a l l y , the performance of the 
"greenhouse" mater ia l becomes poorer as the stored temperature i n 
creases, because the spectrum of thermal rad ia t i on is shi f ted to shorter 
wavelengths a n d overlaps more w i t h the spectrum of sunl ight . D e g r a d a 
t i o n of the mater ia l shou ld also become a greater p r o b l e m at the h igher 
temperatures. 

T h e t r a p p e d solar heat c a n be transferred to a large reservoir b y 
means of a c i r cu la t ing fluid or a "heat p i p e " w h i c h relies o n gaseous 
convect ion. T h e reservoir c a n then d r i v e an engine to p roduce elec
t r i c i ty , hope fu l ly w i t h overa l l efficiency ( f r o m solar rad ia t i on to elec
t r i c i t y ) as great as 2 0 % . H y d r o g e n c o u l d then be p r o d u c e d e lec tro lyt i -
ca l ly w i t h comparab le efficiency. 

A l t e rnat ive ly , the heat c o u l d be used to dr ive a cyc le of c h e m i c a l 
reactions that produce hydrogen a n d oxygen f r om water . M a n y such 
cycles have been conce ived ; some have been brought to a semblance of 
t e chn ica l feas ib i l i ty , a n d none has been established on a large scale. 
A single example proposed b y A b r a h a m a n d Schreiner (8 ) fo l lows. 

300°K 
L i N 0 2 + I 2 + H 2 0 > L i N 0 3 + 2 H I 

700°K 
2 H I > I 2 + H 2 

750°K 
L i N 0 3 > L i N 0 2 + \02 

N e t : H 2 0 > i 0 2 + H 2 

T h i s react ion sequence m i g h t be d r i v e n at temperatures atta ined w i t h 
a l ine focus of the sun. 

A p r i m i t i v e b u t effective t ype of solar heat col lector is the solar 
p o n d ( 6 ) . T h e p o n d shou ld be about l m deep a n d 5 0 m or more i n 
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5. C L A Y T O N Solar Energy Conversion 97 

diameter , to m i n i m i z e heat loss at the edges into the earth. H e a t trans
f e r red to earth t h r o u g h the bo t t om is large ly re ta ined a n d c a n be re 
t r i eved at n ight . T h e bot tom of the p o n d is b l a c k to m a x i m i z e absorpt ion , 
a n d the surface is covered to re tard evaporat ion a n d consequent coo l ing . 
A n ingenious approach (9 ) is to use b r i n e covered b y a sha l l ow layer of 
fresh water . T h e surface layer remains coo l b u t does not m i x w i t h the 
denser br ine be low. D a y t i m e temperatures at the bot tom c o u l d reach 
about 100°C. 

I n conc lus ion , d irect solar heat ing appears to be especial ly favorable 
as a m e t h o d for large-scale solar energy conversion, w i t h m u c h of the 
technology a lready proven. 

Y aviations of Agriculture 

T h e overa l l efficiency w i t h w h i c h solar energy is stored as organic 
matter (most ly carbohydrate ) i n crops a n d forests is i n the range of 
0 .1 -0 .4% for " C 3 " plants [those that use the C a l v i n - B e n s o n cyc le (10) 
for carbon ass imi lat ion] , a n d about t w i c e that for t r op i ca l grasses a n d 
other " C 4 " plants , us ing the H a t c h - S l a c k (11) p a t h w a y for fixing C 0 2 . 
I n the latter category sugarcane c a n show a n a n n u a l y i e l d of 50 tons d r y 
w e i g h t per acre a n d overal l efficiency about 2 . 5 % for storing the energy 
of sunl ight i n organic matter , about hal f of w h i c h is sucrose. T h e sugar 
c a n be fermented to e t h y l a l coho l at a n est imated cost less than $1 per 
ga l lon (12). T h e same c o u l d be done w i t h other ready sources of carbo 
hydrate , some i n the category of waste, such as spo i led gra in i n our 
major wheat f a r m i n g areas. 

P l a n t materials as w e l l as organic wastes can also be converted to 
fuels b y other means ( 2 ) . Pyro lys is , effected b y anaerobic heat ing to 
about 500°C at atmospheric pressure, produces a mix ture of crude o i l , 
l ow-grade combust ib le gas, a n d "char . " T h e gas a n d char c a n be b u r n e d 
to m a i n t a i n the h i g h temperature a n d some of the gas recyc led to pre 
serve a n anaerobic atmosphere. A more efficient process, b u t technica l ly 
more diff icult, is hydrogénation, conducted at a l ower temperature ( about 
3 0 0 ° C ) b u t at ~ 200 atm. C a r b o n monoxide a n d steam are in t roduced 
to prov ide a r educ ing environment ; the organic matter is converted 
almost ent ire ly to crude o i l . A t h i r d alternative is anaerobic bac ter ia l 
fermentat ion. T h i s avoids the use of h i g h pressures or temperatures a n d 
gives p r i n c i p a l l y a very desirable fue l , methane. A d r a w b a c k of bac ter ia l 
fermentat ion is that about 4 0 % of the organic matter is left as a res idua l 
s ludge that must be disposed of or treated b y one of the other methods. 

I f a l l the read i l y co l lected waste were processed i n one of these ways , 
w e c o u l d prov ide 3 % of our present o i l use, or 6 % of the output of 
present p o w e r stations. These schemes as a p p l i e d to waste are c o m -

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

05



98 SOLID S T A T E C H E M I S T R Y 

m e r c i a l l y advantageous n o w , w h e n the cost of a lternative d isposal ( l a n d 
fill) has been discounted. W h e n these schemes are a p p l i e d to products of 
agr icul ture , the conversion to fue l must compete w i t h use as sources of 
food, fiber, a n d chemicals . H o w e v e r , w i t h some plants the conversion 
to f u e l is c lear ly advantageous. O n e such p lant is the water hyac in th , 
w h i c h grows so pro l i f i ca l ly i n shal low t r o p i c a l waters that i t is a nuisance 
to nav igat ion a n d at the same t ime is easy to harvest. Its wholesale 
r e m o v a l might , however , threaten the ext inct ion of some animals , such as 
the manatee. 

A l g a e a n d photosynthet ic bacter ia comprise a spec ia l category i n 
"energy f a r m i n g " ( 13 ) . I n ponds, w i t h the ir g r o w t h assisted b y organic 
wastes a n d w i t h adequate sunl ight , algae can y i e l d i n a f ew days w h a t 
a cane field can y i e l d i n a n entire crop, w i t h about 4 % of the solar energy 
stored as organic matter , m a i n l y l ip ids a n d prote in . ( U n l i k e the algae, 
the photosynthet ic bacter ia cannot g r o w w i t h o u t a source of r e d u c e d 
compounds , as they cannot use water as a source of hydrogen for the 
fixation of carbon dioxide . A great var ie ty of organic compounds can 
serve this purpose . ) A one-acre "waste p lus algae" p o n d , w i t h the har 
vest converted to f u e l a n d thence to e lectr ic i ty , m i g h t give about 15 k w 
at about one cent per k i l o w a t t hour . 

C a t t l e feed lots prov ide a large concentrated source of waste that 
c a n be coup led to an algae fa rm. Some of the algae m i g h t be f e d to the 
cattle. A n a e r o b i c fermentat ion of the algae w o u l d y i e l d methane, s ludge, 
a n d some by-products ( C 0 2 , N , a n d P ) that c o u l d be recyc led to the 
algae. 

T h e amount of easi ly co l lected waste is not enough to prov ide the 
greater part of our needs for fue l a n d energy b y these means, b u t the 
greatest possible deve lopment of the foregoing systems is c lear ly a d v a n 
tageous a n d economical ly sound. M u c h of the l a n d a n d money r e q u i r e d 
for such projects w o u l d be needed for waste d isposal i n any case. 

'Photosynthetic Hydrogen Production 

A far more v i s ionary var ia t i on of agr icul ture is f o u n d i n schemes, 
presently b e i n g explored , to redirect the photosynthet ic process to y i e l d 
hydrogen instead of carbohydrate . 

Photosynthesis i n green plants a n d algae involves t w o d is t inct photo 
c h e m i c a l systems (14). I n one of these, ca l l ed system 2, a q u a n t u m of 
l i ght energy absorbed b y c h l o r o p h y l l induces a photochemica l o x i d a t i o n -
reduc t i on react ion w h i c h generates a strong ox idant a n d a w e a k reductant . 
T h e oxidant is strong enough to remove electrons f r o m water , releasing 
oxygen f r o m the water . T h e reductant feeds electrons, t h r o u g h a c h a i n 
of e lectron t ransport ing molecules , to the second photochemica l system 
(system 1 ) . I n system 1 a photochemica l process, aga in d r i v e n b y the 
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5. C L A Y T O N Solar Energy Conversion 99 

energy of l i ght absorbed b y c h l o r o p h y l l , generates a strong reductant 
a n d a weak oxidant. T h e weak oxidant is neutra l i zed b y the electrons 
flowing f r om system 2. T h e strong reductant p r o d u c e d b y system 1 is 
stored i n i t i a l l y i n the f o r m of r e d u c e d ferredoxin , a n i ron - conta in ing p r o 
te in that can i n t u r n reduce other substances. T h e n o r m a l e n d result is 
the reduct ion of C 0 2 to carbohydrate . T h e p l a n of schemes for p r o d u c 
i n g hydrogen through photosynthesis is to alter the n o r m a l u t i l i z a t i o n of 
r educed ferredoxin. Instead of flowing to the enzymes that catalyze C 0 2 

fixation, the electrons f r o m reduced ferredox in cause r educ t i on of H + 

ions to H 2 : 

2 H + + 2e" H 2 

T h i s react ion is ca ta lyzed b y either of two enzymes that occur i n m a n y 
algae a n d bacter ia : hydrogenase a n d nitrogenase (15 ) . 

Hydrogenase is f o u n d i n green algae a n d i n some bacter ia . I n the 
algae its na tura l funct ion m a y be to rid the organism of excess reductants 
that can arise under certa in condit ions , thereby restoring a desirable 
balance between ox id i zed a n d r e d u c e d states of the c h a i n of e lectron 
carriers ( 16 ) . 

Nitrogenase , f o u n d i n b lue-green algae a n d i n b o t h photosynthet ic 
a n d some non-photosynthet ic bacter ia , has the p r i m a r y func t i on of n i t ro 
gen fixation, r e d u c i n g N 2 to ammonia . H o w e v e r , this enzyme can also 
mediate the reduct i on of H + to H 2 . Its ac t iv i ty requires adenosine t r i 
phosphate a n d is i n h i b i t e d b y N 2 ; hydrogenase is not subject to these 
compl icat ions . 

B o t h hydrogenase a n d nitrogenase are i n h i b i t e d b y oxygen, w h i c h 
introduces a serious p r o b l e m since the photosynthesis of green plants 
generates oxygen a long w i t h r educ ing power . I n fact, the hydrogenase 
ac t i v i ty of algae was discovered i n cultures that h a d been kept i n the 
dark under anaerobic condit ions for several hours ( 17). U p o n i l l u m i n a 
t i on , the hydrogenase actv i ty dec l ined as the algae began to produce 
oxygen. N o one has f o u n d condit ions u n d e r w h i c h intact algae produce 
h y d r o g e n a n d oxygen concomitant ly at rates exceeding a min iscu le f rac 
t i o n of the n o r m a l rate of photosynthesis (18). 

W e are thus l e d to consider schemes, proposed b y K r a m p i t z a n d 
others (15, 19), i n w h i c h the p lant cells are b r o k e n a n d the ir photo 
c h e m i c a l components are dissected a n d rearranged to produce h y d r o g e n 
w h i l e sh ie ld ing the hydrogenase or nitrogenase f r o m oxygen. T h e r e are 
several reasons w h y the oxygen-evo lv ing system must be kept separate 
f r o m the reductants a n d catalysts that p roduce hydrogen . F i r s t , h y d r o 
genase a n d nitrogenase are sensitive to oxygen. Second, the reductants 
must not be a l l o w e d to react waste fu l ly w i t h oxygen before they can 
d r i v e the conversion of H + to H 2 . T h i s appl ies to n a t u r a l r e d u c e d p r o d -
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100 S O L I D S T A T E C H E M I S T R Y 

ucts a n d also art i f i c ia l ones that m i g h t useful ly be interposed to l i n k the 
r e d u c i n g side of system 1 to the evo lut ion of hydrogen . T h i r d , the oxygen-
e v o l v i n g system must be sh ie lded f r o m the strong reductants w h i c h c o u l d 
otherwise prevent the operat ion of system 2. F i n a l l y , the oxygen a n d 
h y d r o g e n must be separated i f the hydrogen is to be stored a n d used. 
T h e alternative, b u r n i n g the evo lved hydrogen immed ia te ly w i t h the 
evo lved oxygen, w o u l d be hazardous on a large scale a n d w o u l d restrict 
the options for use of the hydrogen . 

T h r e e examples can be c i t ed of photosynthet ic systems i n w h i c h the 
evo lut ion of hydrogen is c o u p l e d w i t h the release of oxygen f r o m water . 

( a ) Chloroplasts f r o m sp inach leaves are m i x e d w i t h bac ter ia l 
hydrogenase, a n d the i n h i b i t o r y act ion of oxygen is m i n i m i z e d w i t h a n 
oxygen-absorbing system composed of glucose plus glucose oxidase ( 2 0 ) . 
H y d r o g e n is then evo lved as a produc t of photosynthesis. 

( b ) T h e filamentous a lga Anabena cylindrica has cells w h i c h per 
f o r m photosynthesis, a n d other cells (heterocysts) that are spec ia l i zed 
for n i t rogen fixation. Resp i ra t i on i n the heterocysts keeps the concentra
t i o n of oxygen l o w i n those cells. R e d u c e d products can diffuse f r o m the 
photosynthet ic cells into the heterocysts, where they promote hydrogen 
evo lut i on u s i n g the nitrogenase as catalyst (21, 22). 

( c ) T h e water fern Azolla fives symbio t i ca l ly w i t h nitrogen-f ix ing 
b lue-green algae. W h e n p r o v i d e d w i t h nitrate a n d sh ie lded f r o m n i t ro 
gen, the system grows, a n d h y d r o g e n evolves (23). 

I n none of these systems is the rate of h y d r o g e n evo lut ion more 
t h a n a s m a l l f ract ion , ca. 0 . 2 - 3 % , of " n o r m a l " photosynthesis. 

Some current efforts a n d proposals to i m p r o v e this approach (15, 
19, 24) w o u l d b e g i n w i t h the iso lat ion of the essential components (sys
tems 1 a n d 2 a n d hydrogenase) f r o m the ir nat ive tissues. T h e compo 
nents c a n be kept separate b y means of semipermeable membranes , b y 
adsorpt ion o n so l id part ic les , or b y microencapsulat ion . F u n c t i o n a l c o m 
m u n i c a t i o n between the components is m a i n t a i n e d b y di f fusible e lectron 
carriers i n aqueous m e d i a . Some of the necessary b u t fragi le enzyme 
systems m i g h t be s tab i l i zed b y cross - l inking the i r proteins in terna l ly 
t h r o u g h g lutara ldehyde fixation, or b y adsorpt ion or microencapsulat ion . 
O b v i o u s l y these approaches raise dif f icult prob lems, especial ly w i t h 
r egard to s tabi l i ty , b u t one c a n at least envis ion a complete f u n c t i o n a l 
system w i t h i n the bounds of present technology. 

W e have yet to consider questions of efficiency a n d rate i n photo 
synthet ic systems that p roduce hydrogen . O f a l l the solar energy that 
fal ls o n a leaf or a dense cu l ture of algae, on ly the par t w i t h wavelengths 
b e l o w 680 n m is absorbed b y c h l o r o p h y l l a n d other pigments . O f the 
r a d i a t i o n that is absorbed, the q u a n t a of shorter wavelengths have r e l a -
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5. C L A Y T O N Solar Energy Conversion 101 

t i ve ly more energy, but this is q u i c k l y degraded to the l eve l of the l o n g 
w a v e absorpt ion b a n d of c h l o r o p h y l l near 680 n m . T h i s degradat ion, 
w i t h the excess energy diss ipated as heat, happens before the l ight energy 
can be used for photochemistry . Because of the c o m b i n e d effects of 
non-absorpt ion at wavelengths b e y o n d 680 n m a n d degradat ion of energy 
absorbed at shorter wavelengths , about 4 0 % of the inc ident solar energy 
becomes avai lable for photochemistry i n the f o rm of 680 n m quanta . A t 
680 n m each q u a n t u m has a n energy of 1.8 e V . W h e n systems 1 a n d 2 
cooperate to remove an electron f r om water a n d promote i t to the l eve l of 
hydrogen , an energy of 1.2 e V is stored (14, 2 5 ) . T h i s requires an i n p u t 
of two quanta , one i n each system, or a tota l i n p u t of 3.6 eV . T h e m a x i 
m u m efficiency theoret ical ly attainable i n this w a y , for the storage of 
solar energy as hydrogen w i t h the concomitant release of oxygen f r o m 
water , is therefore (1 .2 /3 .6) X 4 0 % or 1 3 % . I n pract ice one w o u l d do 
w e l l to real ize 5 % , a n d i f the hydrogen were b u r n e d to produce elec
t r i c i ty , a n overa l l efficiency of 2 % m i g h t be attained. T h i s is close to 
the efficiency of g r o w i n g sugarcane, b u t e lectr ic i ty is a far more desirable 
e n d product than sugar. W e w o u l d need to c ommit 1/10 of the area of 
the country , on l a n d or i n the ne ighbor ing ocean, to satisfy our to ta l 
energy requirement f r o m sunl ight at an overa l l efficiency of 2 % . 

A n o t h e r p r o b l e m has to do w i t h the rate at w h i c h a photosynthet ic 
system can keep pace w i t h i n c o m i n g l i ght energy. T h e architecture of 
the photosynthet ic tissue is such (14) that each photochemica l react ion 
center, whether of system 2 or system 1, is served b y about 200 molecules 
of ' l i g h t harvest ing" or "antenna" ch l o rophy l l . T h e antenna c h l o r o p h y l l 
molecules do not part i c ipate d i rec t ly i n the photochemistry ; they absorb 
l i ght a n d del iver the energy to the react ion centers. I f every q u a n t u m 
absorbed b y the antenna i n f u l l sunl ight were used photochemica l ly at 
the react ion centers, electrons w o u l d be flowing t h r o u g h the complete 
cha in , f r o m water to ferredoxin, at a rate of approx imate ly 2000 per sec. 
I n fact the electron transport c h a i n can transport no more than about 
200 electrons per sec, so i n f u l l sunl ight on ly 1 /10 of the i n c o m i n g q u a n t a 
can be used. T h e prospect of increas ing the rate at w h i c h the e lectron 
transport system can operate is l i m i t e d , b u t there is a better w a y to solve 
this p r o b l e m ( 16). I f each react ion center were served b y a n antenna of 
on ly 20 c h l o r o p h y l l molecules rather than 200, quanta w o u l d be de l i vered 
to the react ion centers at a rate of 200 /sec i n f u l l sunl ight , rather t h a n 
2000/sec . T h e electron transport mach inery c o u l d then keep pace. T h e 
on ly qual i f i cat ion is that the system b e opt i ca l ly dense enough to absorb 
most of the inc ident quanta at wavelengths b e l o w 680 n m . It shou ld not 
be diff icult to delete most of the antenna chlorophyl ls f r om a n i n v i t ro 
preparat ion , or to start w i t h m u t a n t plants or algae that have a n abnor 
m a l l y l o w rat io of antenna ch lorophyl l s to react ion centers. 
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102 S O L I D S T A T E C H E M I S T R Y 

T h e v i s i o n of generat ing h y d r o g e n b y photosynthesis w i t h reasonable 
efficiency is most attract ive. T h e r e are f o rmidab le prob lems to be over
come, b u t efforts to solve t h e m have just begun. 

Photoelectric Devices 

T h e direct conversion of solar energy to e lectr ic i ty has great poten
t i a l advantages of h i g h efficiency, m i n i m a l mach inery , a n d flexible use 
of the product . I n spec ia l appl icat ions such as the prov i s i on of p o w e r to 
instruments on spacecraft, w e a lready use photovo l ta ic s i l i con cells. 

C o n t e m p o r a r y solar batteries are semiconduct ive devices that oper
ate i n the manner suggested b y F i g u r e 1. L i g h t promotes a n e lectron 
i n the mater ia l f r o m a g r o u n d state (va lence b a n d ) to a n exc i ted state, 
l e a v i n g a n e lectron vacancy or hole ( - f ) i n the valence b a n d . T h e 
exc i ted electron loses some energy a n d enters a c o n t i n u u m of exc i ted 
states, the conduct i on b a n d . T h e ce l l is d i v i d e d b y a junct ion in to t w o 
regions of different compos i t ion ; i n one reg ion the e lectron has a h i g h 
m o b i l i t y a n d i n the other the m o b i l i t y of the ho le is h i g h . T h e difference 
i n compos i t ion is des igned to shift the energies of the valence a n d con-

E L E C T R O N ENERGY-

< ο 
CD 

JUNCTION 

© 

Figure 1. Diagram of the function of a soiar bat
tery. VB, valence band; CB, conduction band. 
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5. C L A Y T O N Solar Energy Conversion 103 

d u c t i o n bands as shown i n the figure. T h i s affords a h i g h p r o b a b i l i t y 
that the e lectron i n the conduct i on b a n d w i l l migrate across the junct ion , 
to a conduct ion b a n d of l ower energy, rather than g ive u p a l l its extra 
energy a n d recombine w i t h the hole. T h e separated posi t ive a n d nega
t ive charges can then be co l lected t h r o u g h electrodes. T h e energy gap 
between conduct ion a n d valence bands is t y p i c a l l y about 1 e V , a n d a 
d r o p across the junct ion of about 0.4 e V assures efficient separation a n d 
stabi l i zat ion . T h e res idua l 0.6 e V is the energy stored b y the separated 
e lectron a n d hole ; i n other words , the electromotive force of the solar 
battery is 0.6 V . 

There are no a l l o w e d states for the absorpt ion of q u a n t a be tween 
the valence b a n d a n d the conduct i on b a n d , so q u a n t a of energy less t h a n 
the gap between these bands (about 1 e V ) are not absorbed. F o r a s i l i 
c on ce l l , i n w h i c h the two regions are s i l i con w i t h different k inds of trace 
substances added , the non-absorpt ion of solar flux amounts to ca. 2 3 % 
of the total reaching the earth's surface ( 2 6 ) . Q u a n t a of energy greater 
t h a n this are absorbed, b u t the excess energy is lost as the excited electron 
settles into the conduct i on b a n d . I n s i l i con this loss is 3 3 % of the to ta l 
solar flux. F i n a l l y , the d r o p i n energy across the junct ion necessary to 
prevent recombinat ion , plus some i r reduc ib le " f r i c t i o n a l " losses ( in terna l 
res istance) , cost another 2 4 % or more. T h e c o m b i n e d loss is then 23 + 
33 + 24 or 8 0 % of the inc ident solar energy. T h e m a x i m u m efficiency 
of a s i l i con ce l l is therefore about 2 0 % ; efficiencies of 1 0 - 1 3 % are 
atta ined i n the s i l i con cells used i n aerospace technology. 

These l imitat ions on efficiency a p p l y to any device (not necessarily 
a semiconductor ) that absorbs sunl ight , passes through a succession of 
excited states, a n d enters a state i n w h i c h some of the energy is re ta ined , 
as shown i n F i g u r e 2. W e have a lready a p p l i e d these pr inc ip les i n est i 
m a t i n g the m a x i m u m efficiency of photosynthet ic hydrogen produc t i on . 

T h e energy of the lowest excited state re lat ive to the g r o u n d state 
can be raised or l owered b y a suitable choice of absorbing mater ia l . T h i s 
w i l l shift the par t i t i on ing of losses between " q u a n t a not absorbed" a n d 
"re laxat ion-diss ipat ion , " but the s u m of these losses is not a l tered greatly. 
E v e n so, i t is interest ing to note that the o p t i m u m choice for the lowest 
excited state energy falls at 1.4 e V , or 890 n m wave length . T h i s is exact ly 
the long-wave absorpt ion l i m i t of bac ter ioch lorophy l l i n most photosyn
thet ic bacter ia , the most p r i m i t i v e of contemporary photosynthet ic 
creatures. 

T h e c r u c i a l p r o b l e m w i t h photovo l ta ic solar energy conversion is 
economic. T h e extremely p u r e crystals of s i l i c on needed for a solar c e l l 
are costly to produce . T o be compet i t ive w i t h convent ional energy sys
tems the cost w o u l d have to be reduced 50- to 100-fold. C h e a p e r m e t h 
ods, such as the deposit ion of s i l i con crystals i n a c h e m i c a l react ion , are 
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104 S O L I D S T A T E C H E M I S T R Y 

ENERGY 

eV nm 

2.4 500 

1.2 1000 

0 œ 

Figure 2. Energy level diagram for a system that 
absorbs light ana stores some of the energy. The 
ordinate represents energy, shown here as electron 
volts and also as wavelength (in nm). Loss figures 
for a silicon solar cell are given, for quanta not ab
sorbed (23%), thermal relaxation from higher excited 
states (33%), and stabilization of the excitation en
ergy (24%). The sum of these losses, 80%, is char
acteristic of devices with long-wave absorption limit 
in the red or near infrared. A crude representation 
of the spectrum of sunlight reaching the earth's sur

face is shown at the right. 

b e i n g explored b u t have not been rea l i zed . Solar cells u s i n g c a d m i u m 
sulfide are m u c h cheaper, b u t the ir efficiency is less (about 6%) , a n d 
c a d m i u m is extremely toxic. A l s o , w i t h a l l k n o w n photovo l ta ic cells there 
are unso lved problems of l o n g t e r m stab i l i ty w h e n exposed to n a t u r a l 
condit ions ( for perspective, a fossi l f u e l d r i v e n p o w e r p l a n t is expected 
to last about 25 years ) . 

T h e h i g h cost per u n i t area of s i l i con cells c a n be a l lev iated b y con 
centrat ing the sunl ight onto a smal ler area. T h i s w o u l d surely aggravate 
the p r o b l e m of s tabi l i ty . 

A l t h o u g h photovo l ta ic cells made of s i l i con or c a d m i u m sulfide are 
regarded as the most p romis ing , a great var iety of other photoelectr ic 
devices have been k n o w n for decades a n d have been s tudied w i t h a v i e w 
to solar energy conversion (6). P r o m i n e n t a m o n g these is the photo -
ga lvan i c c e l l u s i n g th ionine ( a p u r p l e dye ) a n d ferrous ions i n aqueous 
so lut ion. 

I n a photochemica l react ion the th ion ine is r e d u c e d b y F e 2 * , f o r m i n g 
the colorless leucothionine a n d F e 3 + . T h e reverse react ion proceeds i n 
the dark : 
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5. C L A Y T O N Solar Energy Conversion 105 

l i ght 
thionine + 2 H + + 2 F e 2 + ^± leucothionine + 2 F e 3 + 

d a r k 

W i t h a suitable arrangement of these components a n d electrodes, some 
of the current of electrons f r o m leucothionine to F e 3 + i n the back react ion 
c a n be made to flow t h r o u g h a n external c i r cu i t . 

O f course, i t has not escaped the attent ion of scientists that ch loro 
p h y l l a n d s imi lar substances m i g h t be used to make a photoelectr ic 
device , i n a n i m i t a t i o n of the n a t u r a l photochemica l ox idoreduct ion of 
photosynthesis ( 2 7 ) . O n e poss ib i l i ty w o u l d be to use the photosynthet ic 
react ion centers themselves i n construct ing a photovo l ta ic ce l l . P h o t o 
c h e m i c a l react ion centers are r ead i l y iso lated f r o m photosynthet ic bac 
ter ia ( 2 8 ) . T h e y are p i g m e n t - p r o t e i n complexes; a specific pro te in bears 
four molecules of bac ter i o ch lorophy l l ( the bac ter ia l analogue of green 
p lant c h l o r o p h y l l ) a n d two of bac ter iopheophyt in , w h i c h is the same as 
bac ter i o ch lorophy l l except that the centra l magnes ium a t o m has been 
rep laced b y t w o hydrogen atoms (29 ) . T h e react ion center par t i c l e also 
contains u b i q u i n o n e a n d i ron . A b s o r p t i o n of fight b y the p igments of 
the react ion center causes a single electron to be transferred f r o m two 
of the four bacter iochlorophyl ls to the ub iqu inone , g i v i n g a n o x i d i z e d 
bac ter i o ch lorophy l l d imer , ( Β ) 2

+ · , a n d r e d u c e d u b i q u i n o n e , U Q ~ - ( 3 0 ) . 
T h e func t i on of the i r o n is not c lear; i t m a y h e l p to m a i n t a i n a n appro 
pr iate structural arrangement. T h e earliest photochemica l event appears 
to be the d isplacement of a n electron f r o m the "ac t ive " bacter iochloro 
p h y l l d i m e r to one of the two bac ter i opheophyt in molecules (31, 32, 33, 
34). I n ~ 0 . 2 n s e c the electron moves on f r o m bac ter iopheophyt in to 
ub iqu inone . T h e products ( B ) 2

+ - a n d U Q ~ - are stable against r e c o m b i 
nat ion for more than 50 msec at r o o m temperature . I f extra u b i q u i n o n e 
is present, as i t is i n the intact photosynthet ic bacter ia , the " p r i m a r y " 
u b i q u i n o n e transfers its e lectron r a p i d l y to the secondary p o o l of u b i q u i 
none ( 3 5 ) . T h e products are then stable against recombinat i on for more 
t h a n a second. T h e separation of ox id i zed bac ter i o ch lorophy l l a n d re 
d u c e d u b i q u i n o n e gives a potent ia l of about 0.6 V . T h e q u a n t u m effi
c iency of the photochemica l e lectron transfer is close to 1 0 0 % (36). 

A solar ce l l m i g h t therefore be b u i l t b y first depos i t ing react ion cen
ters onto a piece of glass bear ing a semitransparent film of meta l . A 
d r i e d film of react ion centers remains f u l l y capable of p e r f o r m i n g its 
photochemistry efficiently. O n e w o u l d need to find the proper m e t a l or 
to interpose a suitable mediator , to ensure that electrons c a n flow read i l y 
f r o m the meta l electrode to the ox id i zed bac ter ioch lorophy l l , ( Β ) 2

+ · , 
made photochemica l ly i n the react ion centers. T h e film of react ion cen
ters m i g h t then be coated w i t h a layer of u b i q u i n o n e to d r a w electrons 
a w a y f r o m the " p r i m a r y " r educed u b i q u i n o n e a n d e n d o w the system 
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106 SOLID S T A T E C H E M I S T R Y 

w i t h e lectr ic po lar i ty . A second electrode i n contact w i t h the a d d e d 
u b i q u i n o n e w o u l d complete the " s a n d w i c h . " 

T h i s m o d e l has not been b u i l t or tested. W e c a n expect a p r o b l e m 
of e lectr ic c onduct iv i ty between the electrode surfaces a n d the layers of 
react ion centers a n d u b i q u i n o n e respectively. T h e conduc t iv i ty needed 
for a successful solar ce l l of this k i n d c a n be computed . A p p l y i n g the 
pr inc ip les shown i n F i g u r e 2, w e pred i c t a m a x i m u m overa l l efficiency 
of 1 8 % i f the c e l l produces 0.6 V . A t h i g h noon i n J u n e the c e l l w o u l d 
t h e n have to h a n d l e a p o w e r density of 18 m W / c m 2 a n d a current density 
of 30 m A . I n a comple ted c i rcu i t , a 0.6-V battery w i l l de l iver a current of 
30 m a i f the to ta l resistance is 20 ohm. F o r efficient p o w e r transfer to an 
external load , no more than ha l f of this resistance shou ld b e in terna l . 
T h u s i f the in te rna l resistance of the solar c e l l can be h e l d to 10 o h m for 
every sq c m of surface, ha l f of the tota l p o w e r can be de l ivered use fu l ly 
to a n external l oad . T h i s w o u l d give a n overa l l operat ing efficiency of 
9 % for the ce l l . 

W e can also estimate that a bac ter ia l react ion center part i c le exposed 
to f u l l sunl ight absorbs ca . 50 quanta / sec . Ef f ic ient use of these quanta 
requires that the turnover t ime for the entire process (photochemistry 
p lus the secondary electron transfer steps ) be 1/50 sec or 20 msec. T h e 
t ime needed for photochemica l electron transfer f r o m bac ter i o ch lorophy l l 
to secondary u b i q u i n o n e is far less t h a n that, so contact w i t h the elec
trodes must be effected w i t h i n 20 msec. T h i s ca l cu lat ion is equivalent to 
the foregoing ca l cu lat ion that the resistance must be < 10 o h m / c m 2 . I t 
also shows that the requisite rate of turnover is fast c ompared w i t h a 
potent ia l ly waste fu l back-react ion between ox id i zed bac ter i o ch lorophy l l 
a n d reduced ub iqu inone . T h u s i f the necessary conduc t iv i ty is achieved , 
the back-react ion w i l l not be a prob lem. 

A s w i t h photosynthet ic hydrogen evo lut ion , the deve lopment of a 
photosynthet ic solar battery as a major source of energy is i n its in fancy . 
Those w h o w o u l d attempt to make a solar c e l l f r o m pur i f i ed c h l o r o p h y l l 
a n d other components m i g h t consider a d d i n g p h e o p h y t i n to the mixture , 
i n v i e w of our present p i c ture of the ear ly steps i n the photochemistry of 
bac ter ia l react ion centers. I n deve lop ing photosynthet ic solar cells w e 
w i l l surely encounter great problems, especial ly i n the r e a l m of s tabi l i ty . 
T h e most p r o m i s i n g photoelectr ic dev ice at present seems to be the 
s i l i con ce l l . 

Conclusion 

Sunl ight provides our best l ong- term hope for a n inexhaust ib le sup 
p l y of po l lut ion- free energy. T h e most p r a c t i c a l schemes for cap tur ing 
solar energy appear at this t ime to be d i rec t ly heat ing a n d harnessing 
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5. C L A Y T O N Solar Energy Conversion 107 

the w i n d . S i l i c on photovol ta ic cells c o u l d contend w i t h these i f a means 
were discovered for r educ ing the ir cost sharply . 

T h e conversion of organic waste, p lants , a n d algae into f u e l has 
immed ia te pract i ca l i ty , b u t on a l i m i t e d scale re lat ive to our to ta l needs. 

I n compar ison w i t h these approaches, the schemes for us ing photo 
synthetic tissues i n spec ia l ways seem h i g h l y v is ionary . H o w e v e r , this 
art ic le has been w r i t t e n f r o m the po int of v i e w of a special ist i n photo 
synthesis, a n d a special ist can easily ident i fy a n d foresee the m a n y dif f i 
culties that beset w o r k i n his o w n field. W e shou ld not capitulate to the 
proponents of other approaches mere ly because w e are ignorant of 
details a n d magnitudes of the difficulties that confront them. Rather , w e 
shou ld press f o r w a r d on a l l fronts u n t i l one or more w o r k i n g systems 
are establ ished a n d proven. 
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6 

Photovoltaic Solar Cells 

SIGURD WAGNER 

Bell Laboratories, Holmdel, N. J. 07733 

Solar cells convert incident light to electrical power. They 
are semiconductor diodes with two key functions: separa
tion of electrical charge in energy, and in space. Absorption 
of light quanta by the semiconductor separates electron
-hole pairs by the band gap energy; the output voltage is 
proportional to this energy. The electric field associated 
with the semiconductor junction separates electrons and 
holes in space, leading to an external current. The voltage
-current product, or output power, thus depends on light 
absorption, charge transport, and type of junction. In this 
paper we consider cell characteristics, power conversion 
efficiencies, alternative cell structures, and approaches to 
the development of inexpensive cells. 

T j h o t o v o l t a i c solar cells convert inc ident l i ght to electric ity . Solar power , 
the product of photon flux a n d photon energy, is t u r n e d into e lectr i 

c a l power , the product of e lectr i ca l current a n d output voltage. Solar 
cells are conceptual ly s imple a n d rugged devices. Therefore , w i d e s p r e a d 
use of photovol ta ic converters is very attractive. H o w e v e r , solar elec
tr i c i ty is about one h u n d r e d times more expensive t h a n convent ional 
power . T o a large extent, i t w i l l be the task of chemists to find i m p r o v e d 
materials a n d processes to m a k e photovo l ta ic power cost competi t ive . 

Semiconductor Diodes 

Semiconductors combine two characterist ic properties w h i c h make 
t h e m suitable for photovol ta ic cells (1, 2, 3). F i r s t , numerous semicon
ductors exhib i t the proper absorpt ion characteristics for solar rad ia t i on . 
Second, a space charge can be in t roduced i n a smal l reg ion of a semi 
conductor , w h i l e most of i t remains neutra l a n d conduct ing . T h i s is the 
space charge of a junct ion. A s imple w a y to p i c ture the construct ion of 
a pn junct ion is shown i n F i g u r e l a . W e start w i t h two pieces of the 
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110 S O L I D S T A T E C H E M I S T R Y 

semiconductor (e.g., s i l i c o n ) , one of w h i c h is η-type, the other, p - type. 
I n η-Si, t y p i c a l l y 1 0 1 7 c m " 3 ( 2 p p m a ) , donor impur i t i es w i t h five valence 
electrons (e.g., phosphorus ) have been i n t r o d u c e d to m a k e the h i g h l y 
resistive p u r e S i a n e lectr ic conductor w i t h the current b e i n g c a r r i e d b y 
free electrons. T h e piece of η-Si is neutra l , however , because the free 
electrons are exactly compensated b y the fixed ( n o n m o b i l e ) i o n i z e d 
donor impur i t i es . I n p - S i , d o p e d w i t h acceptor impur i t i es l i ke boron , 
current is ca r r i ed b y free holes. H o w e v e r , there is s t i l l a finite density of 
electrons i n p - S i , a n d of holes i n η-Si. T h i s density is de termined b y the 
concentrat ion of the respect ive major i ty carrier , η or p , t h r o u g h the 
e q u i l i b r i u m constant 

jm — NCNV exp (-Eg/kT) — n? 

where N c a n d Ny are the effective densities of states i n the conduct i on a n d 
valence bands , Eg is the b a n d gap, a n d k is B o l t z m a n n s constant. I n S i , 
pn at 300°K is 2.1 Χ 1 0 2 0 c m " 6 . H e r e rti is the carr ier concentrat ion for 
u n d o p e d ( in t r ins i c ) S i . Imag ine j o in ing the η a n d the ρ halves. W h e n 
they make contact, electrons diffuse f r o m η into ρ a n d holes f r o m ρ into 
η because of the ir respect ive concentrat ion d r o p across the interface. 
O n c e major i ty carriers have dif fused into the other side a n d thus have 
become m i n o r i t y carriers, they recombine w i t h the l o c a l major i ty carr ier 

(a) 

!& η + Ρ " n If 3 © i 

e " » © h * Θ SPACE CHARGE 

DISTANCE 

Figure 1. Schematic construction of a p n homodiode 
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6. W A G N E R Photovoltaic Solar Cells 111 

to prevent the produc t p n f r o m exceeding the e q u i l i b r i u m value . T h e 
excess charge is taken u p b y the fixed i o n i z e d impur i t i es w h i c h n o w 
become uncompensated. N e t charge is thereby i n t r o d u c e d to the o r i g i 
n a l l y neutra l ρ a n d η halves. T h i s charge, the space charge denoted i n 
F i g u r e l a , introduces a field accord ing to 

d E p_ 
dx €0e 

where χ is the one-d imensional coordinate for distance, Ε the electric 
field, ρ the charge density, c the re lat ive d ie lectr i c constant, a n d c 0 the 
p e r m i t t i v i t y of free space. 

T h e field increases u n t i l i t prevents net di f fusion result ing f r o m the 
difference i n carr ier concentration. I n other words , the e lectrochemical 
potent ia l of a g iven carrier , e lectron or hole , is n o w u n i f o r m throughout 
the p-n d iode. T h i s e lectrochemical e q u i l i b r i u m cond i t i on is usua l ly 
expressed w i t h the F e r m i l eve l , F i n F i g u r e l b . T h e F e r m i l eve l denotes 
the e lectrochemical potent ia l of electrons. I t is h i g h (c lose to the con 
d u c t i o n b a n d C ) i n η-Si a n d l o w (close to valence b a n d V ) i n p - S i . T h e 
reference l eve l is usua l ly the center of the b a n d gap Eu w i t h the va lue of 
the F e r m i l eve l g iven b y 

En = E{+kT\n — 

E q u a l i z a t i o n of the F e r m i l eve l i n the t w o halves of a d iode requires the 
in t roduc t i on of an e lectr ical potent ia l difference as shown o n the right 
i n F i g u r e l b . T h i s potent ia l difference, the dif fusion voltage V D , is g iven 
b y the i n i t i a l difference between the F e r m i levels i n the η a n d ρ regions, 
E n — Ep: 

q 7Lp 

(n „ a n d rip denote electron concentrat ion on the η-side a n d o n the p-side, 
respect ively , a n d q is the magn i tude of the electronic charge. ) T h e most 
outstanding characterist ic of a d iode is that i t passes current easily i n 
one d i rec t ion b u t not i n the other w h e n an external voltage is a p p l i e d . 
I n the f o r w a r d , or "easy" d i rec t i on , electrons flow f r o m η to p , a n d holes 
f r o m ρ to n . I n the reverse, or "di f f i cult" d i rec t ion , electrons flow f r o m 
ρ to n , a n d holes f r o m η to p. T h i s effect results f r o m the ava i l ab i l i t y of 
a large density of electrons for transport into p - S i , a n d of holes into n - S i 
( f o r w a r d ) , a n d of the nonava i lab i l i ty of electrons for current transport 
f r o m ρ into n , a n d of holes f r o m η into ρ ( reverse) . Theore t i ca l treat-
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112 S O L I D S T A T E C H E M I S T R Y 

ment of the most s imple case shows that the reverse current is a constant 
70 independent of a p p l i e d voltage a n d that the f o r w a r d current I i n 
creases approx imate ly exponent ia l ly w i t h a p p l i e d voltage V , 

w h e r e A is a parameter w h i c h depends o n the de ta i l ed m e c h a n i s m of 
current flow. 

W h e n junctions are m a d e between n - a n d p- type regions of one 
semiconductor as i n the preced ing example of n S i / p S i , p n homodiodes 
are f o r m e d ( F i g u r e 2 ) . T h e semiconductor space charge associated w i t h 
diodes can be in t roduced i n t w o other ways w h i c h prove of increas ing 
importance i n solar c e l l research a n d development . Heterodiodes 
[ p G a A s / n A J A s ( 4 ) , p l n P / n C d S ( 5 ) , p C u 2 S / n C d S ( 6 ) , etc.] are p re 
p a r e d f r o m t w o different semiconductors of opposite c onduc t i v i ty type . 
I n Schot tky barr ier diodes, w h i c h are p r o d u c e d b y depos i t ing a m e t a l 
film on a semiconductor [ p S i / C r ( 7 ) , n G a A s / P t ( 8 ) ] , the space charge 
is b u i l t u p on ly i n the semiconductor . Heterodiodes w i t h one h i g h l y 

HOMODIODE 

HETERODIODE 

SCHOTTKY BARRIER 
DIODE 

Cr 

Journal of Crystal Growth 

Figure 2. Band diagrams of a homodiode, a hetero-
diode, and a Schottky barrier diode (63) 
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6. W A G N E R Photovoltaic Solar Cells 113 

conduct ing ("degenerate") partner can also be v i e w e d as Schottky b a r 
r ier diodes. T h i s subgroup inc ludes diodes m a d e of a semiconductor a n d 
a c onduc t ing transparent glass ( p S i / n I n 2 0 3 ) (9 , J O ) . P r o m i s i n g results 
have been obta ined recent ly w i t h meta l ox ide - semicon3uctor cells. These 
are modi f i ed Schottky carr ier diodes w h i c h conta in a very t h i n ( 1 0 - 3 0 Â ) 
oxide layer be tween the semiconductor ( n G a A s ) a n d the meta l film 
( A u ) ( J J ) . T h i n oxide layers have also been detected i n specimens of 
s i l icon-based cells that h a d o r ig ina l l y been conce ived as Schottky barr ier 
diodes ( 7 ) . 

Diodes Operating as Solar Cells 

W h e n a solar ce l l is i l l u m i n a t e d , a reverse current J L , w h i c h is large 
c ompared w i t h J 0 , is generated. F i g u r e 3a shows h o w l i ght quanta a r r i v 
i n g at the cell 's surface penetrate the diode , are absorbed, a n d generate 
electron hole p a i r i n either the η or the ρ region. 

These add i t i ona l charge carriers increase the pn p roduc t above the 
e q u i l i b r i u m value of n ^ . T h e carr ier popu la t i on tends to r e turn to e q u i 
l i b r i u m , a n d can do this i n two ways . T h e m i n o r i t y carr ier can lose its 
energy a n d disappear b y immed ia te ly r e combin ing w i t h a major i ty car
rier, i.e., b y revers ing the process of its generation, or the m i n o r i t y 
carr ier can diffuse to the junct ion a n d dr i f t i n the field of the p-n junct ion 
to the side where i t is the major i ty carrier. T h i s is desirable for a solar 
ce l l because excess negative a n d posit ive charge is not ann ih i la ted b y 
recombinat ion w i t h i n the d iode but on ly after flowing through a n exter
n a l c i r cu i t where i t can do work . T h e two extreme modes of operat ing a 
ce l l are shown i n F igures 3b a n d 3c. U n d e r short -c ircuit condit ions 
( F i g u r e 3b ) the external c i rcu i t does not offer any resistance to current 
flow. A l l the photocurrent then flows through the external c i rcui t . TTiis 
short -c ircuit current J s c is the m a x i m u m current one can obta in f r o m a 
solar ce l l . U n d e r open-c ircui t condit ions w i t h infinite external resistance 
( F i g u r e 3c) the reverse photocurrent flows i n i t i a l l y , b u t the carriers 
cannot recombine through the external c i rcu i t . T h e y accumulate i n the i r 
respective halves of the d iode , electrons i n the η p o r t i o n a n d holes i n 
the ρ por t ion , a n d par t ia l l y compensate its space charge. T h i s effect is 
i dent i ca l to that of the external app l i ca t i on of a f o r w a r d bias, i.e., a 
f o r w a r d current begins to flow. Steady state is reached w h e n the reverse 
photocurrent is compensated b y that f o r w a r d current. T h e corresponding 
steady-state f o r w a r d voltage is ca l l ed the open-c ircui t voltage, VOc, a n d 
is the m a x i m u m voltage attainable . 

N o t e that no power ( J χ V ) is d r a w n f rom the c e l l i n either the 
short -c ircuit ( J 8 C , V = 0) or the open-c i rcui t ( V ^ , 1 = 0) condi t ion . 
P o w e r is de l ivered on ly w h e n the external l o a d resistor Rex is finite 
( F i g u r e 3 d ) . T h e voltage V o p is smaller than V * . because most of the 
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Journal of Crystal Growth 

Figure 3. Band diagram of a homodiode solar cell: (a) showing creation 

3f electron-hole pairs by absorption of light quanta; (b) short circuit con-
ition; (c) open circuit condition; ana (a) under finite external load (63) 
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Applied Physics Lett 

Figure 4. Fhotocurrent-photovoUage curve of a pCuInSeg/ 
nCdS heterodiode under 92 mW cm'2 sohr illumination. 

Definition of the fill factor FF (51). 
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6. W A G N E R Photovoltaic Solar Cells 115 

photocurrent does not b u i l d a f o r w a r d voltage; i t is d r a w n off through 
the external c i rcu i t . T h e current 7 o p is smal ler t h a n 7 S C because some of 
the reverse photocurrent does not flow t h r o u g h the external c i r cu i t ; as 
f o r w a r d current i t returns in terna l l y to the reg ion w h e r e i t was gener
ated. H o w e v e r , the product 7 o p X V o p is finite; thus, p o w e r is de l i vered 
externally . 

T h e photocurrent -photovo l tage characterist ic of a solar c e l l is d i s 
p l a y e d i n F i g u r e 4. A s i d e f r o m 7 8 C, ν Μ , 7 o p , a n d Vop, the fill factor, or 
curve factor, F F is an impor tant ce l l characterist ic . W h i l e the ce l l de
l ivers p o w e r at any po int of the I-V curve except at V = 0 ( I 8 C ) a n d 
1 = 0 (Voc) , there is one po in t at w h i c h the power is m a x i m u m . I n ex
p e r i m e n t a l w o r k this po int is de termined b y inscr ib ing the 7 - V rectangle 
w i t h m a x i m u m area (i.e., m a x i m u m p o w e r ) to the 7 - V curve. I n a n 
operat ing ce l l the external l o a d resistor must be m a t c h e d w i t h the solar 
c e l l so that i t operates at the m a x i m u m p o w e r point . T h i s po int is s h o w n 
i n F i g u r e 4. T h e fill factor is g iven b y F F = 7 o P V o p / 7 B C V o c . I t is the rat io 
of m a x i m u m de l iverab le p o w e r to the p o w e r represented b y the i s c V o c 
product . 

I n s tudy ing ce l l behavior i t is often use fu l to resort to equivalent 
c ircuits to represent i d e a l a n d non idea l contr ibut ions to I o p a n d V o p . A n 
i d e a l solar c e l l comprises on ly the reverse photocurrent generator a n d 
the forward-b iased d iode w i t h the current -vo l tage characteristics g iven 
b y the equat ion : 

A t y p i c a l n o n i d e a l c e l l contains two further elements, the shunt resistor 
R 8 h , a n d the series resistor R 8 . These reduce b o t h output current a n d 
output voltage. T h e i r effect is i n c l u d e d i n the equat ion for a n o n i d e a l 

7 = -7 L + h 

c e l l : 

7 = -7 L + 7 0 

Γ / q V+ \I\RS\ ,1 
_ e x p \Jtf A / _ _ 

Ρ b otovoltage 

U n d e r open-c ircui t condit ions 7 = 0, the open c i r cu i t voltage can be 
expressed as a func t i on of the photocurrent 7 L : 
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116 S O L I D S T A T E C H E M I S T R Y 

F o r a g iven 7 L , depends p r i m a r i l y o n 1^ the saturat ion current , a n d o n 
the factor A w h i c h is a func t i on of the m e c h a n i s m of carr ier transport i n 
the f o r w a r d b iased diode. E lec t rons flowing f r o m the η to the ρ side c a n 
recombine w i t h holes e i ther w i t h i n the space charge ( " recombinat ion 
current , " A = 2 ) or after di f fusing in to the p - type b u l k ( "di f fusion cur 
rent , " A «= 1 ) . F o r the case of di f fusion current i n a n i d e a l homodiode , 
J 0 is g i v e n b y 

w h e r e J V A a n d ND are the concentrations of i o n i z e d acceptors a n d donors 
i n the ρ a n d η regions respect ively , Dnp a n d Dpn are the di f fusion coeffi
cients of electrons i n the ρ r eg ion a n d of holes i n the η reg ion , a n d rnp 

a n d rpn are the corresponding l i fet imes. T h e di f fusion coefficients D are 
re la ted to the mobi l i t ies b y the E i n s t e i n re la t ionship : 

L a r g e dopant concentrations 2VA a n d 2V D , a n d l ong m i n o r i t y carr ier l i f e 
t imes τηρ a n d T p n entra in l o w values of 7 0 a n d h i g h ν Μ . 7 0 a n d V ^ so 
ca l cu lated are i d e a l l imits . R e c o m b i n a t i o n w i t h i n the space charge fre
quent ly dominates f o r w a r d current transport i n solar cells. I t is brought 
about b y crysta l lographic defects a n d b y certa in impur i t i es . 7 0 is ap 
prox imate ly propor t i ona l to the i r concentrat ion, a n d c a n be m a n y orders 
of magni tude larger than the i d e a l va lue . T h e highest reached l i e 
be tween about i a n d £ of the b a n d gap Eg of the absorb ing semicon
ductor . I n S i (Eg = 1.11 e V ) , a = 0.637 V has been reported ( 7 2 ) ; 
i n G a A s ( E g = 1 . 4 3 e V ) , V o c = 1.13 V (73) i n concentrated ( X 8 9 6 ) 
sunl ight . T h e efficiencies of numerous exist ing cells is less t h a n the 
theoret ica l ly achievable values p r i m a r i l y because of l ower - than- idea l ν Μ . 

Optimum Band Gap 

F i g u r e 5a displays the solar p o w e r spectrum outside the earth s 
atmosphere ( A i r Mass 0) a n d at sea l eve l w i t h the sun 30° above the 
h o r i z o n ( A M 2 ) (14, 75 ) . T h e spectra are measured o n surfaces per 
p e n d i c u l a r to the i n c o m i n g ray. T h e t e r m A M denotes the a i r mass va lue , 
a measure of the length of the op t i ca l p a t h t h r o u g h the earth's atmosphere. 

T h e smallest a i r mass va lue w h i c h can be reached at sea l eve l is 1. 
Va lues between 1 a n d 0 c a n be at ta ined at alt itudes above sea leve l . 
Back-re f lect ion a n d scattering i n the atmosphere a n d absorpt ion reduce 
the to ta l intensi ty a n d introduce characterist ic bands into the spectrum. 
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6. W A G N E R Photovoltaic Solar Cells 117 

R a y l e i g h scattering losses o n a i r molecules are most p ronounced at short 
wave length . T h e absorpt ion bands d i s p l a y e d i n the spec t rum are caused 
m a i n l y b y water vapor . T h e r e is also M i e scatter ing f r o m large partic les 
such as water droplets , dust , a n d other aerosols. T h i s type o f scattering 
accounts for the v a r i a b i l i t y of the solar spec t rum for a g iven a i r mass. 

P H O T O N E N E R G Y (eV) 
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Table I. Total Energy of Direct Solar Radiation Incident on a 
Surface Perpendicular to the Sun's Rays" (25) 

Air Mass Energy (kWmr2) 

0 1.40 
1.0 0.865 
1.5 0.750 
2.0 0.640 
4.0 0.372 
6.0 0.240 
8.0 0.152 

β A ir Mass is a measure of the length of the optical path through the atmosphere, 
A M = l/cos0, where θ is the angle between the sun and the zenith. 1 > A M > 0 
obtains for locations above sea level, with a maximum energy flux (the solar con
stant) at ΑΜ0 above the earth's atmosphere. 

Science 

T h e tota l power ava i lab le at ver t i ca l inc idence is l i s ted i n T a b l e I . T h e 
va lue for Α Μ 0 is ca l l ed the solar constant. 

T h e p o w e r spectrum ( F i g u r e 5a) provides the p r i m a r y in fo rmat ion 
about the solar energy avai lable for conversion. M o r e pert inent to solar 
c e l l w o r k is the spectrum of the photon flux density ( F i g u r e 5 b ) , because 
the bas ic process i n a ce l l is the photon- to -e lec tron /ho le -pa ir conversion. 
N o t e that u n d e r t y p i c a l terrestr ial condit ions ( A M 2 ) the p h o t o n flux is 
w e i g h t e d t o w a r d h igher wavelengths t h a n the p o w e r flux. 

W i t h the a i d of this photon flux spec trum w e can estimate the o p t i 
m u m b a n d gap va lue for semiconductors used i n solar cells (16, 17). 
Assume that a l l photons w h i c h f a l l on the ce l l are converted to external 
current as l ong as the ir energy hv is larger than the energy of the b a n d 
gap ΕΕ. R e d u c i n g the semiconductor b a n d gap Eg raises the output cur 
rent, because more photons are absorbed. T h e fract ion of photons w i t h 
energies above a certain va lue is shown, for A M 2 i l l u m i n a t i o n , b y the 
curve F(hv > Eg) i n F i g u r e 6a. O b v i o u s l y , for m a x i m u m output current 
one w i l l use semiconductors w i t h smal l b a n d gaps. H o w e v e r , the output 
p o w e r depends o n the product of current 7 o p a n d voltage V o p . a n d i n 
t u r n V 0 P is propor t i ona l to the b a n d gap energy. Because of the ensuing 
trade-off between current a n d voltage, the output p o w e r has a m a x i m u m 
va lue w h i c h lies between 1.0 a n d 1.5 e V , as ind i ca ted b y the F X Eg curve 
i n F i g u r e 6b. I n a more deta i led considerat ion w h i c h includes the m e c h a 
n i s m of current flow i n the d iode , the t y p i c a l m a x i m u m efficiency curves 
m a r k e d η are obtained. T h e power efficiency η is def ined as the ratio of 
extracted e lectr ica l p o w e r to inc ident solar p o w e r F i n . N o t e that the 
efficiency drops w i t h increasing temperature , a n d drast ica l ly so for semi 
conductors w i t h l o w b a n d gaps (18). A p p l i c a t i o n s i n v o l v i n g h i g h oper
a t i n g temperatures, e.g., w i t h solar concentrators, w i l l favor re lat ive ly 
large band-gap materials . A n alternative approach t o w a r d est imating the 
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6. W A G N E R Photovoltaic Solar Cells 119 

W A V E L E N G T H (^m) 

1 2 3 4 

E N E R G Y (eV) 

Figure 6. (a) Fraction of solar photons (AM2) with energy higher 
than the band gap Eg, F(hv > Eg), as a function of energy. The band 
gap (dashed line) illustrates the contribution of output voltage to the 
current-voltage product, (b) The product F Χ Εσ showing a maximum 
between 1.0 and 1.5 eV. Typical theoretical solar efficiencies η at 25° 

and 100eC from a detailed calculation. 

o p t i m u m b a n d gap considers the t h e r m o d y n a m i c e q u i l i b r i u m between 
the sun a n d the solar ce l l ; the result is a n u l t imate ( i d e a l ) efficiency, 
η = Eg χ F(hv > E J / P i n , of 4 4 % at Eg = 1.1 e V ( 1 9 ) . A n u m b e r of 
reported semiconductors w i t h b a n d gaps i n the v i c i n i t y o f the o p t i m u m 
range are l i s ted i n T a b l e I I . 
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Table II. Properties of Semiconductors Used in Solar Cells 

Band Gap at 
S00K (eV) Use 
Direct or Structure and Lattice (Absorber/ 

Material Indirect Parameters (Ά) Window) 

S i 1.11,i d iamond , a = 5.431 A 
A l A s 2.16, i z inc blende, ο = 5.661 W 
G a P 2.25, i z inc blende, a = 5.451 W 
G a A s 1.43, d z inc blende, α = 5.654 A 
I n P 1.34, d z inc blende, a = 5.869 A 
C d S 2.42, d wurtz i t e , ο = 4.137, c = 6.716 W 
C d S e 1.7, d wurtz i t e , α = 4.29, c = 7.03 A 
C d T e 1.44, d z inc blende, a= 6.488 A 
C u I n S e 2 1.01, d chalcopyr i te , a = 5.78, c = A 

11.60 
C u 2 S 1.2, i or thorhombic ( cha l coc i te ) ,a = A 

11.86, b = 27.32, c = 13.49 
C u 2 S e 1.2, d (? ) fee ( f luorite) , a = 5.75 A 
C u 2 T e U , d ( ? ) hexagonal , a = 12.5, b = 21.7 A 
l n 2 0 3 2.62, i b . c . c , a = 10.11 W 

Direct and Indirect Band Gap 

A p a r t f r o m the energy of the f o r b i d d e n gap, the nature of the ab 
sorpt ion process, d irect or ind irect , is an important considerat ion i n the 
select ion of a semiconductor ( F i g u r e 7 ) . I n ind irec t gap materials the 
lowest conduct ion b a n d m i n i m u m lies at a m o m e n t u m different f r o m the 
valence b a n d m a x i m u m . O n l y a photon hv is r e q u i r e d for excitat ion of 
a n electron f r o m the valence to the conduct i on b a n d i n the d irect -gap 
case. W i t h an ind i rec t gap the transi t ion takes place on ly w h e n assisted 
b y a p h o n o n hp, the q u a n t u m of latt ice v ibra t i on . A l t h o u g h the t y p i c a l 
energy of a p h o n o n is s m a l l ( ~ 0 . 0 5 m e V ) , its m o m e n t u m , ~h/a, is 
large i n compar ison w i t h that of a photon , ~ h/λ ( w h e r e a is the crysta l 
latt ice parameter , λ the wave l ength of the absorbed l i g h t ) . T h e absorp
t i o n of the photon can be accompanied b y either absorpt ion (as dep i c ted 
i n F i g u r e 7) or emission of phonons. I n either case, the need for p h o n o n 
assistance great ly reduces the transi t ion p r o b a b i l i t y a n d therefore the 
absorpt ion coefficient a for the inc ident l ight . A t t e n u a t i n g the l i ght to 
1/e of its i n i t i a l intensity requires a p a t h length ( the absorpt ion l ength 
1 /a ) w h i c h is greater for ind i re c t gap t h a n for d irect g a p materials . 
T h i s difference is i l lustrated i n F i g u r e 8 w i t h the absorpt ion curves for 
a t y p i c a l d irect ( I n P ) (20, 21) a n d a t y p i c a l ind irec t ( S i ) (22,23) semi 
conductor . I n I n P ( E g = 1.34 e V , A g = hc/Eg = 0.93 /xm) 1/a is smal ler 
t h a n 1 μπι for any photon energy above Eg. I n S i (Eg= 1.11 e V , kg = 
1.12 μπι) 1/a is 100μαι at λ = 1 /xm w h i l e i t approaches 1 /xm, the va lue 
t y p i c a l for d i rect gaps, on ly at a wave l ength of 0.5 /xm. 
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W A G N E R Photovoltaic Sofor Cells 

CB 

DIRECT GAP 

INDIRECT GAP 

Figure 7. Absorption of a photon in 
(a) a direct gap semiconductor and (b) 
an indirect gap semiconductor with 

phonon assistance 

PHOTON ENERGY (eV) 

0.5 1.0 
WAVELENGTH (μπι) 

Figure 8. Absorption coefficient (a) and absorption length 
(1/a) for a typical direct-gap semiconductor, InP, and a typical 

indirect gap semiconductor, Si (63) 
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Photocurrent 

I n solar cells made of d i rec t -gap semiconductors the p-n junc t i on 
c a n be pos i t ioned such that a l l the inc ident l i ght is absorbed i n its 
v i c i n i t y . A s a result , photogenerated m i n o r i t y carriers need not t rave l 
farther than a f e w micrometers to cross the junc t i on space charge. I n a n 
ind i rec t -gap mater ia l l i k e S i the absorpt ion takes p lace w i t h i n a s lab 
~ 100 i on th ick . M i n o r i t y carriers must t rave l over lengths of u p to 
100 /xm to r each the junct ion . I t is very expensive to produce s i l i con of a 
q u a l i t y p e r m i t t i n g m i n o r i t y carriers to diffuse over this distance instead 
of r e c o m b i n i n g w i t h a major i ty carrier . So lar grade s i l i con must be of 
h i g h p u r i t y a n d crystal l ine perfect ion. M a n y impur i t i es , other t h a n those 
i n t e n d e d as dopants , a n d imperfect ions reduce the m i n o r i t y carr ier l i f e 
time τ , the t ime the density of photoexc i ted carr ier decays to 1/e of its 
i n i t i a l value . D u r i n g its l i f e the m i n o r i t y carr ier diffuses, under its o w n 
concentrat ion gradient , t o w a r d the junct ion . I f its l i f e t ime is too short, 
its di f fusion l ength w i l l be too short. I t w i l l not reach the junct ion a n d 
w i l l therefore not flow t h r o u g h the external c i rcui t . 

Several r e combinat i on processes part i c ipate i n l i m i t i n g the l i f e t ime 
of a carr ier : 

Present ly i t suffices to consider on ly t w o of these. B a n d - t o - b a n d re com
b i n a t i o n is the reverse of the exc i tat ion process. I f i t is the only r e c o m 
b i n a t i o n m e c h a n i s m operat ing , the highest l i f e t ime achievable for a g i v e n 
mater ia l is obta ined . I n direct materials band - to -band recombinat ion 
a n d also recombinat i on through electronic levels associated w i t h c rys ta l 
l ine imperfect ions or impur i t i es have h i g h p r o b a b i l i t y a n d l e a d to a 
re la t ive ly short l i f e t ime of ~ 10 ns. I n ind i rec t materials i t requires 
assistance b y phonons a n d thus permits l ong carr ier l i f e , ~ 10 /xs. These 
t y p i c a l l i fet imes are order-o f -magnitude values because they d e p e n d o n 
the density of major i ty carriers ( w i t h one of w h o m the m i n o r i t y carr ier 
is to r e c o m b i n e ) . T h e carr ier di f fusion l ength 

is p ropor t i ona l to the square root of the carr ier l i fe t ime a n d is therefore 
t y p i c a l l y one to t w o orders of magnitudes larger for ind i rec t t h a n for 
d i rec t mater ia l . ( L is also larger for electrons than for holes since i n most 
semiconductors the e lectron m o b i l i t y is 10-100 times greater t h a n that of 
holes.) O n one h a n d , the longer ind i rec t di f fusion l ength appears to 
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6. W A G N E R Photovoltaic Sohr Cells 123 

compensate for the equal ly longer ind i rec t absorpt ion length. O n the 
other h a n d , the dif fusion l ength i n ind i rec t gap materials is more suscep
t ib l e to impur i t ies a n d defects w h i c h in t roduce e lectronic levels near the 
center of the b a n d gap a n d promote recombinat i on b y alternate emission 
of holes a n d electrons. T h e appropr iate l i fe t ime T t is inversely propor 
t i o n a l to the concentrat ion of these defects i V t . 

1 _ 
T t ~" NtVat 

( H e r e ν is the t h e r m a l ve loc i ty of charge carriers, a n d σ 4 the r e c o m b i n a 
t i o n cross section of the p a r t i c i p a t i n g defect. ) H i g h defect densi ty a n d 
associated electric fields m a k e g r a i n boundaries effective sinks for m i n o r i t y 
carriers. F o r efficient current co l lect ion ind i rec t gap materials must con 
t a i n single crystals larger than ~ 100 t o n . G r a i n s i n d irect gap materials 
need not be larger t h a n a f e w micrometers . F o r this reason po lyc rys ta l -
l ine cells i n t h i n film f o r m are a n attract ive a l ternat ive w h e n p r e p a r e d 
f r o m direct gap materials . 

F r e e surfaces are to an even greater extent t h a n gra in boundaries 
sites of h i g h defect density i V B t . Because of the large values of iV 8 t encoun
tered, the l i f e t ime for a m i n o r i t y carr ier r each ing the surface, τ β ί = 
l / i V e t u a e t , is so short that the surface can be a s ink for m i n o r i t y carriers 
almost as effective as a p - n junct ion . T h e effect of free surfaces can be 
r e d u c e d i n several ways . T h e surface can be passivated, i.e., p r o v i d e d 
w i t h a coat ing w h i c h reduces N 8 t . S i l i c o n cells c a n be covered w i t h a 
t h i n film of S i 0 2 g r o w n b y t h e r m a l ox idat ion . T h e p-n junct ion c a n be 
m o v e d close to the surface so that f ew photons are absorbed between the 
surface a n d the junct ion , a n d on ly a s m a l l f ract ion of photogenerated 
carriers is susceptible to surface recombinat ion . Increas ing resistance of 
the t h i n layer between the p - n junct ion a n d the surface imposes a prac 
t i c a l l i m i t to this method of r e d u c i n g the f ract ion of photocurrent lost b y 
surface recombinat ion . M e t a l contacts to the front of the solar c e l l are 
spaced to a l l o w i l l u m i n a t i o n of the semiconductor . T o reach these con 
tacts current i n the top layer flows para l l e l to the p-n junct ion . W h e n 
p-n junctions are shal lower t h a n ~ 1 t o n , resistance loss i n the t op layer 
leads to a r educed fill factor a n d m a y o u t w e i g h the g a i n i n photocurrent . 
A n a d d i t i o n a l d r a w b a c k of this approach lies i n the dif f icult technology 
of p r e p a r i n g very shal low junctions w i t h r e p r o d u c i b l y h i g h solar effi
c iency. I r reproduc ib i l i t y has p l a g u e d homodiode cells made of ind i rec t 
gap ( S i ) a n d d irect gap [ G a A s (24), I n P (25 ) ] materials . I n S i this 
p r o b l e m has been large ly overcome b y efficient use of the large f ract ion 
of the photocurrent generated b e l o w the p-n junct ion of this ind i rec t gap 
mater ia l , a n d b y in t roduc t i on of e lec tr i ca l fields i n the b u l k regions ( 2 6 ) . 
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124 S O L I D S T A T E C H E M I S T R Y 

Heterodiodes and Schottky Barrier Diodes 

I n d irect -gap semiconductors h i g h efficiencies have been reached 
w i t h heterodiodes a n d Schottky barr ier diodes. Idea l ly the large -band-
gap semiconductor i n a heterodiode shou ld not absorb solar l ight . I t 
shou ld act solely as a w i n d o w through w h i c h l i g h t penetrates to be 
absorbed b y the smal l -gap semiconductor . I n true heterodiodes the space 
charge lies at the interface be tween the two semiconductors of opposite 
conduct iv i ty type. E x a m p l e s are p G a A s / n A l A s , p l n P / n C d S , p C d T e / 
n C d S ( 2 7 ) , p C u 2 S / n C d S , p C u I n S e 2 / n C d S ( 2 8 ) , ( b y convent ion, the 
absorb ing smal l -gap semiconductor is w r i t t e n first). A heteroface c e l l 
contains a homodiode w i t h a sha l l ow junct ion that is passivated w i t h a 
large-gap semiconductor . T h e prominent example for this type is the 
nGaAs /pGaAs /pAUGai -ûAs (13, 29, 30) c e l l w h i c h has reached efficien
cies as h i g h as 2 1 % . 

M a n y combinat ions between semiconductors are potent ia l ly a v a i l 
ab le for heterodiode cells. H i g h solar efficiency can be expected for a 
smal ler n u m b e r of true heterodiodes because of the numerous requ i re 
ments the ir components have to meet (31, 32). T h e smal l -gap m a t e r i a l 
must be i n the o p t i m u m range for h i g h efficiency, 1.0-1.5 e V . It must be 
c o m b i n e d w i t h a large-gap mater ia l of opposite conduct iv i ty type. C d S 
(Eg = 2.42 e V ) is used as a " w i n d o w " i n several heterodiodes. Because 
of se l f -compensation of acceptor impur i t ies , i t can be made only n-type 
a n d thus usual ly requires p - type partners. A n o t h e r important cond i t i on 
is that of m a t c h i n g latt ice structures a n d interatomic distances. F o r 
instance, G a A s a n d A l A s b o t h have z i n c b l ende structures w i t h a dif fer
ence i n latt ice parameters of on ly 0 .12% at r o o m temperature. ( I l l ) 
planes of z inc b lende type I n P a n d (0001) of wurtz i t e C d S m a t c h to 
w i t h i n 0 .32%. U n s a t u r a t e d ( "dangl ing" ) bonds resu l t ing f r o m latt ice 
m i s m a t c h l e a d to a h i g h densi ty of e lectronic states of energies w i t h i n 
the b a n d gap. These states, w h e n located i n the junct ion space charge, 
can act as recombinat ion centers ra i s ing I0 a n d reduc ing V o c . T h e y can 
also t rap charge permanent ly , introduce a sheet of charge i n the interface 
a n d thereby f o r m electrostatic barriers to the passage of photocurrent . 
A requirement more precise than that for different conduct iv i ty type is 
that the partners exhib i t a large difference i n w o r k funct ion φι, the 
energy r e q u i r e d to move a n electron f r o m the F e r m i to the v a c u u m leve l . 
T h e di f fusion voltage V D of a heterodiode consist ing of materials A a n d Β 
is 

= I ΦΑ — ΦΒ| 

a n d determines the m a x i m u m attainable V o c . A n o t h e r requirement re
lates to the electron affinity χΐ9 i.e., the potent ia l difference between the 
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6. W A G N E R Photovoltaic Solar Cells 125 

conduct i on b a n d a n d the v a c u u m level , χ! of the partners has to be such 
that no " sp ike " or " w e l l " is p roduced , at the interface, i n that b a n d edge 
where the photo-generated m i n o r i t y carriers flow. 

It m a y appear that these condit ions , some of w h i c h c a n be re laxed 
i n specific devices, are so numerous a n d stringent as to b e proh ib i t ive . 
H o w e v e r , heterodiodes have been the m a i n vehicles for the incorporat ion 
of d irect gap semiconductors i n solar cells, b o t h for h i g h efficiency ( e.g., 
G a A s / A U G a x . ^ A s ) a n d for th in - f i lm cells (e.g., C u 2 S / C d S ) . Therefore , 
research i n this field is intensive. 

I n a b r o a d sense, Schottky barriers are also heterodiodes since a 
space charge is establ ished at the interface between two materials . T h e 
space charge resides exclusively i n the semiconductor since the meta l 
w i t h its h i g h concentrat ion of free electrons cannot support a n e lectr ic 
field. I n i d e a l Schottky barr ier diodes the b a n d b e n d i n g is equa l to the 
difference between the w o r k functions φ Ι of the semiconductor a n d the 
meta l . T y p i c a l m e t a l / s e m i c o n d u c t o r combinat ions are A u (11) or P t (8) 
( h i g h φ ) on n - G a A s ( l o w φ) a n d A l (33) or C r (7) ( l o w φ) on p - S i ( h i g h 
φ ) . Because of e lectronic states i n the b a n d gap at the m e t a l / s e m i c o n -
ductor interface, the b u i l t - i n voltage is near ly independent of φπιβίβΐ for 
barriers or semiconductors w i t h Eg £ 2 e V . These electronic states " p i n " 
the b a n d edges at the interface b y releasing or p i c k i n g u p charge. T h e 
p i n n i n g reduces V D f r om the i d e a l va lue w h i c h i n t u r n results i n l o w V o c . 
Nevertheless , h i g h efficiencies have been obta ined w i t h very t h i n ( 5 0 -
100 A ) m e t a l layers w h i c h are v i r t u a l l y transparent to solar l ight . S u c h 
Schottky b a r r i e r cells generate h i g h photocurrents because of efficient use 
of the short wave length por t i on to w h i c h homodiodes are comparat ive ly 
insensit ive because of surface recombinat ion losses (heterodiodes are 
insensit ive to short wave length l ight because of absorpt ion i n the w i n d o w 
m a t e r i a l ) . 

M e t a l - i n s u l a t o r - s e m i c o n d u c t o r ( M I S ) diodes represent a n approach 
t o w a r d improvement of V o c over Schottky barr ier cells (11, 34). T h e 
insulator f requent ly is a nat ive oxide f o r m e d on the surface of semicon
ductor wafers ( S i , G a A s ) d u r i n g storage. W h e n true Schottky barriers 
are formed, this oxide layer is c leaned off before the m e t a l film is de
posited. F o r the fabr i cat ion of M I S diodes, i t is left on the semi-conduc
tor. M I S cells exhib i t larger V o c than s imple Schottky barr i e r cells. T h e 
increased V o c is tentatively ascr ibed to either a reduct ion i n IQ b y the 
insulator or to an add i t i ona l voltage d r o p across the insulator o r ig inat ing 
at charge t rapped i n electronic states that reside at the i n s u l a t o r - s e m i 
conductor interface. T h e insulator can also reduce the photocurrent J L . 
Thickness a n d electronic properties of the t h i n insulator films are c r i t i c a l 
for o p t i m u m tradeoff between increased a n d reduced Z L . 
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126 S O L I D S T A T E C H E M I S T R Y 

Table III. Solar Cells* 

Cell 

Silicon: 

p S i / n S i 
n S i / p S i 
n S i / p S i 
n S i / p S i 
n S i / p S i 
p S i / n S i 
p S i / n C d S 
p S i / n I n 2 0 3 

p S i / C r 
p S i / A l 

Gallium arsenide: 

p G a A s / n G a A s 
p G a A s / i i A l A s 
p n G a A s / p A l j j G a i . 
n G a A s / p G a P 
p G a A s / n G a P 
n G a A s / A u ( M I S ) 
n G a A s / P t 

Indium phosphide: 
p l n P / n l n P 
p l n P / n C d S 
p l n P / n C d S 

Cadmium telluride: 
p C d T e / w C d S 
p C d T e / n C d S 

»As 

Single/ 
Polycryst. 

S 
S 

r i b b o n 
Ρ 
Ρ 

amorphous 
S 
S 
S 
s 

s 
s 
s 
s 
s 
s 
Ρ 

s 
s 
Ρ 

s 
Ρ 

m -
ciency 
(%) 

6 
15 
10 

1 
6 
2 
5 
6 
8 
8 

11 
19 
21 

8 
7 

15 
5 

7 
15 

5 

12 
6 

Semiconductors containing transition metals: 

Air 
Mass 

0 
0 

2 
2 

Refer
ence 

85 
S7 
38 
39 
40 
ω 
41 

9,10 
7 

S3 

Π 
4 

13 
42 
43 
11 
8 

25 
U 
45 

61 
27 

p C u 2 S / n S i S 4 46 
p C u 2 S / n C d S S ~ 2 36 
p C u 2 S / n C d S Ρ 7 0 47 
p C u i . g S e / n G a A s Ρ 5 — 8 
p C u i 8 S e / n I n P Ρ 1 — 48 
p C u 2 S e / n C d S e Ρ 4 — 49 
p C u 2 T e / n C d T e s 8 — 50 
p C u 2 T e / n C d T e Ρ 6 — 50 
p C u I n S u / n C d S Ρ 2 — 62 
p C u I n S e 2 / n C d S s 12 1 51 
p C u I n S e 2 / n C d S Ρ 4 — 52 

"The layer on top of the cell is listed first for homodiodes; in heterodiodes the 
principal absorbing semiconductor is written first. Published efficiencies are rounded 
off to integers. 
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6. W A G N E R Photovoltaic Solar Cells 127 

T a b l e I I I presents a l ist of p u b l i s h e d photovo l ta ic solar cells w i t h 
da ta about crysta l l in i ty , efficiency, a n d testing condit ions . Ce l l s w i t h 
m a x i m u m reported efficiencies are shown i n a d d i t i o n to the first repor ted 
s i l i con (35) a n d C u 2 S / C d S (36) cells. 

Reduction of Cost of Solar Cells 

T h e on ly solar cells that are commerc ia l l y ava i lab le are s i l i con homo-
diodes. T h e i r cap i ta l cost per un i t p o w e r de l ivered is approx imate ly 100 
t imes that of convent ional p o w e r sources. O n e reason for its h i g h cost 
is the smal l vo lume of p r o d u c t i o n w h i c h does not p e r m i t economy of 
scale. T h e p r i n c i p a l factor i n the h i g h pr i ce , however , is the need for 
wafers of h i g h l y p u r e a n d h i g h l y perfect mater ia l . Meta l lurg i ca l - g rade 
S i is p repared b y reduct i on of S i 0 2 w i t h C i n arc furnaces. F o r pur i f i ca 
t i o n i t is converted to S i H C l 3 w h i c h is d i s t i l l ed . P u r e po lycrysta l l ine 
s i l i con is then obta ined b y pyrolys is . S ing le crystals are p u l l e d b y the 
C z o c h r a l s k i method f r o m the melt . T h e s ingle-crystal boules are cut in to 
slices w h i c h are po l i shed to remove mechan i ca l damage. T h e ac tua l c e l l 
f abr i ca t i on involves contro l led in-di f fusion of a dopant to f o r m a p - n 
junct ion , app l i ca t i on of back contact a n d front contact g r i d , a n d evapora
t i o n of an antireflection coating. It is obvious that the present-day m a n u 
facture of S i c e l l produces smal l act ive areas w h i l e b e i n g labor- intensive . 

Several strategies are be ing pursued to reduce c e l l costs. T h e most 
obvious is to raise the output per ce l l area b y increas ing c e l l efficiency, 
a n d b y us ing inexpensive collectors, or concentrators, to achieve h igher 
p o w e r density. F i g u r e 9 presents a schematic of power convers ion losses 
occurr ing i n a t y p i c a l S i ce l l ( 5 3 ) . T h e efficiency c a n s t i l l be i m p r o v e d 
b y ra i s ing V o c ( r e d u c i n g the voltage loss ) , b y more efficient co l lect ion of 
photo-generated carriers ( r e d u c i n g recombinat ion loss ) , b y u s i n g better 
m a t c h e d antireflection coatings, a n d b y reduc ing series resistance. A t 
best, one m i g h t double the efficiency per u n i t area, p r o b a b l y w i t h a 
simultaneous increase i n manufac tur ing cost. Inexpensive concentrators 
c o m b i n e d w i t h s m a l l active ce l l area, i.e., large concentrat ion ratios, are 
present ly under considerat ion for S i (54) a n d G a A s (55) cells. S ing le -
crysta l G a A s cells w h e n p r o d u c e d i n d i v i d u a l l y are expected to be con 
s iderably more expensive t h a n S i cells because of the h i g h cost of G a A s 
wafers (about 10 times that of S i wa fe rs ) , a n d p a r t i c u l a r l y because most 
G a A s - b a s e d cells are p r o d u c e d b y the very expensive l i qu id -phase - ep i 
taxy method . H o w e v e r , G a A s heterodiodes have reached the highest 
efficiency yet obtained, a n d , c ompared w i t h S i , the efficiency of G a A s -
based c e l l is less affected b y operat ion at e levated temperature , a n 
impor tant advantage for concentrator appl icat ions . 

T h e other approach t o w a r d less expensive solar energy is to reduce 
the cost per c e l l area w h i l e re ta in ing useful efficiency. T h e t w o m a i n 
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NOT ABSORBED (hv « Eg) 

ABSORBED, BUT EXCESS ENERGY 
(hv -Eg) CONVERTED TO HEAT 

BASIC FILL FACTOR (DIODE EQUATION] 

VOLTAGE LOSS (Voc /Eg) 

RECOMBINATION LOSS 
REFLECTION, SERIES RESISTANCE, FILL FACTOR 
OUTPUT POWER 

Figure 9. Illustration of the principal contribu
tions to power loss during photovoltaic conversion 

in a typical silicon cell ( 53 ) 

avenues are the deve lopment of methods for inexpensive g r o w t h of single 
crystals a n d the fabr i cat ion of po lycrys ta l l ine th in - f i lm cells. 

S i l i c o n ribbons 2.5 c m w i d e a n d ~ 0.02 c m th i ck can be g r o w n b y 
the edge-defined film-fed technique at rates of ~ 2 c m / m i n (38 ) . These 
r ibbons exhib i t very h i g h c rys ta l l in i ty ; solar cells u p to 1 0 % efficient 
have been produced . T h e technique is based on the contro l led so l id i f i ca
t i o n of a r i b b o n of mo l ten s i l i con p u l l e d , w i t h a seed crystal , f r o m a slot
l ike cap i l lary w h i c h is immersed i n a s i l i con melt . T h i s process, w h i c h is 
amenable to automat ion , avoids the usua l s l i c ing a n d po l i sh ing step. A 
s imi lar b u t less deve loped technology is the dendr i t i c w e b g r o w t h f r o m 
s i l i con melts ( 56 ) . H e r e a ribbon is p u l l e d , w i t h o u t a die , b y two b o u n d 
i n g dendrites whose g r o w t h is started w i t h a seed. 

T h i n - f i l m po lycrysta l l ine cells represent another approach to cost 
reduct ion . P r o d u c t i o n of the C u 2 S / C d S cells, the best k n o w n example 
for such cells ( 6 ) , t y p i c a l l y involves preparat ion of a conduc t ing sub
strate, e.g., Zn -p la ted C u sheet, evaporat ion of a 2 0 - 4 0 / x m th i ck C d S 
film, a br ie f etch of the C d S f o l l o w e d b y a 10-sec d i p i n C u C l 2 so lut ion 
w h i c h forms a C u 2 S layer w i t h a f ew thousand A thickness, a 2 -min ac t iva 
t i on anneal i n a i r at 250°C ; finally, contact g r i d a n d anti-ref lection coat
i n g are produced , a n d a transparent cover is a p p l i e d w i t h epoxy res in . 
T h i s th in - f i lm ce l l s h o u l d be amenable to h i g h l y automated product i on . 
A n o t h e r advantage is the economica l use of semiconductors w h i c h m a y 
conta in comparat ive ly rare elements ( C d , G a , I n ) a n d w h i c h even w h e n 
abundant ( S i ) are expensive w h e n pur i f i ed for solar use. H i g h e s t re 
por ted efficiencies for the C u 2 S / C d S ce l l are ~ 7 % . H i g h e r values are 
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6. W A G N E R Photovoltaic Solar Cells 129 

p r e d i c t e d for modi f i ed cells w h i c h conform better to certa in requ i re 
ments for i d e a l heterodiodes, v i z . , latt ice m a t c h a n d proper electron 
affinities; the a l l o y i n g of C d S w i t h ZnS has been a step i n this d i rec t ion 
(47). T h e C u 2 S / C d S c e l l has been p lagued b y r a p i d degradat ion w h i l e 
i n operat ion. It has been proposed to reduce fa i lure caused b y react ion 
of C u 2 S w i t h ambient 0 2 a n d H 2 0 b y care fu l encapsulat ion, a n d to a v o i d 
e lectrochemical decomposi t ion of C u 2 S u n d e r the cell 's o w n photovoltage 
(57) b y m a k i n g this semiconductor str ict ly stoichiometric . 

It is nevertheless desirable to deve lop alternatives. Interest ing results 
have been obta ined w i t h po lycrysta l l ine S i homodiodes prepared b y 
c h e m i c a l vapor deposi t ion (40). T h e smal l crystal l i te size, a n d to some 
extent the comparat ive ly h i g h i m p u r i t y content, conflict w i t h the neces
sity for large m i n o r i t y carr ier di f fusion l ength a n d have l i m i t e d the effi
c iency to date to about 6 % . 

T h e C u I n S e 2 / C d S (51) a n d I n P / C d S (44) heterodiodes prepared 
i n s ingle crystal f o rm i n or laboratory are attract ive candidates for t h i n -
film cells. A l t h o u g h the first th in - f i lm C u I n S e 2 / C d S cells w i t h η — 4 % 
have a lready been p r o d u c e d ( 5 2 ) , we have focused our attention o n the 
I n P / C d S ce l l because of the greater experience ac cumula ted w i t h I n P . 
Single -crysta l I n P / C d S cells are very stable to degradat ion i n the atmos
phere. W e have p r o d u c e d th in - f i lm I n P / C d S cells on carbon substrates. 
T h e efficiency of current po lycrysta l l ine samples is 5 % . H o w e v e r , based 
on V o c a n d J s c of these early cells, efficiencies of at least 7 - 8 % can be 
expected (45). 

F u t u r e efforts to produce inexpensive solar cells w i l l go b e y o n d exist
i n g materials a n d processes. F o r instance, a large n u m b e r of semicon
ductors exist whose b a n d gap a n d conduct iv i ty have not been sufficiently 
character ized to permi t a dec is ion even about their potent ia l usefulness 
i n solar cells ( 58 ) . M a n y of these semiconductors are composed of inex
pensive r a w materials . Pur i f i ca t ion to solar-grade semiconductors , cur 
rent ly an expensive step, w i l l have to be carr ied out b y continuous 
methods. A n example is a un i t c o m b i n i n g reduct i on of S i 0 2 to S i , reac
t ion to S i F 2 , d i s t i l la t i on of S i F 2 , a n d d isproport ionat ion to pure p o l y 
crystal l ine S i a n d to S i F 4 ( 5 9 ) . 

Conclusion 

W h i l e m u c h progress has been made i n a n a l y z i n g a n d i m p r o v i n g 
the performance of solar cells , i t is not yet possible to pred ic t materials 
a n d processes for inexpensive converters. T h e present s i tuat ion calls for 
a n increase i n the n u m b e r of ava i lab le options a n d for the deve lopment 
of n e w produc t i on techniques, bo th w i t h a substant ia l i n p u t f r o m 
chemists. 
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130 S O L I D S T A T E C H E M I S T R Y 

Nomenclature 

A d iode factor 
a, b, c latt ice parameters ( c m or A ) 
D n p d i f fusion coefficient of electrons i n p-type m a t e r i a l ( c m 2 s" 1 ) 
D p n d i f fusion coefficient of holes i n η-type mater ia l ( c m 2 s ' 1 ) 
E q band-gap energy ( e V ) 
Ei F e r m i l eve l i n a n intr ins i c semiconductor ( e V ) 
E n F e r m i l eve l i n an η-type semiconductor ( e V ) 
E p F e r m i l eve l i n a p- type semiconductor ( e V ) 
F F f i l l factor, or curve factor 
h P lanck 's constant ( 6.62 Χ 10" 3 4 J s ) 
I e lectr ica l current density ( A c m " 2 ) 
Z L photocurrent density ( A c m " 2 ) 
i 0 p operat ing current density ( A c m " 2 ) 
/ 8 C short c i r cu i t current density ( A c m " 2 ) 
ίο reverse saturation current densi ty ( A c m " 2 ) 
k Bo l tzmann 's constant ( 1.380 Χ 10" 2 3 J K " 1 ) 
L d i f fusion length ( c m ) 
i V A concentrat ion of i o n i z e d acceptors ( c m " 3 ) 
N 0 effective density of states i n conduc t i on b a n d ( c m " 3 ) 
ΝΏ concentrat ion of i on i zed donors ( c m " 3 ) 
Ny effective density of states i n valence b a n d ( c m " 3 ) 
iV 8 t density of surface recombinat ion centers ( c m " 2 ) 
i V t density of b u l k recombinat ion centers ( c m " 3 ) 
η concentrat ion of electrons ( c m " 3 ) 
Πι carr ier concentrat ion i n an in t r ins i c semiconductor ( c m " 8 ) 
tin concentrat ion of electrons i n η-type mater ia l ( c m " 3 ) 
P i n inc ident solar p o w e r flux ( W c m " 2 ) 
ρ concentrat ion of holes ( c m " 3 ) 
P P concentrat ion of holes i n p - type mater ia l ( c m " 3 ) 
q e lectronic charge ( 1.60 χ 10" 1 9 C ) 
Rex external l o a d resistance ( Ω ) 
R 8 i n te rna l series resistance ( Ω ) 
Re!, in te rna l shunt resistance ( Ω ) 
Τ temperature ( Κ ) 
V D d i f fusion voltage ( V ) 
Voc open-c i rcu i t vol tage ( V ) 
V o p operat ing voltage ( V ) 
ν t h e r m a l ve loc i ty of charge carriers ( c m s * 1 ) 
χ distance ( c m ) 
α op t i ca l absorpt ion coefficient ( c m " 1 ) 
Ε electric field ( V cm" 1 ) 
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6. W A G N E R Photovoltaic Sohr Cells 131 

c re lat ive d ie lectr i c constant 
€o pe rmi t t i v i ty of free space ( 8.86 Χ 10" 1 4 f c m - 1 ) 
λ wave length ( c m ) 
ν f requency ( s"1 ) 
ρ density of charge ( C c m ' 3 ) 
σ β ί capture cross section of a surface defect ( c m 2 ) 
at capture cross section of a b u l k defect ( c m 2 ) 
τ l i f e t ime of a charge carr ier ( s ) 
τι l i fe t ime determined b y recombinat ion of type i ( s ) 
τ η ρ l i f e t ime of electrons i n p-type mater ia l ( s ) 
τρη l i f e t ime of holes i n η-type mater ia l ( s ) 
r e t l i f e t ime determined b y surface recombinat ion ( s ) 
φι w o r k funct ion of semiconductor i ( e V ) 
χι e lectron affinity of semiconductor i ( e V ) 
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7 
Recrystallization of Semiconducting 

Polycrystalline Ribbons Using the 

Peltier Effect 

S. VOJDANI and R. HASHEMIAN 

Materials and Energy Research Center, Arya Mehr University of Technology, 
P.O. Box 41-2927, Tehran, Iran 

A new approach to zone refining thin semiconductor rib
bons or films necessary for the production of low-cost solar 
cells is investigated using the Peltier effect. The results 
indicate that under certain conditions the Peltier current 
tends to stabilize the freezing interface allowing an increase 
in the grain size of a thin film. 

/ C o m m e r c i a l p r o d u c t i o n of s i l i con solar cells rout ine ly y ie lds h i g h l y 
^ re l iable devices h a v i n g adequate ( ~ 1 2 % ) efficiencies. These de 
vices have been designed to operate i n the space environment a n d h a v e 
p r o v e d very suitable for this app l i cat ion . H o w e v e r , for terrestr ial a p p l i 
cations they have a serious de fec t—their cost is too h i g h b y at least one 
order of magni tude . T h e most important factors i n the device cost are the 
expensive p r o d u c t i o n of large s ingle-crystal boules a n d the w a f e r i n g o f 
these crystals to give t h i n slices suitable for use i n devices. T w o processes 
have been considered for p r o d u c i n g cheap wafers : ( a ) the g r o w t h of 
single crystals i n the f o r m of t h i n ribbons so that expensive wa fe r ing is 
a v o i d e d ( J ) , a n d ( b ) the deposit ion of films o n suitable substrates b y 
heteroepitaxia l t e c h n i q u e s — C V D , sputter ing , evaporat ion ( 2 ) , a n d more 
recent ly L P E ( 3 ) . Heteroep i tax ia l films general ly give l o w efficiency 
w h e n used i n solar cells because of a reduc t i on i n open-c i rcui t voltage 
a n d m i n o r i t y carr ier l i f e t ime associated w i t h the presence of g ra in 
boundaries . 

H o w e v e r , i f the gra in size is sufficiently large ( 4 , 5 ) (e.g., for S i , 
100-1000 ^ m ) , adequate efficiency is obta ined . T h e p r o d u c t i o n of s i l i c on 
solar cells b y t h i n or th ick film techniques w i l l p r o b a b l y requ i re a proc -

134 
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7. vojDANi A N D H A S H E M i A N Semiconducting Polycrystalline Ribbons 135 

essing step that enlarges the crystal l i te size i n the film. T w o techniques 
have a lready been suggested for this prupose : c rysta l l i zat ion of S i films 
b y means of a scanning electron or laser b e a m ( 6 ) a n d heat treatment of 
C V D - g r o w n S i films i n an inert atmosphere ( 7 ) . A n o t h e r alternative w i l l 
be passage of m o l t e n zone (zone ref ining) across the film u n d e r con 
t r o l l e d condit ions to increase the gra in size. 

F o r the purpose of zone ref ining a t h i n po lycrysta l l ine film, four 
prob lems must be cons idered : 

( a ) the mol ten zone must be very n a r r o w to prevent the break -up 
of the l i q u i d into globules because of surface tension, unless the l i q u i d 
wets the substrate (e.g., S i wets c a r b o n ) ; 

( b ) the mo l ten semiconductor must not be contaminated b y the 
substrate; 

( c ) the mo l t en zone must move across the film w i t h u n i f o r m ve loc i ty 
so that sol idi f icat ion can proceed, i n a contro l led manner ; a n d 

( d ) the interface between so l id a n d l i q u i d must be p lanar so that , 
u p o n sol idi f icat ion of the m o l t e n zone, a n improvement i n crystal l i te size 
is attained. 

A c h i e v i n g acceptable results w i t h t h i n films demands contro l of the 
z o n i n g process, a n d this is diff icult to atta in i n a n inherent ly s m a l l -
v o l u m e crysta l l i zat ion process. H e n c e i t is interest ing to examine the 
poss ib i l i ty of us ing the Pe l t ier effect. Since the two s o l i d - m e l t interfaces 
also constitute boundaries be tween phases h a v i n g different e lectr i ca l 
resist ivit ies , the passage of a d irect current through the sample causes 
Pe l t i e r heat ing at one interface a n d coo l ing at the other. T h i s c o u l d cause 
the zone to move a n d has the advantage of l o ca l i zed heat supp ly a n d 
extract ion precisely at the interfaces, f a c i l i ta t ing control . T h e process 
was t r i e d m a n y years ago for b u l k crystals (8 ) b u t was d i scarded because 
a large current was needed for large-area samples to p r o v i d e adequate 
interface heating a n d cool ing. T h i s l i m i t a t i o n is not important for z o n i n g 
t h i n films, and , add i t i ona l ly , there is no need to prov ide a l l the heat for 
zone m e l t i n g f r om the direct current ; the sample can be p l a c e d i n a 
furnace to p r o v i d e aux i l iary heat ing . T h e purpose of us ing Pe l t i e r c u r 
rent is to a l l ow the zone w i d t h a n d poss ib ly the interface topology to 
be s tab i l i zed . 

T h e remainder of this chapter presents a theoret ica l a n d exper imenta l 
invest igat ion of the sol idi f icat ion process i n the presence of a d i rect 
current as a first step towards Pe l t i e r zon ing . 

Theory 

A l l symbols used i n this analysis are def ined i n the " N o m e n c l a 
t u r e " section. T h e rate per u n i t area at w h i c h Pe l t i er heat is de l ivered 
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136 S O L I D S T A T E C H E M I S T R Y 

to (or extracted f r o m ) a s o l i d - l i q u i d interface t h r o u g h w h i c h a d i rec t 
current of density J p is passing is (9 ) 

QP = aTmJ» (1) 

F o r the theoret ica l analysis, a t h i n r i b b o n of semiconductor is considered 
as s h o w n i n F i g u r e 1. T h e sample is p l a c e d i n a c y l i n d r i c a l furnace at 

ζ 

τ, τ 2 

Figure 1. A thin ribbon of semiconductor 
with the reference axes used for the theo

retical modeling 

ambient temperature T A . A d irect current 7 is passed t h r o u g h i t , w h i l e 
the ends of the sample are kept at temperatures T i a n d T2 respectively . 
T h e re levant heat balance equations are as fo l lows. I n the so l id reg ion 
for un i t v o l u m e : 

Ks U + J.'p. - j w(T* - T V ) = cp8̂  (2) 

I n the l i q u i d reg ion for u n i t v o l u m e : 

+ (3) 

A t the interface between so l id a n d l i q u i d : 

I n the f o rmula t i on of E q u a t i o n s 2, 3, a n d 4 the f o l l o w i n g assumptions 
have been m a d e : 

( a ) T h e sample consists of so l id a n d l i q u i d regions. 
( b ) H e a t loss f r o m the sample results f r o m rad ia t i on f r o m the sur

faces a n d conduct ion t h r o u g h the ends only . 
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7. v o p A N i A N D H A S H E M i A N Semiconducting Polycrystalline Ribbons 137 

( c ) pB a n d pi are considered constants. 
( d ) T h e sample is symmetr i ca l l y located i n the furnace w i t h r a d i a l 

symmetry , a n d the ambient temperature T A is constant. 
( e ) T h e ambient temperature is close to the m e l t i n g po int . 
( f ) T h e temperature is constant a long the y a n d ζ axes; on ly v a r i a 

t i o n a long the χ axis is considered. I n the reg ion of the m o l t e n zone there 
c a n be no var ia t i on i n Τ a long the χ axis because of the two-phase 
condi t ion . 

( g ) A t χ = 0, Τ = Tu at χ — α, Τ = T 2 . 
( h ) Steady state condit ions exist. 

τ "κ 

1200 
1 1 1 1 1 . 1 — 

0 4 8 12 16 20 24 28 
χ (m) 

Figure 2. Temperature profile across the sample as a function of 
current. Peltier heating and cooling are neglected. 
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138 S O L I D S T A T E C H E M I S T R Y 

U s i n g the above assumptions, E q u a t i o n s 2, 3, a n d 4 w e r e so lved 
computat iona l ly for g e r m a n i u m , since this mater ia l was to be used , for 
convenience, i n i n i t i a l experiments. Representative values used for the 
parameters i n the equations are shown i n the Nomenc la ture section. T h e 
solutions a l l o w e d the zone w i d t h a n d the completeness of one m e l t i n g 
to be re lated to the exper imental condit ions used a n d p a r t i c u l a r l y to the 
d irect current flowing. 

Theoretical Modeling. Passage of a current through a sample of 
semiconductor ribbon conta in ing a m o l t e n zone has two effects: i t w i l l 
change the zone w i d t h W a n d the degree of m e l t i n g w i t h i n the zone. 
T h i s latter is descr ibed i n terms of a parameter γ w h i c h w i l l be a func t i on 
of distance a long the χ axis; γ = 0 defines a so l id reg ion , γ = 1 a l i q u i d 
reg ion , a n d 0 < γ < 1 a reg ion of p a r t i a l melt , so that, across the area of 
the zone at a po int x, the f ract ion y(x) of the area w i l l be mol ten . 

F i g u r e 2 shows the ca l cu lated temperature profi le a long the sample 
for various currents w h e n Pe l t i er heat ing a n d coo l ing are negelected i n 
the calculat ions. T h e changes are caused s imply b y different levels of 
Joule heat ing . T h e zone w i d t h depends on the temperatures Γι a n d T2 

a n d also, as s h o w n i n the figure, on the current flowing. 
F i g u r e 3 shows the dependence of zone w i d t h ( W ) a n d γ o n the 

temperatures Γι a n d T 2 (assumed equa l ) for three different currents. 
A t the m e l t i n g po int W is about 3 c m , but r e d u c i n g Tx a n d T 2 to about 
23° Κ b e l o w this va lue reduces W to less than 1 m m . T h e w i d t h is aga in 
s h o w n to depend o n the current . T h e degree of m e l t i n g of the zone is 
de termined b y the current only ( for g i ven ambient temperature ) a n d 
not b y the temperature at the ends of the sample. T h e dependence of 
W a n d γ o n ambient temperature is s h o w n i n F i g u r e 4, w h e r e b o t h are 
seen to decrease as T A decreases. 

T h u s incomplete m e l t i n g of the zone w i t h the passage of current has 
been observed a n d pred i c ted f r o m the mathemat i ca l mode l . T h e reason 
for this phenomenon is associated w i t h the different resistivities of the 
me l t a n d the so l id (pi'.pB = 1:8 for G e ) , w h i c h , i n the event of incomplete 
zone me l t ing , causes the current to channe l through the mel t region. 
T h i s w i l l increase the Joule heat ing i n this region, thus causing the mo l ten 
reg ion to grow. A steady state w i l l be reached w h e n Joule heat ing i n 
the me l t is ba lanced b y heat loss f r om the mel t to the so l id a n d also b y 
the usua l heat losses b y conduct i on along the χ axis a n d b y rad ia t i on . 

W e can n o w proceed to incorporate the effect of Pe l t ier heat ing a n d 
coo l ing at the two interfaces. L e t us assume that a mo l t en zone is f o rmed , 
penetrat ing the spec imen u n i f o r m l y to a d e p t h y0 as s h o w n i n F i g u r e 5a. 
T h e mo l ten zone is confined b y the dotted l ine A B C D . Pe l t i er coo l ing 
w i l l occur at the interface A B ( current go ing f r om so l id to l i q u i d ) , a n d 
Pe l t i e r heat ing w i l l occur at the interface D C ( current go ing f r o m l i q u i d 
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I 1 V 

1200 1202 1204 1206 1208 
Τ (°K) 

Figure 3. Dependence of W and γ on the ambient temperature 
TA for different currents 

W 32 

I , 1 ' 

1195 1200 ]20B 1210 

Τ °K 

Figure 4. Dependence of W and γ on the end temperatures as 
a function of different currents: T , = 1200°K, T f = 1205°K 
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ι. Δ χ .1 

's -

Figure 5. Schematic illustrating the effect of lp on 
zone solidification 

to s o l i d ) . A s the mo l t en reg ion is at the me l t ing point , Pe l t i e r heat 
absorbed f r om the interface A B a n d evo lved at the interface D C is 
expected to change the shape a n d pos i t ion of these interfaces. L e t us 
n o w take a segment of w i d t h Δχ i n the mo l t en zone as shown i n F i g u r e 5b. 
Since the bot tom s o l i d - l i q u i d b o u n d a r y is not p a r a l l e l to the current flow 
( the slope dj/dx = 0 ) , a n d since the two phases have different res is t iv i 
ties, there is a net current 7 P across the interface, w h i c h causes the Pe l t ier 
effect. T h e interface between so l id a n d l i q u i d is taken as a l ine segment 
of gradient dj/dx f o u n d computat ional ly . T h e f o rmula t i on to find dj/dx, 
a n d consequently the final shapes a n d positions of interfaces A B a n d D C 
u p o n the passage of current 7, are g iven as fo l lows. 

T h e equations for the currents passing through the segment are : 

71 + 7 S = 7 1 ' + V = 7 (5) 

J i + I p - J i ' (6) 

Ji = δ Λ (7) 

Ji' - δ Λ ' (8) 

W h e r e δ Γ is the rat io of the so l id to the l i q u i d res ist iv i ty . R e a r r a n g i n g 
E q u a t i o n s 5, 6, 7, a n d 8 gives: 
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7. vojDANi A N D H A S H E M i A N Semiconducting Polycrystalline Ribbons 141 

w h e r e δ = δ Γ — 1. F r o m E q u a t i o n 9 the Pe l t i er coo l ing at the interface 
kkf is g iven as: 

H o w e v e r , the heat generated i n the slice caused b y the Joule heat ing is 
g iven b y : 

w h i l e or ig ina l ly , w h e n no zone shaping caused b y the Pe l t i e r effect is 
considered, w e w o u l d get 

^ = ( ^ Τ ^ Δ Χ ( 1 2 ) 

as the amount of Joule heat ing i n the segment. F o r the e q u i h b r i u m s i tua 
t i o n the excess Joule heat ing caused b y such zone shaping must be e q u a l 
to the loss of energy caused b y the Pe l t i er effect, that is , 

Q p = Q i _ Q J 0 = ψ [ _ J _ _ _ J ^ ] Λ* (13) 

a n d after subst i tut ing for Ç p f r om E q u a t i o n 10 w e o b t a i n 

K % = ~Sy2 + {8y° ~ b ) + by° ( 1 4 ) 

w h e r e Κ is a constant a n d 

K_aTmA{Sy0 + b) ^ 

Spil 

So lut i on of the di f ferential equat ion , 14, w i t h the b o u n d a r y condit ions 
gives the shape of the s o l i d - l i q u i d interface ( Α Β ' i n F i g u r e 5a ) . T h i s 
interface shape for two different currents I = 2 A a n d I = 2.3 A has been 
computat ional ly evaluated; the results are g iven i n F i g u r e s 6a a n d 6b. 

N o t e that the interface curve always starts f r o m po in t A (see F i g u r e 
5 a ) . T o determine the pos i t ion of the l i q u i d - s o l i d boundary , i.e., the 
segment B ' D ' , w e consider the cross section s h o w n i n F i g u r e 7a at the 
b o u n d a r y B r D ' . T h e equations for e q u i h b r i u m heat flow a n d the current 
cond i t i on at such a n interface is g iven as: 
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1 = 2 A 
TA= J 2 0 7 e K 
T , " 1200 " K 

0 2 H 6 8 10 12 M X m 

Figure 6a. Molten zone movement: (1) without Peltier 
current, (2) with Peltier current. lp = 2.0 A. 

1 = 2 . 3 A 
TA= 1207 e Κ 
\ = 1200° Κ 

Figure 6b. Molten zone movement: (1) without Peltier 
current, (2) with Peltier current. lp = 2.3 A. 
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7. vojDANi A N D H A S H E M i A N Semiconducting Polycrystalline Ribbons 143 

w h e r e 

c(Sy + b)' 

(16) 

(17) 

a n d T L a n d T R s tand for the temperature of the sample at the left s ide 
a n d the right side of B ' D ' , respect ively . H o w e v e r , the temperature at the 
left side of B ' D ' is constant ( Tm ) , because b o t h me l t a n d so l id are present 
(assumpt ion v i ) , a n d therefore, w e get dT^/dx 0. T h u s E q u a t i o n 16 is 
r educed to 

or after subst i tut ing for h f r o m E q u a t i o n 17 w e o b t a i n 

S r T m / y dTR 

dx KSA Sy + b 

(18) 

(19) 

O n the other h a n d , h a v i n g the b o u n d a r y temperatures T m a n d T2 i n the 
so l id reg ion at the right side of Β Ό ' ( F i g u r e 7) w e can compute the 

D' 

Figure 7. Schematic for de
termining the shape and posi

tion of the interface 

temperature profi le i n this reg ion . M o r e specif ical ly , s ince the l ength of 
this s o l i d reg ion L s is a func t i on of x, the temperature gradient dT^/dx is 
ob ta ined as a f u n c t i o n of x, i .e., 

(20) 
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144 S O L I D S T A T E C H E M I S T R Y 

or after subst i tut ing for dTR/dx i n E q u a t i o n 19 w e o b t a i n 

aKTJ y 
(21) KBA hy + b 

or after the appropr iate m a n i p u l a t i o n y is f o u n d as a funct ion of χ 

y = î(x) (22) 

A s a result , so lut ion of E q u a t i o n 14 w i t h b o u n d a r y cond i t i on g i v e n i n 
E q u a t i o n 22 w i l l p rov ide enough in format ion for c o m p u t i n g the shape 
a n d the size of the mo l t en zone w h e n b o t h Joule heat ing a n d the Pe l t i e r 
phenomenon are effective. 

Experimental 

F o r the present experiments G e a n d I n S b r ibbons were prepared 
f r o m po lycrysta l l ine ingots. T h e dimensions of the r i b b o n were v a r i e d , 
a lways keep ing the r i b b o n thickness b e l o w one m m . T h e spec imen was 
h e l d between t w o carbon blocks attached to a ceramic substrate. N i c k e l -
c h r o m i u m wires were connected to the carbon blocks to pass the d irect 
current . T h e assembly was then located i n a v a c u u m chamber , a n d the 
sample was heated b y a tungsten element w o u n d a r o u n d a s i l i ca tube. 
F i g u r e 8 shows a t y p i c a l sample a n d the schematic exper imenta l arrange
ment . Thermocouples Tu T2, T A , a n d T 8 cont inuously mon i t o red the e n d 
temperatures, ambient temperature, a n d the spec imens temperature i n 
the m i d d l e . T h e exper imental procedure was to raise the temperature 

Figure 8a. Schematic showing the 
sample setup: (1) holding clamp, (2) 
silica tube, (3) sample, (4) heating coil, 

and (5) supporting base. 

Figure 8b. Actual Ge ribbon in a 
sample holder. 
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7. vojDANi A N D H A S H E M i A N Semiconducting Polycrystalline Ribbons 145 

of the furnace s l owly u n t i l the spec imen was close to T m , so that the 
f ormat ion of the zone c o u l d be observed under various exper imental 
condit ions. W h e n the zone was establ ished i n the absence of any d irect 
current, i t was possible to observe the effect of a p p l y i n g such a current 
b y observ ing the associated zone movement . 

Results and Discussion 

Solidification of the Molten Zone in the Presence of Peltier Current. 
W h e n the temperature of a r i b b o n was s lowly ra ised to near the m e l t i n g 
po in t w i t h no current passing through , usua l ly the spec imen began to 
mel t near the m i d d l e , the mo l ten zone extending outwards i n a symmetr i 
c a l manner u n t i l the steady state was reached. T o assist the f ormat ion 
of the mo l t en zone, w e often m a d e a transverse cut of 0.3 m m deep across 
the m i d d l e of the r i b b o n to p r o v i d e a region of h i g h resistance. I n m a n y 
cases the temperature of the sample was raised to just be l ow the m e l t i n g 
po in t w h i l e a d irect current was passed t h r o u g h the sample, so that the 
mo l t en zone was created par t ly b y Joule heat ing . U n d e r these condit ions 
the zone became extended more to one side t h a n the other ( re lat ive to 
the po in t of in i t i a t i on ) d u r i n g the non-steady state per iod , the d i rec 
t ional i ty of the effect depend ing o n the d i rec t i on of the current ( F i g u r e 
9 ) . T h e mol ten zone has m o v e d to the left side of the transverse cut, 
w i t h no me l t ing on the right side as is ev ident f r o m the saw marks . W h e n 
the current was reversed, the mo l ten zone reversed its d i rec t i on of 
movement . 

Figure 9. InSb sample with a trans
verse cut in the middle showing sur
face movement of the molten zone to 
the left. Ip = 1.95 A , T , = T 2 = 

361°C. 

There were two important features observed d u r i n g most of the 
experiments. F i r s t , the mol ten zone d i d not extend complete ly across the 
section of the specimen. E x a m p l e s of these samples are shown i n F igures 
4 a n d 5. I n F i g u r e 10 the mo l ten zone has m o v e d to the right a n d has 
not complete ly penetrated the d e p t h of the ribbon. I n F i g u r e 11, w h e n 
the current is reduced , the mel t on ly par t ia l l y covers the surface of the 
ribbon. 

T h e second feature concerns the change i n the zone shape w i t h a n d 
w i t h o u t the d irect current. I t h a d been assumed or ig ina l ly that the 
a p p l i e d current w o u l d coo l one interface a n d heat the other, causing 
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146 S O L I D S T A T E C H E M I S T R Y 

Figure 10. InSb sample showing par
tial melting across the sample thick
ness. Ip = 1.5 A, T , = Ί$ = 398°C. 

Figure 11. InSb sample showing par
tial melting on the surface, A current 
of 1 A was first passed from right to 
left; the current was then reversed 
thus reversing the zone movement. 
The current was then reduced to half, 
causing the melt to decrease in width. 

the zone to move. T h i s was not observed. Instead, o n l y the l ead ing edge 
m o v e d , extending the w i d t h of the zone. Theore t i ca l m o d e l l i n g of the 
system predicts this behav ior because the current causes Jou le heat ing 
as w e l l as Pe l t i er heat ing a n d cool ing . W h e n the spec imen was cooled, 
globules f o rmed o n the surface. T h i s was caused b y the f reez ing of the 
surface of the sample w h i l e m o l t e n mater ia l s t i l l existed be low. T h i s 
mel t was subjected to pressure d u r i n g the coo l ing process a n d forced its 
w a y u p t h r o u g h weak spots i n the frozen surface. S i m i l a r behav ior is 
observed w h e n mo l ten g e r m a n i u m is so l idi f ied i n a cruc ib le . 

Conclusion 

T h e results presented i n this paper ind i cate that the Pe l t i e r effect 
itself is not adequate for the process of z o n i n g t h i n films. T h e r e are two 
reasons for th is : ( a ) i t is diff icult to obta in a f u l l y me l t ed n a r r o w zone 
across a ribbon or t h i n film, m a i n l y because of the effect of Joule heat ing ; 
( b ) the resist iv ity of the po lycrysta l l ine film is inev i tab ly i n h o m o -
geneous. W h e n mo l ten zone is m o v e d b y the a p p l i c a t i o n of a Pe l t i er 
current , the m e l t i n g interface does not r e m a i n stable since "current 
c h a n n e l i n g " w i l l t end to break u p the interface. T h i s current channe l ing 
effect on the other h a n d has a s tab i l i z ing effect o n the freez ing interface 
as i l lus trated on a n expanded scale i n F i g u r e 12. I n this figure, for 
s imp l i c i t y , the m e l t i n g interface is assumed to be flat, a n d the so l id i f y ing 
interface is assumed to be i r regular , causing l o w a n d h i g h res ist iv i ty 
paths w i t h i n the interface region. T h u s the rate of f reez ing at the inter 
face varies across i t , a lways t e n d i n g to make the interface p lanar . T h i s 
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7. v o p A N i A N D H A S H E M i A N Semiconducting Polycrystalline Ribbons 147 

Figure 12. Schematic illustrating the current chan
nelling effect tending to stabilize the interface: (1) 

liquid, (2) solid 

effect is presently b e i n g invest igated. T o conc lude , i t c a n b e suggested 
that for the purpose of z on ing a t h i n semiconduct ing film, the c o m b i n a 
t i o n of a n external source to create a m o l t e n zone a n d Pe l t i e r current to 
stabi l ize the f reez ing interface shou ld result i n more contro l over the 
so l id i f icat ion process, p r o v i d e d that the ve loc i ty of z on ing is not h i g h 
enough to a l l o w renuc leat ion before the f reez ing interface. 

Nomenclature 

Representat ive values of the various parameters or G e are g i v e n i n 
parentheses. 

a L e n g t h of sample ( c m ) 
A A m p s 
A Cross sect ional area of sample ( c m 2 ) 
b Sample thickness ( c m ) 
c Sample w i d t h ( c m ) 
C P 8 ( C p l ) Specif ic heat of so l id ( l i q u i d ) [ ( 2 . 1 2 ) , ( 2 . 3 ) J / d e g / c m 3 ] 
d%(dl) D e n s i t y of so l id ( l i q u i d ) [ (5 .3) g / c m 3 ] 
J s ( 11 ) C u r r e n t through so l id ( l i q u i d ) ( A ) 
J B ( Ji ) C u r r e n t density through so l id ( l i q u i d ) ( A ) 
/ Pe l t ier current ( density ) ( A ) 
K B , ( K i ) T h e r m a l conduct iv i ty of so l id ( l i q u i d ) 

[ ( 0 . 2 4 ) , ( 0 . 2 4 ) W / c m ] 
1 ( subscr ip t ) L i q u i d 
L L a t e n t heat of so l id i f icat ion [ (2.16 X l(fi)(]/cm3)] 
Ρ Cross sect ional per imeter ( 2c + 2b ) ( c m ) 
s ( subscr ip t ) S o l i d 
t T i m e (sec) 
Τ Abso lute temperature ( ° K ) 
T A A m b i e n t temperature ( ° K ) 

M * J 1 i S Chemical 
Society Library 

1155 16th St. N. W. 
Washington, D. C. 20036 
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148 S O L I D S T A T E C H E M I S T R Y 

τ., ( τ ο 
w 
χ 

a 

σ 

F r a c t i o n of the area me l t ed 
R a t i o of the so l id - t o - l i qu id resist iv ity (δ — δΓ — 1) 
Res is t iv i ty of so l id ( l i q u i d ) [ ( 8 Χ 10" 4 ) , (H)" 4 ) ( Ω - c m ) ] 
E m i s s i v i t y of so l id ( l i q u i d ) [ ( 0.2 ) , ( 0.2 ) ] 
S t e f a n - B o l t z m a n n constant [5.68 Χ 10" 1 2] 
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Wavelength-Selective Surfaces 

JOHN C. C. FAN 

Lincoln Laboratory, Massachusetts Institute of Technology, 
Lexington, Mass. 02173 

Spectrally selective coatings have potentially important 
applications in solar/thermal/electric conversion, solar heat
ing, and window insulation. These coatings can be divided 
into two classes: transparent heat mirrors and selective
-black absorbers. Transparent heat mirrors transmit solar 
radiation and reflect thermal radiation; selective absorbers 
absorb solar radiation and have low infrared emissivity. 
We have prepared both transparent heat-mirror films 
(TiO2/Ag/TiO2, Sn-doped In2O3, and Sn-doped In2O3 

microgrids), and cermet absorbers (MgO/Au) that have 
excellent wavelength-selective properties. In addition, the 
cermets promise to be stable at the elevated temperatures 
required of the absorbers. 

n p e r r e s t r i a l solar rad iat ion is a low- intensi ty , var iable -energy source 
a r r i v i n g at about 800 W / m 2 . Its economic feasibi l i ty depends on 

efficient co l lect ion, conversion, a n d storage. T h i s paper concentrates o n 
the use of wavelength-select ive surfaces to improve the efficiency of solar-
energy collectors a n d to prov ide insulat ion to domestic w i n d o w s . 

F i g u r e 1 i l lustrates the basic p r i n c i p l e of a flat-plate solar col lector. 
It consists of a transparent coverplate a n d an absorber separated b y a 
v a c u u m or a gas. Solar rad iat ion is transmitted through the coverplate 
a n d converted b y the absorber into t h e r m a l energy, part of w h i c h is 
transferred to a w o r k i n g fluid such as water or air , a n d part of w h i c h is 
lost. F o r efficient operation thermal losses f r om the heated absorber 
must be reduced . These losses can occur b y conduct ion , convect ion, a n d 
in f rared rad iat ion . Wavelength-se lect ive surfaces reduce the rad ia t i on 
losses b y t a k i n g advantage of the spectral separation of solar rad ia t i on 
a n d the t h e r m a l rad ia t i on emit ted b y objects at terrestr ial temperatures. 

F i g u r e 2 shows schematica l ly the absorber a n d coverplate separated 
b y air . R a d i a t i o n losses, w h e n no wavelength-select ive surfaces are used, 

149 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

08



150 S O L I D S T A T E C H E M I S T R Y 

Transparent 
Coverplate „ / 

Heated Fluid 

Absorber 

Insulation 

Figure 1. Schematic of a flat-plate solar collector 

are comparable w i t h those b y convect ion a n d conduct ion . T r a d i t i o n a l 
strategy reduces the rad ia t i on losses w i t h a wavelength-select ive absorber 
that has h i g h solar absorpt iv i ty b u t l o w in f rared emissivity . A n alternate 
strategy uses a transparent heat -mirror film coated o n the ins ide of the 
coverplate. These wavelength-select ive films transmit solar r a d i a t i o n to 
the absorber b u t reflect the in f rared rad ia t i on emit ted b y the absorber 
back to the absorber. T h e r m a l s tabi l i ty of the heat m i r r o r is easier to 
achieve since i t remains at a m u c h l ower temperature t h a n the absorber. 

T h e o p t i c a l K i r cho fFs l a w states that the s u m of transmission, reflec
t iv i ty , a n d absorpt iv i ty must e q u a l one. Therefore , for a heat m i r r o r a 
h i g h solar transmission requires a l o w reflectivity a n d absorpt iv i ty i n the 
solar spectrum. H e a t mirrors must also have h i g h in f rared ref lect ivity 
a n d hence a l o w transmission a n d absorpt iv i ty i n the in f rared . F o r selec
t ive -b lack absorbers a h i g h solar absorpt iv i ty requires a l o w ref lect ivity 
a n d transmission i n the solar spectrum. T h e absorbers must also have 
l o w in f rared emiss iv i ty to emit m i n i m a l heat. A perfect emitter is a per 
fect absorber; a l o w in f rared emissivity means a l o w in f rared absorpt iv i ty . 

13 T C 

Air 

4 Radiation Convection Λ Conduction 

Figure 2. Mechanisms of heat loss in a 
flat-plate collector 
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8. F A N Wavelength-Selective Surfaces 151 

Since absorbers are normal ly opaque ( a n d hence have no t ransmiss ion ) , 
b y K i r c h o f f s l a w a l o w in frared absorpt iv i ty is obta ined b y a h i g h i n f r a 
r e d ref lectivity. Therefore b o t h the absorber a n d the transparent heat 
m i r r o r shou ld have h i g h in f rared ref lectivity. 

I t is diff icult to tai lor s imultaneously b o t h the solar a n d the i n f r a r e d 
properties of a film. Nevertheless the in f rared losses f r o m a t y p i c a l solar 
col lector can be reduced w e l l b e l o w conduct ion a n d convect ion losses 
b y either transparent heat mirrors or select ive-black absorbers. Because 
the conduct ion a n d convect ion losses are then dominant , i t is a d v a n 
tageous to have heat mirrors w i t h a h i g h solar transmission or absorbers 
w i t h a h i g h solar absorpt iv i ty , even at the expense of some reduc t i on i n 
the in f rared reflectivity. H o w e v e r , i f the collectors are evacuated, the 
rad ia t i on losses are dominant , a n d a h i g h in f rared ref lectivity becomes 
important . I n this case, the solar transmission or absorpt iv i ty c a n be 
somewhat lower . 

F i g u r e 3 shows the n o r m a l i z e d solar rad ia t i on of a ir mass 2 a n d the 
b l a c k b o d y rad ia t i on f rom a heated b o d y at a temperature of 600°K. T h e 
t w o spectra h a r d l y overlap, a n d a selective surface h a v i n g an i d e a l i z e d 
ref lect ivity spectrum (dot ted l ine i n the figure) w o u l d produce almost 
tota l wave length separation. I d e a l transparent heat mirrors a n d selective-
b lack surfaces w o u l d bo th have this ref lectivity spectrum. H o w e v e r , the 
heat mirrors w o u l d transmit solar rad iat ion , a n d the select ive-black 
absorbers w o u l d absorb solar rad iat ion . 

WAVELENGTH (am) 

Figure 3. Normalized spectra for solar radiation of air mass 2 and 
for the radiation from a bfockbody at 600°K. Dashed line repre
sents the reflectivity spectrum for an idealized selective surface. 
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152 S O L I D S T A T E C H E M I S T R Y 

Transparent Heat Mirrors 

Transparent heat mirrors can be used i n flat-plate collectors for solar 
heat ing a n d coo l ing of b u i l d i n g s , w i t h receivers of concentrated sunl ight 
for s o l a r / t h e r m a l / e l e c t r i c conversion, a n d o n w i n d o w s as transparent 
t h e r m a l insulat ion for energy conservation a n d for heat shields. 

T a b l e I shows a n estimate of energy savings i f heat -mirror films are 
coated on w i n d o w panes. T h e calculat ions are based o n a 90-day heat ing 
p e r i o d per year , a n average temperature difference of 20 ° C be tween 
ins ide a n d outside, a n d a 10 -mph w i n d . A s ingle glass pane w o u l d lose 
annua l ly about $2.75 w o r t h of heat per square meter. I f a heat m i r r o r 
ref lect ing 9 0 % of the thermal rad ia t i on were coated o n this s ingle glass 
pane, the heat losses w o u l d b e cut i n half . T h e heat losses w o u l d be 
equivalent to those of uncoated double-glass panes separated b y a n a i r 
gap of about two inches, as i n the s t o r m - w i n d o w conf iguration. I f doub le 
panes are used, a heat -mirror film o n the ins ide surface of the ins ide pane 
w o u l d reduce the heat loss to on ly about 9 O 0 / m 2 / y e a r . O p t i m a l per 
formance requires , i n a l l cases, p l a c i n g the heat m i r r o r on the surface 
fa c ing the ins ide of the b u i l d i n g . P lacement of the film on the ins ide 
surface of the outside pane is a l i t t le less effective, but heat -mirror films 
on the ins ide surfaces of bo th inside a n d outside panes can reduce the 
heat loss to about 6 O 0 / m 2 / y e a r . A c c o r d i n g to a s tudy p u b l i s h e d b y the 
A m e r i c a n Institute of Physics ( I ) , ca. 4 - 5 % of the nat iona l energy c o n 
s u m p t i o n is lost through the w i n d o w s i n res ident ia l a n d c o m m e r c i a l 
bu i ld ings . Transparent heat mirrors c o u l d save 1 - 2 % of the total nat iona l 
energy consumpt ion . 

Transparent heat mirrors can be d i v i d e d into three types: a m u l t i 
layer film consist ing of a m e t a l film s a n d w i c h e d be tween transparent 
d ie lectr i c layers, a s ingle- layer transparent conductor h a v i n g a contro l l ed 
concentrat ion of charge carriers, a n d a conduc t ing m i c r o g r i d . 

T h e basic p r i n c i p l e of the m u l t i l a y e r films fo l lows f r o m Kir cho fFs 
l a w . I t is w e l l k n o w n that metals have h i g h in f rared reflectivity. U n f o r -

Table I. Estimate of Savings with Heat Mirrors 
on Domestic Windows 0 

Heat Value Savings with 
Window Heat Losses $/m2/year Heat Mirror 

Single glass pane 2.75) 
H e a t m i r r o r on single pane 1.26 \ 
D o u b l e panes 1.45/ 
H e a t m i r r o r on inside pane 0.87) 
H e a t m i r r o r on outside pane 0.94 
H e a t mirrors on both panes 0.62 

1.49 

0.58 

"Based on: ΔΤ = 20°C, 10-mph wind, RiT = 0.90, 90 days heating per year, and 
40^/gal heating oil. 
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8. F A N Wavelength-Selective Surfaces 153 

0.3 0.4 0.5 0.8 1.0 2.0 3.0 

WAVELENGTH (/xm) 

Figure 4. Absorptivity of Ag, Au, and Cu 
films (each 200 A thick) vs. wavelength, cal

culated from bulk optical constants 

tunate ly they also have h i g h solar ref lectivity. I f the ir solar ref lect ivity 
c a n be suppressed a n d i f they have l o w intr ins i c absorpt iv i ty , then b y 
Ki r cho fFs l a w they w o u l d have h i g h solar transmission. F i g u r e 4 shows 
the in tr ins i c absorpt iv i ty of 200-A- th ick layers of three metals : A u , A g , 
a n d C u . B o t h A u a n d C u have too h i g h absorptance at 0.5 μχη, where the 
solar intensity is a m a x i m u m . H o w e v e r , A g has on ly a f ew percent 
absorpt iv i ty i n the who le solar spectrum; c lear ly it is the most p r o m i s i n g 
meta l . I f the A g ref lectivity i n the solar spectrum can be suppressed b y 
antireflection coatings, such as T i 0 2 , then A g shou ld i n d e e d be a good 
transparent heat mir ror . 

W e have prepared such mul t i l ayer films. F i g u r e 5 shows the meas
u r e d opt i ca l ref lectivity a n d transmission of a 180-A T i O 2 / 1 8 0 - A A g / 
180-A T i 0 2 film (2,3) deposited o n glass b y r f sputter ing . T h e transmis-

WAVELENGTH (μπ\) 

Figure 5. Measured optical transmission and reflectivity of 
a 180-A TiOt/180-A Ag/180-A TiOB film on Corning 7059 

glass 
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100 

ζ g 
CO 
CO 
s 
CO 
ζ < 
or 

.SUBSTRATE TRANSMISSION^ _ _ — — —yi 

y* ^ 95 ± 1.0 percent 

330ATi0 o 

130 A Ag 

3 3 0 A T i 0 p p ^ 

CG 7059 GLASS 
(~1 mm thick) 

_l I I—L 

100 

80 

60 

40 υ 

UJ 
_J 
L l Lu 
or 

Η 20 

0.8 1.0 2.0 

WAVELENGTH (/im) 

5.0 10.0 

Figure 6. Measured optical transmission and reflectivity of a 330-Â 
TiOt/130-A Ag/330-Λ Ti02 film on Corning 7059 glass 

s ion i n the v i s ib le increases above 8 0 % w h i c h is excel lent since the glass 
substrate itself transmits on ly 9 1 % . T h i s m u l t i l a y e r film has a very h i g h 
in f rared ref lectivity. A t 10 / i m , where the room-temperature b l a c k b o d y 
rad ia t i on peaks, the in f rared ref lectivity is 9 8 % . S u c h a m u l t i l a y e r is also 
inert to water attack a n d is stable u p to at least 200°C. T h i s m u l t i l a y e r 
film was designed for transparent thermal insulat ion of a l ow- tempera 
ture furnace; i t is i n d e e d an excellent t h e r m a l insulator for this purpose . 
H o w e v e r , it is not o p t i m a l for a solar collector. Its v i s ib l e transmission 
is h i g h , b u t its solar transmission, w h i c h has a broader wave l ength inter 
v a l , is on ly about 5 0 % . 

T h e solar transmission of such a m u l t i l a y e r film can be increased 
easi ly b y depos i t ing different thicknesses of T i 0 2 a n d A g . F i g u r e 6 shows 
the measured opt i ca l ref lectivity a n d transmission of a 330-A T i O 2 / 1 3 0 - A 
A g / 3 3 0 - Â T i 0 2 film. T h e solar transmission is m u c h larger (over 7 0 % ) , 
a n d the in f rared ref lect ivity at 10 / m i decreases to only 9 5 % . 

Signi f icant ly , this heat m i r r o r scheme can be deposited at l o w sub 
strate temperatures ( l ower than 1 0 0 ° C ) , w h i c h makes it possible to coat 
t h e m o n plastics a n d polyester films. Whereas i t w o u l d be too expensive 
to replace s tanding w i n d o w panes w i t h coated panes for t h e r m a l i n s u l a 
t i on , transparent heat mirrors depos i ted on plastics w i t h adhesive b a c k i n g 
c o u l d be used to retrofit exist ing w i n d o w s . W e have succeeded i n depos
i t i n g T i 0 2 / A g / T i 0 2 o n M y l a r , L e x a n , K a p t o n , a n d F E P Tef lon. F i g u r e 7 
shows the v i s ib le transparency of bare M y l a r a n d of M y l a r coated w i t h a 
T i 0 2 / A g / T i 0 2 composite. T h e b lack letters are o n the back side of the 
m y l a r . W e do not unders tand the y e l l o w t int of the coated film; the same 
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8. F A N Wavelength-Selective Surfaces 155 

Figure 7. Photographs of bare Mylar and of Mylar coated with a 330-Â Ti02/ 
130-À Ag/330-À TiOt film 

coat ing o n glass is clear (see F i g u r e 8 ) . H o w e v e r , for w i n d o w coatings 
the sl ight t int is not detr imental . 

Whereas the above films require mult i layers of contro l led thickness, 
transparent-conductor films m a y be made of a single layer whose t h i c k 
ness is not c r i t i ca l . O f several mater ia l candidates, Sn -doped l n 2 0 3 films 
have the best wavelength-select ive properties (4). F i g u r e 9 shows the 
opt i ca l transmission a n d ref lectivity of a Sn-doped l n 2 0 3 film. T h e solar 
spec trum a n d the b l a c k b o d y rad iat ion of a heated absorber at 600° Κ are 
also shown. T h e Sn-doped film transmits about 8 5 % of the solar energy, 
a n d it reflects about 9 0 % of the thermal rad iat ion emit ted b y the heated 

Figure 8. Photographs of a bare glass substrate (Corning 7059 glass) and of a 
similar glass substrate coated with a 330-Â TiOg/130-À Ag/330-Â Ti02 film 
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156 SOLID S T A T E C H E M I S T R Y 

WAVELENGTH (itm) 

Figure 9. Measured optical transmission and reflectivity of a 0.35-μm-
thick Sn-doped In«Os film coated on a Corning 7059 glass substrate. 
The spectra for solar radiation of air mass 2 and for the radiation from 

a blackbody at 600°Κ are also shown. 

body . I n add i t i on , the film itself has very l o w intr ins i c absorpt ion i n the 
solar spectrum. T h e transmission losses are caused most ly b y reflection 
losses, w h i c h can be suppressed b y antireflection coatings. 

F i g u r e 10 shows the op t i ca l transmission of an Sn -doped l n 2 0 3 film 
before a n d after i t was coated w i t h a 1000-A-thick M g F 2 antiref lection 
coat ing . T h e solar transmission, as expected, increased f r om 8 5 % to 9 0 % 
w i t h o u t any change i n the in f rared ref lectivity. Sn -doped l n 2 0 3 films 
coated w i t h M g F 2 are also stable i n air u p to at least 300°C for 50 hours. 
These coatings c o u l d be used as transparent t h e r m a l insulators for ovens 
or furnaces. There is, however , a d r a w b a c k i n this mater ia l system. 
Sn -doped l n 2 0 3 films of good wavelength-select ive properties have been 
deposi ted only at e levated substrate temperatures (above 4 0 0 ° C ) ; i t is 
therefore not yet possible to deposit o n plastics such films w i t h good 
selective properties. 

F i g u r e 11 i l lustrates the p r i n c i p l e of the t h i r d type of transparent 
heat mirror . It was suggested a f ew years ago b y H o r w i t z (5 ) that 
selective surfaces c o u l d be fabr i cated b y e tch ing a m e t a l sheet to create 
openings of the proper size ( ca . 2.5/xm) to a l l ow solar rad ia t i on w i t h 
wavelengths < 2.5 /xm to pass through b u t not in f rared rad ia t i on of 
wavelengths m u c h larger than 2.5 /xm. T h e who le idea depends, of course, 
o n the w i d t h of the meta l l i c fines. I f the fines are too narrow, the in f rared 
r a d i a t i o n is not reflected, a n d the wavelength-select ive property d i sap 
pears. T h e l i n e w i d t h effect can be est imated f r om the reflection coeffi
cient for a w i r e mesh ( 6 ) : 
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8. F A N Wavelength-Selective Surfaces 157 
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Figure 10. Measured optical transmission of a 0.35-
μm-thick Sn-doped IntOs film on Corning 7059 ghss 
before and after it was coated with a 1000-Â-thick 

MgFg antireflection coating 

Ω = |Λ| exp {ιφ) — {1 + (^fc/cos β) (1 - i s i n 2 θ) }"2 

where R is the ref lectivity, η = In (α/2πτ), k = 2ττ/λ, a n d θ is the angle 
of inc idence . T h i s equat ion is based on the assumption that the meta l is 
a perfect conductor at a l l frequencies. W i t h a n opaque meta l , solar trans
miss ion of 8 5 % requires a meta l l i n e w i d t h of 0.2/xm. S u c h a n a r r o w 
l i n e w i d t h w o u l d drop the i n f r a r e d ref lectivity f r om 1 0 0 % to 7 0 % , w h i c h 
is unsatisfactory. H o w e v e r , w i t h a transparent meta l that a lready has a 
solar transmission of 8 5 % the transmission can be increased to 9 5 % b y 
h a v i n g a l i n e w i d t h of 0.6/xm. S u c h a l i n e w i d t h w o u l d decrease the 
in f rared ref lectivity of a perfect conductor b y only about 1.5%. T h i s 
ca l cu lat ion shows that the m i c r o g r i d technique w o u l d be p r a c t i c a l on ly 
for transparent conductors . W e have fabr i cated such m i c r o g l i a s f r o m 
Sn-doped l n 2 0 3 films ( 7 ) , w h i c h are transparent a n d qui te conduct ing 
[dc conduct iv i ty is about 10 4 ( Ω - c m ) " 1 ] . 

α = 2.5/xm 

Figure 11. Schematic of 
a wire-mesh structure 
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S O L I D S T A T E C H E M I S T R Y 

Figure 12. Scanning electron micrograph of 
microgrid fabricated from a Sn-doped lntOs 

film 

UNETCHED 

0.2 0.3 0.5 1.0 2.0 3.0 

WAVELENGTH (/im) 

Figure 13. Measured optical transmission and reflec
tivity of a 0.35-μm-thick Sn-doped IngOs film on Corn
ing 7059 glass before etching (solid lines) and after 
etching (dashed lines) to form a conducting microgrid 
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8. F A N Wavelength-Selective Surfaces 159 

F i g u r e 12 shows a scanning electron m i c r o g r a p h of such a c o n d u c t i n g 
m i c r o g r i d fabr i cated b y photo l i thography a n d c h e m i c a l e tching . T h e 
openings are ca. 2.5 /xm across; the lines are ca. 0.6 /xm w i d e . 

F i g u r e 13 shows the opt i ca l transmission a n d ref lect ivity of a n S n -
doped l n 2 0 3 film before a n d after a m i c r o g r i d has been etched i n the 
film. Before e t ch ing the solar transmission is ca. 8 0 % ; i t increases to 
9 0 % after etching. T h e in f rared ref lectivity at 10 /xm, however , decreases 
f r o m 9 1 % to 8 3 % . A l t h o u g h the decrease is larger t h a n the 1.5% c a l c u 
lated for perfect conductors, it is s t i l l m u c h smaller than the percentage 
area of Sn -doped l n 2 0 3 removed , w h i c h is about 6 5 % . Therefore , the 
basic p r inc ip l e is conf irmed, a n d the decrease i n in f rared ref lectivity c o u l d 
be reduced b y us ing a film w i t h h igher conduct iv i ty . T h e m i c r o g r i d tech
n i q u e is just deve lop ing ; i t promises to give transparent heat mirrors w i t h 
excellent selective properties. H o w e v e r , the cost of fabr i cat ion is 
troublesome. 

Selective-Black Absorbers 

Select ive-black absorbers can also be obta ined i n three ways , ( a ) A 
t h i n film that absorbs solar rad ia t i on b u t is transparent to in f rared r a d i a 
t i on m a y be coated on a meta l base. T h e h i g h in f rared ref lectivity of 
the base provides the l o w in f rared emissivity . ( b ) A n opaque m e t a l or 
c o m p o u n d h a v i n g a h i g h in f rared ref lectivity b u t a l o w solar reflec
t i v i t y m a y have its solar absorpt ion enhanced b y antireflection coatings 
that further suppress the solar reflectivity. ( c ) W i r e mesh m a y be f a b r i 
cated to have a spec ia l morpho logy that traps the solar rad iat ion b u t not 
the in frared . I a m concentrat ing on the first approach , par t ly because 
our o w n efforts have been on selectively absorb ing films o n m e t a l a n d 
p a r t l y because the best k n o w n selective-black surfaces are of this type . 

T h e most p o p u l a r selective-black absorber for low-temperature oper
at ion is " C r - b l a c k , " sometimes referred to as "b lack chrome." C r - b l a c k is 
presently deposited o n meta l sheets b y e lectroplat ing . F i g u r e 14 shows 
the opt i ca l reflectivities of two C r - b l a c k coatings. O n e w e e lectroplated 
o n C u , the other M a r et a l . (8 ) e lectroplated o n N i . T h e coat ing o n C u 
has excellent selective propert ies : a solar absorpt iv i ty of 9 4 % a n d a n 
in f rared emissivity of 4 % . T h e C r - b l a c k on N i also has h i g h solar absorp
t iv i ty , ca. 9 4 % , but its in frared emissivity is 1 2 % . 

Unfor tunate ly the opt i ca l properties of C r - b l a c k o n C u degrade at 
operat ing temperatures above 200°C i n air . H o w e v e r , C r - b l a c k on N i is 
stable u p to 300°C. 

W e are n o w invest igat ing the basic properties of C r - b l a c k absorbers, 
w h i c h are not yet w e l l understood. O u r i n i t i a l x -ray di f fract ion results 
suggest that the mater ia l is poss ib ly a cermet consist ing of po lycrys ta l l ine 
C r 2 0 3 a n d amorphous C r . If this is the case, the opt i ca l properties m a y 
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160 S O L I D S T A T E C H E M I S T R Y 

1 0 0 1 

WAVELENGTH (μπ\) 

Figure 14. Measured optical reflectivity of Cr-black 
coated on Cu and Ni 

be affected b y crysta l l i zat ion of the amorphous c h r o m i u m at e levated 
temperatures. I n add i t i on , at 350°C C r oxidizes i n a i r . T o c i r cumvent 
these problems, w e are s t u d y i n g a cermet system M g O / A u ( 9 ) , i n w h i c h 
the meta l , A u , is not amorphous a n d does not oxidize . 

F i g u r e 15 shows the transmission-electron-microscope results for a 
M g O / A u film. T h e electron-di f fract ion r i n g patterns b e l o n g to M g O a n d 
A u , i n d i c a t i n g that b o t h are crystal l ine . T h e A u a n d M g O crystall ites 

Figure 15. Transmission electron reflectivity of a 1500-Â-ihick MgO/Au cer
met film 
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8. F A N Wavelength-Selective Surfaces 161 

are b o t h smal ler than 200 A , as is s h o w n b y the m i c r o g r a p h o n the right 
side of the figure. 

W e have f o u n d that M g O / A u cermet films deposited b y r f suptter ing 
o n meta l l i c substrates are excellent selective-black absorbers. F i g u r e 16 
shows the op t i ca l ref lect ivity of a 1500-A-thick M g O / A u film coated o n 
M o . ( T h e mater ia l cost of films of this thickness is very s m a l l ) . T h e 
as -grown surface has a solar absorpt iv i ty of 9 3 % a n d a n in f rared emis
s iv i ty of 9 % . A f t e r this absorber was heated i n a ir at 400°C for 64 hours , 
the emiss iv i ty a n d solar absorpt iv i ty were essentally the same, i n d i c a t i n g 
that such a n absorber is qui te stable at 400°C. A t 500°C, the M g O / A u 
absorber begins to degrade. I n part i cu lar , the solar absorpt iv i ty de
creases w h i l e the in f rared ref lect ivity does not change. E x a m i n a t i o n of 
degraded films w i t h a s canning electron microscope indicates that degra 
dat ion takes p lace b y crack f ormat ion a n d subsequent surface aggrega
t ion . A better m a t c h between thermal expansion coefficients of different 
layers m a y stop the degradat ion at 500°C. 

U n l i k e C r - b l a c k , w h i c h is e lectroplated onto a meta l , M g O / A u can 
be deposited on transparent substrates for measurement of its op t i ca l 
constants. F i g u r e 17 shows the absorpt ion coefficient vs. w a v e l e n g t h for 
a n M g O / A u film ( 1 0 ) . T h i s curve was obta ined f r o m measured reflec
t i v i t y a n d transmission spectra. O n passing f r om v i s ib l e to i n f r a r e d 
wavelengths the absorpt ion coefficient decreases. W i t h the film t h i c k 
ness used the cermet is essentially transparent i n the in f rared , a n d the 

100| I 

0.2 0.5 1.0 2.0 5.0 10.0 20.0 

WAVELENGTH (/xm) 

Figure 16. Measured optical micrograph of a 500-Â-thick MgO/ 
Au film coated on Mo 
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Figure 17. Absorption coefficient vs. 
wavelength for an MgO/Au film 

l o w in f rared emiss iv i ty of the M g O / A u absorber is p r o v i d e d b y the 
ref lect ivity of its meta l base. M o r e o v e r the solar absorpt ion coefficient 
is h i g h , a n d the film absorbs essentially a l l the solar rad ia t i on . These 
experiments suggest that C r - b l a c k s most p r o b a b l y have s imi lar op t i ca l 
propert ies . 

T a b l e I I summarizes the selective properties of some of our coatings. 
T h e a a n d c for select ive-black absorbers as w e l l as aefi a n d ceff for trans
parent heat mirrors are def ined i n the A p p e n d i x to this chapter. 

I n conclus ion, wavelength-select ive surfaces have important a p p l i 
cations i n solar-energy co l lec t ion a n d energy conservation. B o t h trans
parent heat mirrors a n d select ive-black absorbers present cha l l eng ing 
m a t e r i a l requirements . A l t h o u g h several wevelength-select ive films have 
been developed, materials research i n this area continues to be of interest. 

Table II. Solar Selective Coatings 0 

«/« 
or 

Coating a Or aeff £ Or teff aeff/ Uff 

B l a c k chrome on N i 0.94 0.12 7.8 
B l a c k chrome on C u 0.94 0.04 23.5 
B l a c k M g O / A u on M o 0.93 0.09 10.3 
Sn-doped Ιη2(>3 0.85 0.08 10.6 
Sn-doped I n 2 O 3 / 1 0 0 0 A M g F 2 0.90 0.08 11.3 
330 À / 1 3 0 A / 3 3 0 Â ) 
T i 0 3 A g T i 0 2 S 0.72 0.05 14.4 

"Based on spectrum weightings for solar air mass of 2 and 121°C (250°F) black-
body. 
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8. F A N Wavelength-Selective Surfaces 163 

Appendix 

F o r selective b l a c k absorbers the solar absorpt iv i ty a a n d the i n f r a 
r e d emissivity c are defined as 

χ 
2.5 μπα 

[1 -R(\)]Am(\)dk 
0.25 Mm 

2.5 nm 
Am(k)d\ 

0.25 Mm 

100 Mm 
[1 -R(k)]WB(TB^)dk 

1 Mm 
100 Mm 

WB(TB,\)d\ 
1 Mm 

where Am(\) is the solar rad ia t i on spectrum of air mass 2, W B ( T B , X ) is 
the b l a c k b o d y rad ia t i on spec trum for a temperature T B , a n d Η ( λ ) is the 
ref lect ivity of the selective absorber at wave length λ. F o r transparent 
heat mirrors w e define two parameters aett a n d ceff that are analogous to 
a a n d c for selective absorbers: 

f 
« / o . i 

*2.5μιη 
Tr(\)Am(k)d\ 

f 0.25Mm 
«ef f = ρ 2.5 Mm 

/ i4m(A)dA 
J 0.Î 

«eff : 

25 Mm 

100 Mm 

[1 -RM)WB(TB,k)d\ 
1 Mm 

/% 100 Mm 
/ WB(TB,k)dk 

J l M m 

where Tr(\) a n d R(\) are the transmission a n d ref lect ivity of the heat 
m i r r o r at wave l ength λ. W h e r e T r ( A ) is the transmission of a film-sub
strate composite, the expression for a eff is d i v i d e d b y the integrated solar 
transmission of the substrate. 

These definitions of a e f f a n d ceff assume that the heat m i r r o r is used 
i n conjunct ion w i t h a perfect (i .e. , b l a c k ) absorber w h i c h absorbs a l l the 
solar rad ia t i on transmitted b y the heat m i r r o r a n d also the in f rared r a d i a 
t ion reflected b y the heat mi r ro r . 
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9 

Thermodynamic Studies of Some Electrode 
Materials 

P. G. DICKENS 

Inorganic Chemistry Laboratory, Oxford University, Oxford QX1 3QR, England 

The thermochemistry of a class of ternary oxide phases, the 
"oxide bronzes," AxMOn, is investigated. In this formulation 
MOn is the highest oxide of a transition metal M = W, Mo, 
or V ; A is some other electropositive inclusion element such 
as Νa, K, or H; and x is a variable 0 < x < 1. The mate
rials chosen for study are chemically inert towards nonoxi
dizing acid media and are good electronic conductors; some 
have previously been examined as potential fuel cell elec
trodes. Enthalpies of formation of a range of tungsten, 
molybdenum, and vanadium oxide bronzes are determined. 
The thermodynamic stability of these materials towards 
oxidation and disproportionation is examined, and their 
electrochemical characteristics are discussed. 

he materials re ferred to i n the t it le are restr icted to the "oxide 
A bronzes" (1, 2) Α^ΜΟ,», a class of ternary oxide phases d e r i v e d for

m a l l y b y the insert ion of a n electroposit ive element A into the oxide 
matr ix M O n of a transit ion m e t a l M . C o m m o n examples of parent oxides 
M O n w h i c h f o r m oxide bronzes, a n d o n w h i c h spec ia l attention is focused 
here, are W 0 3 , M o O s , a n d V 2 0 8 . T h e insert ion element A is t y p i c a l l y a n 
a l k a l i meta l , b u t analogous compounds Η * Μ Ο Λ are f o rmed b y hydrogen , 
a n d these too are of current interest (3, 4). T h e observed electronic 
properties of the a l k a l i meta l oxide bronzes suggest ( I ) that the insert ion 
element A is present as a cat ion, a n d the average ox idat ion state of M is 
l o w e r e d accord ing ly to < 2n. Consequent ly A J M O n behaves as a n elec
t ronic conductor , [Ax*MOn(ex)]y e ither meta l l i c as i n the case of N a ^ W O e 
(χ > 0.3) or semiconduct ing , as for example w i t h β-ΝΆχΥ206. C h e m i 
c a l l y the a l k a l i m e t a l oxide bronzes t end to be rather inert , p a r t i c u l a r l y i n 
the case of AxW03, a n d resistant to attack b y non -ox id i z ing acids. T h e 
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166 SOLID S T A T E C H E M I S T R Y 

combinat i on of meta l l i c conduct iv i ty a n d chemica l inertness has s t i m u 
lated interest i n these materials as potent ia l f u e l c e l l electrodes ( 5 ) . 

I n A a , M O n the propor t i on χ of the inserted element m a y v a r y con 
t inuous ly over a w i d e range 0 < χ < 1, a n d large deviations f r o m c lassi 
c a l sto ichiometr ic ratios occur. F o r example , i n the w e l l k n o w n c u b i c 
s o d i u m tungsten bronzes N a a . W 0 3 a single phase exists over the range 
0.37 ^ χ ^ 0.95, w h i c h m a y be regarded as a so l id so lut ion of N a i n the 
W 0 3 matr ix . P r o v i d e d that the process of d isso lut ion of the insert ion 
element is sufficiently r a p i d a n d the range of homogenei ty is sufficiently 
large, such non-sto ichiometr ic solids c o u l d func t i on as so l id -so lut ion elec
trodes i n appropr iate e lectrochemical cells ac t ing , for example, as battery 
cathodes. I n v i e w of this i t is c lear ly desirable that quant i ta t ive thermo
d y n a m i c data for such materials be avai lable . P r i o r to 1970 no p u b l i s h e d 
t h e r m o d y n a m i c data for any oxide bronze system existed. T h e object of 
this paper is to present a n d analyze the t h e r m o d y n a m i c data for some 
oxide bronze phases of v a n a d i u m , m o l y b d e n u m , a n d tungsten obta ined 
recent ly b y the author a n d co-workers i n O x f o r d ( 2 ) . B a c k g r o u n d for 
this s tudy is p r o v i d e d b y a br ie f account of the m a i n s t ructura l features 
of the phases examined. 

(a) 

w 

Β 
\>—j 

ο 
X 

(c) Ce) 

Figure 1. (a) The single ReOs chain, (b) perovs-
kite structure, and (c) projection along chain axis 
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9. D I C K E N S Thermodynamic Studies 167 

Figure 2. (a) Hexagonal ATWOs structure, and (b) Tetragonal (I) AxWOs 

structure 

Structures of Oxide Bronzes (2) 

I n At fMOn the transit ion meta l M is usua l ly i n a h i g h ox idat ion state 
a n d has a smal l crystal radius . It exerts strong d i rec t i ona l b o n d i n g effects 
o n its nearest neighbors i n the crystal . A c c o r d i n g l y t u n n e l a n d layer 
structures occur , consist ing of l i n k e d po lyhedra . S u c h s tructura l types 
can accommodate a large v a r i a t i o n of A content either i n interstices or 
be tween layers. T h e c o m m o n structura l u n i t of the bronze - f o rming parent 
oxides is the M O e octahedron w h i c h is essentially regular i n W 0 3 a n d 
M 0 O 3 b u t severely de formed i n V 2 0 5 . T h e bronzes often possess struc
tures closely re lated to the parent oxide, a n d these can be descr ibed i n 
terms of the arrangement of a few s imple groups of octahedra as i l l u s 
t rated i n F igures 1 a n d 2. 

Tungsten Bronzes. A l l the k n o w n tungsten bronze structures con
t a i n a three-d imensional t u n n e l f ramework of the host latt ice , of s to i ch i -
ometry W 0 3 , consisting of s ingle R e 0 3 chains ( F i g u r e 1) w h i c h share 
a l l equator ia l vertices w i t h f our other chains. I d e a l i z e d projections of 
the tungsten-bronze structures are s h o w n i n F i g u r e s 1 a n d 2. A atoms 
o c cupy t u n n e l sites l eve l w i t h the a p i c a l oxygen atoms. C o m p l e t e filling 
of the tunnels i n a l l cases corresponds to the compos i t ion A M 0 3 . T h e 
hexagonal tungsten bronze structure ( F i g u r e 2) is f o u n d i n tungsten 
bronzes w i t h the largest insert ion ions K , R b , C s , TÏÏ, I n , a n d N H 4 . I n 
this structure on ly the s ix-s ided tunnels are occup ied , a n d the m a x i m u m 
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168 S O L I D S T A T E C H E M I S T R Y 

compos i t ion corresponds to A0.33WO3. T h e tetragonal tungsten bronze 
structure ( T i ) shown i n F i g u r e 2 contains three types of t u n n e l : t r i a n g u 
lar ( T ) , square ( S ) , a n d pentagonal ( P ) . C o m p l e t e filling of a l l the 
tunnels corresponds to ( T ) 0 . 4 ( S ) 0 . 2 ( P ) o . 4 W 0 3 . I n the tungsten bronzes 
on ly S a n d Ρ tunnels are occup ied , a n d the structure is f o u n d for A ions 
of m e d i u m size. E x a m p l e s are N a ^ W O a ( 0 . 2 1 ^ x ^ 0 . 3 5 ) , K ^ W O g 
(0.40 ^ χ ^ 0.59). D i s t o r t e d perovsldte structures ( F i g u r e 1) are f o u n d 
i n m a n y tungsten bronzes at l o w χ values. A s the χ content increases, a 
progressive trans i t ion occurs f r o m a latt ice of l o w symmetry to one of 
h i g h e r symmetry , a n d for cer ta in systems a c u b i c phase is reached (e.g., 
N a ^ W O g is c u b i c for 0.37 ^ χ ^ 0.95). Distort ions of the W 0 3 f rame
w o r k occur i n the ac tua l structures, a n d i n the case of the cub i c h y d r o g e n 
tungsten bronze H a , W 0 3 the hydrogen a tom is d i sp laced f r o m the i d e a l 
perovsldte site a n d is r a n d o m l y attached to oxygen atoms as h y d r o x y l 
groups; i.e., this c o m p o u n d is more correct ly f o rmulated as W 0 3 . , ( O H ) i ) 

(4). 
Molybdenum Bronzes. M o 0 3 itself has a layer structure. T h e layers 

consist of double R e 0 3 chains sharing edges i n the staggered manner 
s h o w n i n F i g u r e 3. T h e basic f ramework p r o b a b l y survives intact i n the 
h y d r o g e n m o l y b d e n u m bronze Η * Μ ο 0 3 i n w h i c h i t is suggested (6 ) 
that Η atoms are inserted as h y d r o x y l groups between layers. T h e 
cathodic battery m a t e r i a l L i ^ M o O s m a y also be c losely re lated struc
t u r a l l y to the parent oxide. I n contrast, the w e l l character ized m o l y b 
d e n u m bronzes, r e d K0.33M0O3 a n d b l u e Κ * Μ ο 0 3 ( 0 . 2 8 ^ x ^ 0 . 3 0 ) 
have structures d e r i v e d f r o m oc tahedra l clusters, s imi lar to the finite 

Figure 3. (a) The double ReOs chain, (b) projection along chain axis, 
and (c) MoOs layer structure 
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9. D I C K E N S Thermodynamic Studies 169 

( b ) 

Figure 4. (a) Six-unit cluster in red K0 ssMoOs, (b) projec
tion, and (c) red K0 ssMoOs structure 

po lynuc lear groups of the i sopo lymolybdate anions. T h e r e d K0.33M0O8 

phase contains a cluster of six octahedra s h o w n i n F i g u r e 4. T h i s c luster 
of compos i t ion M o 6 0 2 2 forms inf inite r ibbons i n the ver t i ca l d i rec t i on b y 
vertex sharing w i t h s imi lar units . T h e r ibbons then share further vertices 
hor i zonta l l y to f o r m infinite two -d imens iona l sheets ( F i g u r e 4 ) . T h e 
potass ium ions complete ly occupy positions of i r regular e ight fo ld coord i 
nat i on a n d b o n d the layers together. T h i s c o m p o u n d has a theoret ical 
compos i t ion l i m i t of K0.33M0O3. B l u e K * M o 0 3 ( 0 . 2 8 ^ x ^ 0 . 3 0 ) con 
tains a different cluster consist ing of 10 edge-shared oc tahedra ( Μ θ ι 0 Ο 3 0 ) 
w h i c h connect w i t h s imi lar groups to f o r m the layer structure s h o w n i n 
F i g u r e 5. T h e potass ium ions again o c cupy sites between the layers 
w h i c h are f u l l y o c cup ied at χ = 0.30. T h e structure of a l i t h i u m m o l y b 
d e n u m bronze L i J M o O s ( 0 . 3 1 ^ x ^ 0 . 3 9 ) , p r e p a r e d at h i g h tempera 
tures ( 8 ) , has not been determined , b u t the latt ice parameters suggest 
that i t too consists of octahedral clusters. T h e oxygen-deficient m o l y b 
d e n u m bronze N a M o 6 O i 7 has a d istorted perovsldte structure. 

Vanadium Bronzes. T h e i d e a l i z e d V 2 0 5 structure ( F i g u r e 6 ) can 
be generated b y l i n k i n g together single oc tahedral ribbons f o r m e d b y 
shearing two R e 0 3 chains together a long c o m m o n octahedral edges. 
E a c h ribbon connects v i a its free vertices to four s imi lar r ibbons . I n the 
ac tua l structure considerable d istort ion f r o m this s imple representation 
occurs; the coord inat ion is closer to fivefold ( t r i gona l p y r a m i d a l ) , a n d the 
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170 S O L I D S T A T E C H E M I S T R Y 

( b ) 

Figure 5. (a) Ten unit cluster in blue K0 s0MoOs, (b) projec
tion, and (c) blue K0 S0MoOs structure 

Figure 6. (a) The single octahedral ribbon, (b) projection, (c) V . 0 5 

structure (idealized) represented as octahedra, and (d) represented as 
bipyramids 

c o m p o u n d has a layer structure rather than a t u n n e l structure ( F i g u r e 6 ) . 
O n e v a n a d i u m bronze structure, the α-phase, is based on this structure. 
I t is f o u n d for s m a l l concentrations of A atoms, e.g. N a a , V 2 0 5 ( 0 < χ ^ 
0.02) where the inter - layer sites of a more symmetr i ca l V 2 0 5 latt ice are 
occupied . T h e a ' - N a x V 2 0 5 phase (0.70 ^ χ ^ 1) has a s imi lar structure. 
L o w temperature cathodic materials based on V 2 0 5 a n d a l k a l i m e t a l 
insert ion (7) are p r o b a b l y of this type. T h e / ? - N a a . V 2 0 5 structure (0.22 
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9 . D I C K E N S Thermodynamic Studies 1 7 1 

^ χ ^ 0 . 4 0 ) contains i r regu lar ly shaped tunnels enclosed b y b o t h doub le 
(essential ly octahedral ) a n d single ( t r i gona l b i p y r a m i d a l ) ribbons ( F i g 
ure 7 ) . T h e s o d i u m atoms i n the β-phase o c cupy the t u n n e l sites M i , b u t 
the p r o x i m i t y of ne ighbor ing sites prohib i ts the ir s imultaneous o c cupa 
t ion . T h e u p p e r compos i t ion l eve l is χ = 0 . 3 3 corresponding to a z ig - zag 
arrangement of the A ions d o w n the tunne l . T h e extra pos i t i on M 2 a n d 
M 3 m a y be o c c u p i e d b y smal ler insert ion elements, e.g. i n jS ' -L i^V^Oe 
( 0 . 4 4 ^ χ ^ 0 . 4 9 ) a n d J 9 - C U * V 2 O B ( 0 . 2 6 ^ χ < 0 . 6 4 ) . 

Experimental Section 

Materials. T h e oxide bronze phases used i n the ca lor imetr i c studies 
were made b y s tandard methods ( 9 ) . S o d i u m tungsten a n d v a n a d i u m 
bronzes were prepared b y so l id state reactions a n d the sod ium a n d 
potass ium m o l y b d e n u m bronzes b y electrolysis of the appropr iate m o l y b -
date a n d oxide melts. T h e hydrogen tungsten bronze phases were m a d e 
( 3 ) b y chemica l reduct ion of W 0 3 b y z i n c a n d hydroch lo r i c ac id . A 
hydrogen m o l y b d e n u m bronze H0.30M0O3 was prepared b y a sealed tube 
react ion between M o , M 0 O 3 , a n d water ( J O ) . A l l products were charac
ter ized as single pure phases b y x-ray di f fract ion, a n d their composit ions 
were conf irmed b y chemica l analysis. 

Calorimetry. E n t h a l p i e s of so lut ion w e r e measured w i t h a n L K B 
8 7 0 0 constant environment solut ion calor imeter operated at 2 5 °C. E x 
p e r i m e n t a l details have been g iven elsewhere (11 ). T h e react ion m e d i u m 
p r i n c i p a l l y used was a lka l ine hexacyanoferrate ( I I I ) i n w h i c h a l l the oxide 
bronze phases dissolved fa i r l y r a p i d l y ( < 2 0 m i n ) . O t h e r o x i d i z i n g reac-

(b) f c ) 

Figure 7. (a) The double octahedral ribbon, (b) projection along chain 
length, and (c) fi-NaxVtOs structure 
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172 S O L I D S T A T E C H E M I S T R Y 

T a b l e I. C a l o r i m e t r i c 

Reaction' 

1. H 0 . s o M o 0 3 ( s ) + 2.30H"(sol) + 0 . 3 F e ( C N ) e
3 - ( s o l ) = 

2. 0 . 3 K 3 F e ( C N ) e ( s ) = 
3. 5 4 . 8 4 1 H 2 0 ( 1 ) — 
4. 0 . 3 K C l ( s ) = 
5. M o 0 3 ( s ) + 2 0 H - ( s o l ) = 
6. 0 . 3 K 4 F e ( C N ) e · 3 H 2 0 ( s ) = 
7. 0 . 3 [ H C 1 , 179 .80H 2 O] (1) + 0 .3OH-(so l ) = 
8. H 0 . 3 M o O 3 ( s ) + 0 . 3 K 3 F e ( C N ) e ( s ) + 5 4 . 8 4 1 H 2 0 ( 1 ) + 0 . 3 K C l ( s ) = 

0 .15H s ( g ) + M o 0 3 ( s ) = 
' (sol) means dissolved in solvent of composition [15.73 K 3 F e ( C N ) e , 923.0 K O H , 

14370 H 2 0 ] . 

t i o n m e d i a w e r e used occasional ly for confirmatory purposes. T h e entha l 
pies of f o rmat ion for oxide bronzes of V ( I I , 12), M o (14), a n d W (3 , 
14) were de termined b y u s i n g appropr iate thermochemica l cycles; a 
t y p i c a l cyc le used b y J . J . B i r t i l l i n current w o r k for the determinat ion of 
the entha lpy of f o rmat ion of H 0 . 3 M o O 3 is s h o w n i n T a b l e I . 

Results 

M e a s u r e d enthalpy changes ( 2 9 8 ° K ) are s u m m a r i z e d i n T a b l e I I 
for the f o l l o w i n g react ions: 

F o r m a t i o n , Δ ί ί ι 
x N a ( s ) + W 0 3 ( s ) — N a * W 0 3 ( s ) 
x / 2 H 2 ( g ) + M 0 3 ( s ) = H * M 0 3 ( s ) ( M = M o , W ) 

( 1 ) x A ( s ) + V 2 0 5 ( s ) = / ? - A * V 2 O e ( s ) ( A = N a , A g ) 
x K ( s ) + M o 0 3 ( s ) = K * M o 0 3 ( s ) 
0.17 N a ( s ) + M o 0 2 . 8 3 ( s ) = N a 0 . i 7 M o O 2 . 8 3 ( s ) 

O x i d a t i o n , ΔΗ2 

2 / * N a * W 0 3 ( s ) + i 0 2 ( g ) = N a 2 W 0 4 ( s ) + ( 2 - i ) / i W 0 3 ( s ) 
2 / x H I M O s ( s ) + i O , ( g ) = H 2 0 ( 1 ) + 2 / x M 0 3 ( s ) 

( M = M o , W ) 
(2 ) 2 / x A I V 2 0 6 ( s ) + i02(g) - 2 A V 0 3 ( s ) + ( 2 - x)/x V 2 O b ( S ) 

2 / x K I M o 0 3 ( s ) + i02(g) = K 2 M o 0 4 ( s ) + ( 2 - * ) / x M o 0 3 ( s ) 
2 / 3 N a M o e 0 1 7 ( s ) + i 0 2 ( g ) = 1 /3 N a 2 M o 0 4 ( s ) + 1 1 / 3 M o 0 3 ( s ) 

D i spropor t i onat i on , Δ Η 3 

l / x N a * W 0 3 ( s ) = i N a 2 W 0 4 ( s ) + (1 - * ) / x W 0 3 ( s ) + i W 0 2 ( s ) 
1/x H * M O s ( s ) = iH20(1) - f ( 2 - x)/2xMOs(s) + \ M 0 2 ( s ) 

( M = M o , W ) 
(3 ) l / x A , V 2 0 5 ( s ) = A V 0 3 ( s ) + ( 1 - I ) / I V 2 O s ( S ) + V 0 2 ( s ) 

l / x K . M o O a i s ) = i K 2 M o 0 4 ( s ) + ( 1 - x ) / x M o 0 3 ( s ) + 
\ M o 0 2 ( s ) 

N a M o e 0 1 7 ( s ) = i N a 2 M o 0 4 ( s ) + 4 M o Q 3 ( s ) + 3 / 2 M o 0 2 ( s ) 
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9. D I C K E N S Thermodynamic Studies 173 

Reaction Scheme for H 0 3 0 M 0 O 3 

ΔΗ298<>κ/Μ mol' 

1 . 3 H 2 0 ( s o l ) + M o 0 4
2 - ( s o l ) + 0 . 3 F e ( C N ) e

4 - - 1 2 1 . 0 ± 1.0 
0 .9K + ( so l ) + 0 . 3 F e ( C N ) 6

3 - ( s o l ) 13.11 ± 0.20 
5 4 . 8 4 1 H 2 0 (sol) - 4 . 0 9 ± 0.05 
0 .3K + ( so l ) +0 .301" (sol) 4.47 db 0.01 
M o 0 4

2 - ( s o l ) + H 2 0 ( s o l ) - 8 3 . 5 0 ± 0.30 
1 .2K + (so l ) + 0 . 3 F e ( C N ) 6

4 - ( s o l ) + 0 . 9 H 2 O ( s o l ) 13.86 ± 0.10 
0.3Cl"(sol ) + 5 4 . 2 4 1 H 2 0 ( s o l ) - 2 3 . 5 4 ± 0.07 
M o 0 3 ( s ) + 0 . 3 K 4 F e ( C N ) 6 • 3 H 2 0 ( s ) 

+ 0 . 3 [ H C 1 , 1 7 9 . 8 0 5 H 2 O ] ( l ) 
AH1 + AH2 + Δ # 3 + Δ # 4 - Δ # 5 - Δ # β - ΔΗΊ - 1 4 . 3 ± 1.1 
H 0 . 3 M o O 3 ( s ) - 1 2 . 1 ± 2 . 0 * 

6 Calculated from Ai /g and standard enthalpy data given in Ref. 8. 

Values of l/χΔΗχ, the molar entha lpy of so lut ion of A ( s ) in to M O B ( s ) , 
are g iven i n T a b l e I I ( c o l u m n 2 ) . [ F o r ^ - N a a r V 2 0 5 a n d A & 0 V 2 O 5 , Δ ί / Ν α , 
the p a r t i a l mo lar enthalpy of so lut ion of A ' ( s ) into M O n ( s ) was deter
m i n e d a n d is tabulated here.] 

Discussion 

Formation of Oxide Bronzes. I n a l l the examples g iven i n T a b l e I I 
the f ormat ion react ion xA (s or g ) + M O n ( s ) = A a . M O „ ( s ) is exother
mi c . F o r format ion reactions i n w h i c h on ly so l id phases are i n v o l v e d , 
entropy changes are smal l , a n d free energies of react ion A G are approx i 
m a t e d b y the measured enthalpy changes Δ Η . Consequent ly , the corre
spond ing oxide bronze phases A ^ M O n are a l l thermodynamica l l y stable 
w i t h respect to the components A ( s ) a n d M O n ( s ) . T h i s assertion is w e l l 
i l lus trated i n the case of cub i c N a a . W 0 3 w h e r e b o t h ca lor imetr i c entha lpy 
(14) a n d entropy (15) data are avai lab le ( 2 9 8 ° K ) . 

0.68 N a (s) + W 0 3 (s) = N a 0 6 8 W 0 3 (s) 
AH° = - 1 6 5 k J m o l " 1 , Δ δ ° = - 1 5 . 6 k J m o l " 1 , AG° = - 1 6 0 k J m o l " 1 

A G a n d A f f , i n this t y p i c a l example, differ b y only 5 k j m o l " 1 . F o r the for
m a t i o n reactions of H a ; W 0 3 a n d Η Λ Μ ο 0 3 , w h i c h invo lve gaseous H 2 , 
f a i r l y accurate estimates of the free energies of f o rmat ion c a n be m a d e 
b y i gnor ing the contr ibut ions m a d e to the tota l entropy change b y the 
so l id phases. T h u s w e find (at 2 9 8 ° K ) 

1/2 H 2 ( g ) + l / * W O a ( e ) - l / r i S . W 0 8 ( s ) 
(x = 0.35, AS° measured) 

Δ # ° = - 2 7 . 4 k J m o l " 1 , AS° — - 6 1 . 1 k J m o l " 1 , Δ β ° = - 9 . 1 k J m o l " 1 

a n d , 
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Table II. Enthalpies 0 of Formation and Reaction 
of Some Oxide Bronzes (298°K) 

Oxida- Dispropor
tion tionation 

Formation* Δ Η β Δ Η , 
Oxide Bronze Δ Η , 1 / χ Δ Η , (±10) (±10) 

N a 0 . 5 3 W O 3 - 1 2 9 . 9 0.9 - 2 4 3 ± 3 - 2 2 0 + 2 0 
N a 0 . 7 7 W 0 3 - 1 8 5 . 8 1.8 - 2 4 3 ± 3 - 2 2 0 + 2 0 
H 0 . 3 5 W O 3 - 9 . 6 0.8 - 2 7 ± 4 - 2 3 0 + 1 0 
H 0 . 3 0 M o O 3 - 1 2 . 1 2.0 - 4 0 ± 7 - 2 0 5 - 2 0 
N a o . 2 o V 2 0 5 - 7 2 . 7 1.0 - 3 6 0 ± 7 ~ 0 + 5 0 
N a 0 . 2 2 V 2 0 5 - 7 9 . 1 ± 1.8 - 3 6 0 ± 7 ~ 0 + 5 0 
N a 0 . 2 5 V 2 O 5 - 9 0 . 0 1.0 - 3 6 0 ± 7 ~ 0 + 5 0 
N a o . 2 9 V 2 0 5 - 1 0 4 . 7 1.3 - 3 6 0 ± 7 ~ 0 + 5 0 
N a 0 . 3 3 V 2 O 5 - 1 1 9 . 3 ± 1.3 - 3 6 0 ± 7 ~ 0 + 5 0 
A g 0 . 3 o V 2 0 5 - 1 9 . 0 ± 2.2 - 9 0 ± 10 ~ 0 + 6 0 
A g 0 . 3 3 V 2 O 5 - 2 2 . 4 ± 2.1 - 9 0 dfc 10 ~ 0 + 6 0 
A g 0 . 4 o V 2 0 5 - 2 7 . 9 2.2 - 9 0 ± 10 ~ 0 + 6 0 
K 0 . 3 o M o 0 3 - 1 0 1 . 0 0.7 - 3 3 7 ± 5 - 8 0 + 4 0 
K o . 3 3 M o 0 3 - 1 1 5 . 5 1.0 - 3 4 6 ± 5 - 6 0 + 5 0 
N a 0 . i 7 M o O 2 . 8 3 - 5 2 . 0 2.0 - 3 1 0 ± 5 - 1 4 0 + 3 0 

" k J m o l - i . 
* Experimental uncertainties expressed as twice the standard error of the mean. 

1/2 H 2 ( g ) + l / z M o 0 3 ( s ) — l / s H J M o O s i e ) 
(x = 0.30, Δ δ ° estimated) 

AH° = - 4 0 . 3 k J m o l " 1 , AS° = - 6 5 . 3 k J m o l 1 , Δ θ ° = - 2 0 . 8 k J m o l " 1 

B o t h phases Η*\¥0 3 a n d H ^ M o O s are thermodynamica l l y stable to disso
c iat ion , but H a . W 0 3 is only marg ina l l y so. 

Quant i ta t ive conf irmation of the accuracy of the ca lor imetr i c values 
ob ta ined for the react ion x N a ( s ) + W 0 3 ( s ) ^ N a ^ W O a i s ) is p r o v i d e d 
b y recent e lectrochemical measurements m a d e b y W h i t t i n g h a m (7 ) w i t h 
the ce l l 

N a * W 0 3 

N a l 
(propylene carbonate) N a ( s ) , A G ° (298°K) 

values were d e r i v e d f r o m measurements of A G N a for a range of χ values 
( 0 . 2 7 ^ X 5 ^ 0 . 7 9 ) . F i g u r e 8 i l lustrates the compar ison of A G ° ( c e l l ) 
a n d Δ Η ° ( ca lor imetr i c ) values. T h e agreement is excellent. 

P a r t i a l mo lar enthalpy changes Δ Η Α can be ca l cu lated f r o m the data 
g iven i n T a b l e I I for β - ^ ^ Ο δ a n d ^ - A g a ? V 2 0 5 . I n b o t h cases Δ Η Ν α is 
independent of χ as is also i m p l i c i t l y the case for cub i c N a a , W 0 3 ( F i g u r e 
8 ) . Presumab ly i n these cases the interactions between the ions of the 
insert ion elements are too smal l to be detected ca lor imetr i ca l ly . T h e 
var ia t i on of Δ Η Α ( or 1 / χ Δ # ι ) w i t h the various types of host lattices a n d 
insert ion elements recorded i n T a b l e I I c a n be understood qua l i ta t ive ly 
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9. D I C K E N S Thermodynamic Studies 175 

i n c h e m i c a l terms. T h u s i n the seqeunce / 3 - N a a . V 2 0 5 , N a M o e O i 7 , N a a , W 0 3 , 
— Δ Η Ν η , w h i c h measures the b i n d i n g energy of N a i n the oxide matr ix , 
increases i n the order W 0 3 < M 0 O 3 < V 2 0 5 . T h i s is the order of increas
i n g s tabi l i ty of the lower ( 2 n — 1) ox idat ion state of the transi t ion m e t a l 
concerned. It is also, s ignif icantly, the order of increas ing voltage gener
ated b y so l id so lut ion cells of the type AxMOn(s) |A + |A(s) ( 7 ) . H y d r o g e n 
is more t ight ly b o u n d i n the host latt ice M o 0 3 than i n W 0 3 . T h u s 1/χΔΗχ 
for H , M o 0 3 is - 4 0 k j j n o l " 1 a n d - 2 7 k J m o l " 1 for H * W 0 3 . 

T h e var ia t i on of Δ Η Α for different insert ion elements i n the same 
oxide matr ix is i l lustrated b y / J - N a ^ O s a n d j S - A g a , V 2 0 5 ( T a b l e I I ) . 
H e r e — Δ Η Ν Α > —AHAg, an order w h i c h is pred i c tab le since the l ower 
i on i za t i on potent ia l of N a favors the e lectron transfer process i n v o l v e d i n 
x A ( s ) + V 2 0 5 ( s ) = [Ax+V205(ex)](s). 

2 0 0 h 

1 5 0 h 

CO 
Ο 

X 

§ 1 0 0 

< 
I 

0 . 4 0 . 6 

X in Na W 0 O 

Figure 8. Free energy of formation of Na^WOM from xNa(s) 
and WOs(s); O , Ref. 7, ·, calorimetric enthalpy, Ref. 14 
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176 S O L I D S T A T E C H E M I S T R Y 

Oxidation and Disproport ionate . W i t h the exceptions of β-
Naa,V 2 0 5 a n d ^ - Α ^ ν 2 Ο β , the ox ide bronzes l i s ted i n T a b l e I I s h o u l d all 
undergo exothermic reactions w i t h gaseous oxygen. Reasonable estimates 
of the entropy changes i n v o l v e d establ ish that, except for β - Ν ^ ν 2 0 5 a n d 
βΆ&ΒΥ206, a l l the oxide bronzes are metastable w i t h respect to o x i d i z e d 
products u n d e r s tandard condit ions at r o o m temperature. I n fact, on ly 
H a , W 0 3 a n d H ^ M o O s undergo d iscernib le b u l k ox idat ion u n d e r these 
condit ions ; for the remainder , l o w m o b i l i t y of the inserted cat ion (16) 
prevents signif icant react ion at ambient temperatures. 

E q u i l i b r i u m e lectrochemical characteristics of oxide bronzes i n 
aqueous m e d i a c a n r e a d i l y be est imated f r o m the data g iven i n T a b l e I I 
( i f A G A is ident i f ied w i t h Δ Η Α ) . 

T h u s for Naa .W0 3 , a mater ia l whose e lectrochemical behav ior as a 
f u e l c e l l electrode has been closely examined (5, 1 7 ) , the f o l l o w i n g rele
vant s tandard potent ia l data ( 2 9 8 ° K ) i n aqueous a c i d m e d i a c a n be 
d e d u c e d : 

N a + ( a q ) + l / z W 0 3 ( s ) + e = l / r r N a ^ W O ^ s ) , (χ ~ 0.5), 
E° = - 0 . 2 6 V 

l / * W 0 3 ( s ) + H + ( a q ) + e=l/xUxW03(s)J (χ ~ 0.3), 
J ? ° = 0 . 1 V 

These data m a y be of assistance i n c l a r i f y i n g the complex electro
c h e m i c a l behavior observed for Naa ,W0 3 electrodes i n ac id i c m e d i a . T h e 
dep le t ion of N a f r o m such electrodes after anodic treatment a n d the for
m a t i o n of a non-meta l l i c surface layer is w e l l attested (5 , 17). T h e 
process is thermodynamica l l y feasible even at cathodic potentials . The 
w e l l def ined peak f o u n d i n l inear vo l tammetry studies (17) of Naa .W0 3 

electrodes at ~ 0.2 V is reasonably assigned to the ox idat ion-reduct ion 
process, 

l / x W 0 3 ( s ) + H + ( a q ) + e = l / « 3 ( s ) 

T h e rest potent ia l (18) for the h y d r o g e n evo lut ion react ion on N a ^ W O a 
electrodes also lies i n this reg ion (anodic , 0.1-0.5 V ) . 

M o s t of the d i spropor t ion reactions i n c l u d e d i n T a b l e I I are endo-
thermic , w i t h i n the l imi ts o f error invo lved , but the hydrogen tungsten 
a n d m o l y b d e n u m bronzes H a . M O n appear either metastable or on ly m a r 
g ina l ly stable to d isproport ionat ion . 

The Oxide Bronzes as Battery Cathodes. T h e usefulness of an oxide 
bronze A^MOn as a battery cathode i n a ce l l 

A + 

nonaqueous or so l id electrolyte 
is l i m i t e d b y the requirements that A G A shou ld be large a n d negative, 
that the so lub i l i ty of A i n M O n s h o u l d be extensive, a n d that the m o b i l i t y 
of A i n the bronze phase shou ld be h i g h . C u b i c N a * W 0 3 a n d /?-Naa.V 2 0 5 

A * M O n ( s ) A ( s or 1) 
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9. D I C K E N S Thermodynamic Studies 177 

satisfy the first two cr i ter ia , b u t the observed l o w mobi l i t ies of the a l k a l i 
m e t a l cations prec lude the ir use as p r a c t i c a l cathod ic materials (5 , 16). 

V i e w e d i n retrospect this result is not surpr is ing since a h i g h t e m 
perature is f requent ly r e q u i r e d i n the preparat ion of a stable oxide bronze 
phase to ensure the dispersal of a n insert ion element throughout a re 
arranged oxide matr ix . M u c h more p r o m i s i n g p r a c t i c a l cathod ic mate 
r ials are substances such as L i a . M o 0 3 a n d L i a . V 2 0 5 w h i c h can b e prepared 
e lectrochemical ly at ambient temperatures u s i n g nonaqueous solvents as 
electrolytes ( 19 ) . T h e i r structures are p r o b a b l y closely re lated to the 
layer structures of the parent oxides a n d d ist inct f r o m the f a m i l i a r h i g h 
temperature phases of the same general formulas . HxMo03 is s tructura l ly 
of this same type a n d can also be prepared at ambient temperatures. Its 
app l i ca t i on i n an e lec trochemica l dev ice is feasible. 
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New Solid Electrolytes 

H. Y-P. HONG 

Lincoln Laboratory, Massachusetts Institute of Technology, 
Lexington, Mass. 02173 

This paper discusses several new solid electrolytes for fast 
alakli-ion transport in terms of the applicable crystallo
graphic principles. These materials are oxides in which the 
mobile alkali ions partially occupy a two- or three-dimen
sionally linked interstice within a rigid three-dimensional 
network. The networks, which are stabilized by electrons 
from the mobile ions, are formed from cation-oxygen poly
hedra. They are classified into three groups depending on 
whether the polyhedra are tetrahedra, octahedra, or a com
bination of the two. Each group is further divided into 
subgroups depending on the number of network cations to 
which the oxygen anions are bonded. The first group is 
represented by the system K2-2xMg1-xSi1+xO4 where MgO4 

and SiO4 tetrahedra share corners in such a way that each 
oxygen is bonded to two cations to form the three-dimen
sional network. The second group is represented by the 
systems NaSbO3 · 1/6NaF and Na1+2xTa2O5F · Ox, in which 
the networks are formed by sharing corners and/or edges 
of SbO6 and TaO5F octahedra, respectively. The third 
group is represented by the system Na1+xZr2SixP3-xO12, in 
which the network is formed by corner-sharing of SiO4 and 
PO4 tetrahedra with ZrO6 octahedra. For one composition 
in this system, Na3Zr2Si2PO12, the Na+-ion conductivity is 
0.3 Ω-1 cm-1 at 300°C, which is comparable with that of the 
best Νa β"-alumina. 

Ç o l i d electrolytes for fast a l k a l i - i o n transport are under invest igat ion at 
^ m a n y laboratories for possible use i n high-speci f ic -energy secondary 
batteries, e lectrolyt ic cells for extract ing metals f r o m m o l t e n salts, a n d 
thermoelectr ic generation. T h i s chapter summarizes the results of studies 
at L i n c o l n L a b o r a t o r y that have l e d to the synthesis of a n u m b e r of n e w 
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180 S O L I D S T A T E C H E M I S T R Y 

a l k a l i - i o n so l id electrolytes ( I , 2, 3 ) . O n e of these materials is c o m 
parab le i n N a M o n conduct iv i ty at 300°C to ^ ' - a l u m i n a , w h i c h is pres
ent ly the l e a d i n g candidate for use i n N a - S high-speci f ic -energy batteries, 
a n d another has the highest K + - i o n conduct iv i ty so far reported . 

T h e chapter begins w i t h a general discussion of the crysta l lographic 
pr inc ip les re la t ing to a l k a l i - i o n transport that have evo lved d u r i n g these 
studies a n d have been e m p l o y e d i n the search for n e w so l id electrolytes. 
I n the remainder of the chapter the n e w materials deve loped are d is 
cussed i n d i v i d u a l l y i n terms of these pr inc ip les . N o attempt has been 
m a d e to present details concern ing the procedures used for synthesis, 
ceramic fabr i cat ion , x-ray di f fract ion analysis , or e lec tr i ca l character iza 
t i on . S u c h details have been g iven i n a previous p u b l i c a t i o n ( 3 ) . 

Crystallographic Principles 

T h e essential s tructura l feature of the so l id electrolytes considered i n 
this paper is a r i g i d , three -d imensional network h a v i n g a n interstice 
connected i n at least one d imens ion a n d par t ia l l y o c cup ied b y a l k a l i ions 
( A + ) . T h e m o b i l i t y of the A + ions is governed b y the transit ion p r o b a 
b i l i t y for i o n transfer f r om a n o c cup ied interst i t ia l pos i t ion to a ne ighbor 
i n g empty one. I n a l l these materials the rigid networks consist of m e t a l 
atoms M = αΜι -f- βΜ2 + . . . a n d oxygen atoms Ο. T h e y m a y be 
f o r m e d f rom M 0 4 tetrahedra, M O e octahedra, or f r o m b o t h types of 
po lyhedra . I f on ly a l k a l i ions o ccupy the interstice, the general c h e m i c a l 
f o r m u l a is A/(MvOz)x~, where the r i g i d network (MyOe)x~ is s tab i l i zed 
b y accept ing χ electrons f r o m the m o b i l e A + ions. I t is not u n c o m m o n for 
molecules such as H 2 0 , A 2 0 , or A F also to be present i n the interstice. 
Because these molecules t end to act as contaminants that interfere w i t h 
a l k a l i - i o n transport , they w i l l be i gnored i n this general discussion. 

F o r fast A M o n transport, the A - O p o l y h e d r a a r o u n d adjacent A + 

positions must share a c o m m o n face. T h e smallest d iameter of such faces, 
w h i c h act as bottlenecks to i o n mot ion , shou ld be greater than twi ce the 
s u m of the a lka l i - i on a n d oxygen- ion r a d i i . T h u s for fast N a M o n transport 
the smallest d iameter shou ld exceed 4.8 À since the r a d i i of the N a + a n d 
O 2 " ions are respect ively 1.0 a n d 1.4 A (4). F o r fast transport of K + ions, 
w i t h a radius of 1.33 A ( 4 ) , the smallest d iameter shou ld exceed 5.46 A . 

I n add i t i on to these geometr ica l constraints, chemica l b o n d i n g also 
p lays a role i n de te rmin ing i o n m o b i l i t y . I n order to increase the a l k a l i -
i o n m o b i l i t y , the covalent contr ibut ion to the A - O bonds shou ld be 
m i n m i z e d a n d the ion ic contr ibut ion m a x i m i z e d b y p o l a r i z i n g the elec
t r o n c l o u d a w a y f r o m the A + i o n a n d t o w a r d the rigid network . T h i s 
po lar i za t i on can occur i n two ways : ( a ) the anions can b o n d w i t h more 
t h a n t w o M cations of the network a n d ( b ) the anions c a n f o r m strongly 
covalent M - O bonds w i t h i n the network. H o w e v e r , b o n d i n g to a d d i -
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10. H O N G New Solid Electrolytes 181 

t i ona l cations results i n an undes irable l i m i t a t i o n o n the d imens iona l i ty 
of the A M o n transport . 

I n the extreme case where the anions b o n d to four or more ne twork 
cations, the an ion array is c lose-packed, a n d the v o l u m e of the interst ice 
for A M o n transport is greatly reduced . I f each an ion is b o n d e d to three 
network actions, transport is more l i k e l y to be either one- or t w o - d i m e n 
s ional rather than three-dimensional . T h u s , H + - or L i M o n transport 
occurs i n one d imens ion i n the tetragonal rut i l e structure, w h i l e t w o -
d imens iona l transport occurs i n layered compounds such as β-alumina. 
One -d imens iona l i o n transport is disadvantageous because i t is r ead i l y 
b l o c k e d b y s tacking faults a n d impur i t i es , w h i l e i n po lycrysta l l ine cer
amics two -d imens iona l transport causes a reduct i on i n mob i l e - i on density 
a n d gra in -boundary conductance i f the t ransport ing layers are w i d e l y 
separated f rom each other, as i n β-alumina. Moreover , anisotropic ther 
m a l expansion reduces the mechan i ca l strength a n d operat ing l i fe of 
thermal ly cyc l ed membranes . Three -d imens iona l transport is therefore 
preferable . T h i s is most probab le i f the n u m b e r of M - O bonds per an ion 
is l i m i t e d to two . I n this case, po lar i zat ion of the O 2 " charge density a w a y 
f r om the A + i o n requires strongly covalent σ a n d π M - O bonds w i t h i n the 
rigid network. T o obta in strong σ bonds i t is advisable to select such 
strongly covalent complexes as B O 3 3 - , C 0 3

2 " , N 0 3
_ , S 1 O 4 4 ' , P O 4 3 * , or S O 4 2 " , 

a n d transit ion-metal cations h a v i n g an empty d shel l shou ld be used for 
strong π b o n d i n g . 

New Solid Electrolytes 

T a b l e I summarizes the properties of the n e w so l id electrolytes 
deve loped d u r i n g this study b y e m p l o y i n g the crysta l lographic pr inc ip les 
discussed above. These materials are d i v i d e d into three groups d e p e n d 
i n g on whether their r i g i d networks are f o rmed f rom M 0 4 tetrahedra, 
M O e octahedra, or b o t h tetrahedra a n d octahedra. These groups are 
further d i v i d e d into subgroups depend ing on the n u m b e r of M - O bonds 
per O 2 ' i on . T h e same classif ication scheme is used i n the f o l l o w i n g 
discussion, where the crysta l lographic pr inc ip les are a p p l i e d to these n e w 
electrolytes ( a n d re lated materials , as appropr ia te ) . 

Network Formed b y Linked Tetrahedra. A rigid network M „ O 0 

f o rmed ent ire ly b y l i n k e d tetrahedra must have z/y = 2, corresponding 
to two M - O bonds per network anion , since no other rat io can a l l ow a 
three-d imensional network. A l l zeolites, for example , have this rat io . 
H o w e v e r , most of these aluminosi l icates have too large an interstice to 
be effective so l id electrolytes; i f the ir c e l l edge exceeds 10 Â , they are 
general ly s tab i l i zed b y w a t e r — o r some other mo lecu le—that fills this 
space a n d blocks A M o n transport. 
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182 S O L I D S T A T E C H E M I S T R Y 

3D Network System 

Linked Tetrahedra 
O 2 ' bonded to 2 cations 

K 2 . 2 * M g i . J 5 i i + Λ 0 4 , x = 0.05 

Linked Octahedra 
O 2 " bonded to 2 cations 

N a S b 0 3 · l / 6 N a F 

N a i + 2 . T a a O B F · Ο. , χ — 0.28 

Ο 2 " bonded to 3 cations 
K ^ M g . / a T i e . ^ O i e , x = 0.8 

O 2 " bonded to 2,3 cations 
K 2 S b 4 0 u 

Linked Tetrahedra and Octahedra 
O 2 " bonded to 2 cations 

N a i + eZr 2 SieP3 .*Oi2 y x = 2 

O 2 " bonded to 2, 3, and 4 cations 
/ 3 " -a lumina 

T a b l e I . Propert ies of 

A*-ion A* Ions 
Transport 

3 D 

3 D 

3 D 

I D 

3 D 

3 D 

2 D 

per cc 

16.4 Χ 1 0 2 1 

17.4 Χ 10 2 1 

10.9 Χ 10 2 1 

5.4 Χ 10 2 1 

7.6 Χ 10 2 1 

11.1 X 1 0 2 1 

5.6 Χ 1 0 2 1 

Carnegie i te , the h igh- temperature f o r m of N a A l S i 0 4 , has a c u b i c 
( A l S i 0 4 ) ~ network w i t h ce l l edge a — 7.38 A ( 5 ) , too sma l l for water to 
be a contaminant . Unfor tunate ly this structure is not stable at r o o m 
temperature . A t this temperature, on ly N a 2 C a S i 0 4 a n d N a 2 M g S i 0 4 are 
reported to f o r m stable structures w i t h networks re lated to that of car
negieite, a n d these ( M 2 + S i 0 4 ) 2 ' networks are distorted b y b o n d i n g w i t h 
the N a + ions ( 6 ) . These networks have distorted-hexagonal bott lenecks 
w i t h a smallest diameter less than 4.31 A , s ignif icantly less than the va lue 
r e q u i r e d for fast N a + - i o n transport. P r e s u m a b l y this explains our observa
t i o n that materials i n the system N a 2 . «CaSi i . « Ρ * 0 4 have poor i on i c c on 
duc t iv i ty . T h e carnegieite ( A l S i 0 4 ) " ne twork has been s tab i l i zed to r o o m 
temperature b y the incorporat ion of N a 2 0 molecules i n the interstice t o 
g ive : cub i c N a 2 A l 2 S i 2 O s · (Να20)χ, where χ — 0.5 or 1. A p p a r e n t l y these 
molecules greatly reduce i o n m o b i l i t y since accord ing to our measure
ments (3 ) conduct iv i t ies of these compounds are three orders of m a g n i 
tude l ower at 300°C than that reported for / ? " -a lumina . 

Since the N a + i o n is apparent ly too s m a l l to support the ( A l S i 0 4 ) ' 
ne twork of carnegieite, w e prepared analogs w i t h the larger K + i o n . I t 
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10. H O N G New Solid Electrolytes 183 

Solid Electrolytes, Ax
+MyOz 

Shortest Bottleneck psoo°c 
A+-A+ (A) A+-0 (A) c a (eV) (a cm) 

3.35 hexagon 0.35 28 
2.74 

2.87 tr iangle 0.35 13 
2 38 

3.70 hexagon 0.40 150 
2.67 

2.94 square — — 
2.34 

3.50 rectangle 0.40 4 Χ 10 5 

2.52 

3.52 hexagon 0.24 3 
2.49 

3.23 rectangle 0.16 4 
2.71 

was f o u n d that at r oom temperature the system K 2 - 2 a j M g i . a ; S i i + a , 0 4 has 
the cub i c network w i t h no distort ion. A s ingle-crystal structure deter
m i n a t i o n gave space group F d 3 m . A pro ject ion of the MyOz ne twork o n 
the a-b p lane is shown i n F i g u r e 1, a n d the properties of the m a t e r i a l 
w i t h χ = 0.05 are l i s ted i n T a b l e I . E a c h K + i o n is surrounded b y twe lve 
O 2 " ions at a distance of 3.2 A . A s shown i n F i g u r e 1 the bott leneck is a 
regular hexagon f o r m e d b y M 0 4 - t e t r a h e d r a edges; its d iameter of 5.48 A 
is just large enough for fast K M o n transport. Because no molecules are 
i n t r o d u c e d into the interstice to stabi l ize the structure, good K M o n trans
port was ant i c ipated a n d f o u n d . T h e resist iv ity measured at 300°C for 
χ = 0.05, 28 Ω c m , is the lowest reported for K M o n so l id electrolytes. 

Network Formed b y Linked Octahedra. I f the M cations in AxMyOz 

are a l l coord inated octahedral ly b y the oxygen anions, f o rmat ion of a 
three -d imens ional network requires z/y < 3. S u c h networks m a y be 
d i v i d e d into three subgroups d e p e n d i n g o n the va lue of z/y: ( a ) z/y = 3, 
corresponding to two M - O bonds per network anion, ( b ) z/y = 2, corre
spond ing to three M - O bonds per network anion , a n d ( c ) 2 < z/y < 3, 
corresponding to some network anions w i t h two , others w i t h three, M - O 
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184 S O L I D S T A T E C H E M I S T R Y 

α 

Figure I . Projection on the a-b plane of the 
MyOg network of cubic Ki.2xMg1_liSi1^1Pit. 
The 02~ ions are represented by open circles, 
the Mg2* and Si4* ions by the letter M. The 
ions that lie above the plane are identified by 
numbers giving their height as a percentage 
of the lattice constant. A simihr representa
tion is used in several of the following figures. 
The bottleneck to K M o n transport, which has 
a diameter of 5.48Â, is the regular hexagon 

indicated by the heavylines. 

bonds . E x a m p l e s of each subgroup are l i s ted i n T a b l e I a n d discussed 
be l ow . 

T w o M - O B O N D S P E R N E T W O R K A N I O N . NaSbOs • l/6NaF. T h i s 
c o m p o u n d has a cub i c structure (3 ) that is s tab i l i zed b y the N a F m o l e 
cules. T h e ( S b 0 3 ) " ne twork of this structure contains pairs of edge-
shared octahedra that are corner-shared to f o r m the three -d imensional 
array i l lustrated i n F i g u r e 2. E a c h O 2 " i o n is b o n d e d to t w o S b 5 + ions. 
T h e ( S b 0 3 ) " ne twork contains tunnels a long the (111) axes that intersect 
at the o r i g in a n d body-center positions. T h e tunne l intersections i n the 
interst ice are o c cup ied b y F " ions ( 3 ) . T h e tunne l segments be tween 
these intersections consist of three face-shared octahedra, squashed a long 
the t u n n e l axis, w h i c h are par t ia l l y o c cup ied b y N a + ions. T h e centra l 
octahedron, site 8c of the structure, is b o u n d e d b y t w o t r iangular bot t le 
necks of 0 2 atoms that separate i t f r o m the two outer octahedra, site 
16f, each of w h i c h has a t r iangular face of O i atoms i n c o m m o n w i t h one 
of the F - p o l y h e d r a . T h e N a + ions are d i s t r ibuted be tween the 8c a n d 
16f sites, w i t h electrostatic forces resu l t ing i n vacancies at the 16f sites 
that are adjacent to an o c cup ied 8c site. T h e D e b y e - W a l l e r factor deter-
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10. H O N G New Solid Electrolytes 185 

m i n e d b y x-ray di f fraction analysis shows that the N a + ions i n 16f sites 
have anomalously large thermal motions a long (100) direct ions, i n d i c a t i n g 
excellent i o n transport be tween 16f sites of two n e i g h b o r i n g t u n n e l seg
ments a round the F " i o n o c c u p y i n g the intersect ion; i n this case the 
a d d e d N a F molecules apparent ly do not have a strong effect o n a l k a l i - i o n 
m o b i l i t y . T h e x-ray data also reveal the presence of large n u m b e r of N a * 
ions at 8c positions, i n d i c a t i n g that these ions do not differ too m u c h i n 
potent ia l energy f rom those at 16f sites. W e conc lude that the p r i n c i p a l 
bott leneck to N a M o n mot i on is the 0 2 t r iangle separat ing the 8c a n d 16f 
posit ions. T h e distance f r om the center of this tr iangle to an 0 2 pos i t i on 
is 2.38 A , just large enough for fast N a M o n transport . T h i s re lat ive ly 
t ight bott leneck a n d the absence of ττ-bonding orbitals at the S b 5 + ions 
m a y account for the re lat ive ly large act ivat ion energy (0.35 e V ) observed 
for this c ompound . Nevertheless , a re lat ive ly large pre -exponent ia l factor 
i n the conduct iv i ty expression—caused b y a h i g h N a M o n concentrat ion 
of 17.4 Χ 1 0 2 1 cm" 3 —lowers the resist ivity measured (3 ) at 300°C to 
13 Ω c m (the ac tua l va lue m a y be even l ower since no correct ion was 
m a d e for contact resistance ). 

Defect Pyrochlore NaTatOs · xNatO. T h e cub i c pyroch lore struc
ture ( type f o r m u l a A 2 B 2 X e X / , w i t h A the larger of the two cations) has a 

Figure 2. Model of cubic structure of NaSbOs · 1/6 NaF. 
Dark spheres represent Sb5* ions, light spheres Na* ions. 
The O 2 " ions are at the corners of the octahedra around the 

Sb5+ ions. 
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186 S O L I D S T A T E C H E M I S T R Y 

rigid B 2 X 6 ne twork of corner-shared octahedra (7). A pro ject ion of the 
structure o n the (110) p lane is s h o w n i n F i g u r e 3. W i t h space g roup 
F d 3 m , assignment of the Β cations to the 16c posit ions places the A 
cations at 16d a n d the X ' anions at 8b. T h e three -d imens ional inters t i t ia l 
A 2 X ' array consists of corner-shared Χ Ά 4 tetrahedra. 

(no) 

Figure 3. A (110) projection of cubic pyrochlore ΑΖΒ2Χ6Χ'· The 
linked octahedra represent the B2X6 network, the shaded small circles 
represent the interstitial A+ cations in positions 16d, and the large 
open circles projected onto the shaded circles represent the two near-

neighbor X ' ions in 8b sites on either side of an A+ cation. 

T w o types of defect pyrochlores have been ident i f ied prev ious ly . I n 
one the 8b positions n o r m a l l y o c cup ied b y X 7 anions are vacant ; i n the 
other the 16d positions are vacant ; a n d a large A + cat ion replaces the X ' 
an ion at 8b. T h e first type is i l lus trated b y A g 2 S b 2 O e ( 8 ) , the second b y 
R b T a 2 0 5 F ( 3 ) . [ In the latter c o m p o u n d the F " ions are r a n d o m l y subst i 
t u t e d for O 2 " ions of the ( B ^ e ) ' network . ] I n b o t h cases one set of 
interst i t ia l positions is o c c u p i e d b y cations, a n d the other is vacant ; h o w 
ever, since the 16d a n d 8b positions are not crysta l lographica l ly e q u i v a 
lent, fast- ion transport requires either the presence of bo th cations a n d 
vacancies on the same set of positions or an adjustment of the ce l l s ize 
that makes the potent ia l energies near ly e q u a l for A + ions i n 16d a n d 8b 
posit ions. T h e M a d e l u n g energy tends to stabi l ize A + ions o n 16d sites, 
w h i l e elastic forces t end to stabi l ize large A + ions o n 8b sites, w h e r e the 
A - O distances exceed 3.2 A . 

Stable A + ( B 2 X 6 ) " defect pyrochlores can be p r e p a r e d w i t h the large 
R b + a n d C s + ions, a n d also w i t h K + ions i f the size of the B 2 X 6 array is 
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10. H O N G New Solid Electrolytes 187 

s m a l l enough, as i n K M g A l F e . I n the case of A + ( T a a O B F ) - , R b T a 2 0 5 F 
c a n be synthesized d i rec t ly , b u t the K + ana log can be m a d e on ly b y i o n 
exchange w i t h the R b + c o m p o u n d . F u r t h e r m o r e , the ion-exchanged p r o d 
uct is hygroscopic , w i t h water o c c u p y i n g 8b sites a n d d i sp lac ing the K + 

ions to 16d sites i n K T a 2 0 5 F · s H 2 0 , χ < 1. W h e n the K + c o m p o u n d is 
i o n exchanged w i t h N a , N a 2 0 ' molecules are i n t r o d u c e d to f o r m N a T a 2 -
0 5 F · x N a 2 0 ' , χ = 0.28, w i t h N a ions p a r t i a l l y o c c u p y i n g the 16d pos i 
tions a n d the O ' ions o c c u p y i n g 8b posit ions. T h i s c o m p o u n d is thus a 
t h i r d type of defect pyrochlore , w h i c h has the same bas ic structure as a n 
i d e a l pyroch lore b u t has b o t h the 16d a n d 8b posit ions on ly p a r t i a l l y 
o c cup ied . Its propert ies are l i s ted i n T a b l e I . Transpor t of N a + ions 
f r o m a n o c c u p i e d 16d pos i t ion to a vacant one is p a r t i a l l y b l o c k e d b y the 
O ' ions. I n add i t i on , the short 1 6 d - 8 b distance of 2.27 A indicates s t rong 
N a - O ' b o n d i n g , w h i c h is p r o b a b l y responsible for the h i g h ac t ivat ion 
energy, 0.40 e V , observed for i o n transport i n this mater ia l . Nevertheless , 
at 3 0 0 ° C the resist iv i ty is on ly 150 Ω c m . 

Figure 4. Projection on the a-b plane of the M8Oie network of priderite, 
^ x ^ g x / i T f 8 . x / 2 O j e . (Ions lying in the plane are identified by zeroes). The 
bottleneck to K+-ion transport in the one-dimensional tunnels of the structure 

is a square indicated by the dashed lines. 
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188 S O L I D S T A T E C H E M I S T R Y 

T H R E E M - O B O N D S P E R N E T W O R K A N I O N . P r i d e r i t e , K ^ M g ^ T i s - * ^ -
O i e , χ = 0.8, has the ho l land i te structure. I n this structure a n Μ 8 Ο ι β 

network is f o r m e d b y M O e octahedra shar ing corners a n d edges, w i t h 
each O 2 " i o n b o n d e d to three M ions. A pro ject ion of this ne twork o n the 
a-b p lane is s h o w n i n F i g u r e 4. T h e interstice p a r t i a l l y o c c u p i e d b y K * 
ions consists of one -d imens ional tunnels that are iso lated f r o m one 
another. I n the ir e q u i U b r i u m positions, the K + ions o c cupy large sites 
surrounded b y twe lve O 2 " ions at a distance of 3.3 A . A s shown i n F i g u r e 
4, the bott leneck between adjacent posit ions i n a t u n n e l is a square w i t h 
a d iameter of on ly 3.6 A , m u c h too smal l for fast K M o n transport . A c c o r d 
ing ly , no d c conduct iv i ty is detected ( 9 ) . H i g h f requency ac conduc 
t i v i t y w i t h a n act ivat ion energy of 0.2 e V has been observed ( 9 ) , appar 
ent ly for K M o n displacements w i t h i n the large t u n n e l sites. 

T w o A N D T H R E E M - O B O N D S P E R N E T W O R K A N I O N . T h e c o m p o u n d 
K 2 S b 4 O n has a rigid ne twork composed of S b O e octahedra that share 
corners a n d edges i n such a w a y that some O 2 " ions are b o n d e d to t w o 
S b 5 + ions, others to three ( 1 0 ) . A pro ject ion of the structure o n the a-c 
plane is s h o w n i n F i g u r e 5. T h e K * ions o c cupy interst i t ia l posit ions i n 
one-d imensional tunnels r u n n i n g para l l e l to the b a n d c axes. A s s h o w n 
i n F i g u r e 5, the shortest r a d i i of the fc-tunnel, c - tunnel , a n d cross-tunnel 
bott lenecks are 2.58, 2.52, a n d 2.69 A , respect ively , a l l of w h i c h are less 
t h a n the m i n i m u m value of 2.73 A r e q u i r e d for fast K M o n transport. T h i s 
explains the h i g h resist ivity va lue , 4 Χ ΙΟ 5 Ω c m , that w e have measured 
at 300°C. 

α 

Figure 5. Projection on the a-c plane of the 
structure of K2SbkOn. Diameters of the three 
types of bottlenecks to K+-ion transport are 

indicated by the hatched bars. 
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10. H O N G New Solid Electrolytes 189 

Figure 6. Projection of the hexagonal structure of NaZrgPs0lz. A Zr2(POk)s 

unit of the three-dimensional network is indicated by shading in the lower left 
corner. 

Network Formed by Linked Octahedra and Tetrahedra. T w o 
M - O B O N D S P E R N E T W O R K A N I O N . T h e system N a i + a ? Z r 2 S i a . P 3 - â , O i 2 (0 < 
χ < 3 ) has a three -d imensional network of P 0 4 a n d S i 0 4 te trahedra 
corner-shared w i t h Z r O e octahedra. E v e r y O 2 " i o n is b o n d e d to one Z r 4 * 
i o n a n d to one S i 4 + or P 5 + i on . A s shown i n F i g u r e 6, the network is b u i l t 
u p of Zr 2 Si i r P3. a .O i2 units , a n d the (1 + x ) N a + ions o ccupy a three-
d imens iona l ly l i n k e d interstice. T h e t w o e n d members of the system 
have hexagonal symmetry , w h i l e i n a composi t ion range about N a 3 Z r 2 S i 2 -
P O i 2 the structure is distorted to monoc l in i c symmetry . I n b o t h symme
tries the interstice contains four possible N a positions per f o r m u l a un i t . 
I n the hexagonal phases these consist of one N a ( l ) pos i t ion a n d three 
N a ( 2 ) posit ions. T h e N a ( 2 ) positions f o r m close-packed layers, to 
w h i c h the N a ( l ) positions are octahedral ly coord inated ; each N a ( 2 ) 
pos i t i on has t w o N a ( l ) neighbors . I n the monoc l in i c symmetry , the 
N a ( 2 ) layers become N a ( 2 ) + 2 N a ( 3 ) layers, a n d each N a ( l ) pos i t ion 
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190 S O L I D S T A T E C H E M I S T R Y 

is octahedral ly coord inated b y two N a ( 2 ) a n d four N a ( 3 ) posit ions, as 
s h o w n i n F i g u r e 7. T h e bott lencks be tween N a ( l ) a n d N a ( 2 ) or N a ( 3 ) 
sites are p u c k e r e d hexagons f o r m e d b y three Z r O e octahedral edges alter
n a t i n g w i t h three S i 0 4 a n d P 0 4 te trahedral edges, as i l lustrated i n F i g u r e 
8. T h e shortest d iameter across these hexagons is 4.95 A , w h i c h is s ig 
ni f i cant ly greater than the m i n i m u m r e q u i r e d for fast N a M o n transport. 
Moreover , each O 2 " i o n forms a strong, covalent σ b o n d w i t h a S i 4 + or P 5 + 

i o n a n d also forms a strong π b o n d w i t h the Z r 3 d orbitals . Therefore , the 
an ion charge s h o u l d be w e l l p o l a r i z e d into the network , a w a y f r o m the 
N a + posit ions. 

A l t h o u g h the N a i + * Z r 2 S i * P 3 _ * O i 2 structures are seen to be favorable 
for fast N a M o n transport, b o t h e n d members of the system have poor 
i on i c conduct iv i ty . F o r N a Z r 2 ( P 0 4 ) 3 , w i t h x = 0, the N a ( l ) positions 
are a l l filled a n d the N a ( 2 ) posit ions a l l empty , s h o w i n g that the po tent ia l 
energy is s ignif icantly l ower for occupat ion of the former. Since the 
positions are not energet ical ly equivalent , the absence of vacancies o n 
the N a ( l ) positions a n d the absence of cations on the N a ( 2 ) positions 
strongly i n h i b i t fast- ion transport . A s χ is increased, the a d d i t i o n a l N a + 

ions b e g i n to o c cupy N a ( 2 ) p o s i t i o n s — i n the monoc l in i c modi f i cat ion , 
b o t h N a ( 2 ) a n d N a ( 3 ) posit ions. T h i s causes the i on i c c onduc t iv i ty to 
increase r a p i d l y , p resumably caused b y transport b y a doub le - jump 
process i n w h i c h a vacant N a ( 2 ) or N a ( 3 ) pos i t ion is filled b y transfer 
of a N a + i on f rom a ne ighbor ing N a ( l ) pos i t ion, w h i c h is filled i n t u r n 
b y an i on f r om a prev ious ly o c cup ied N a ( 2 ) or N a ( 3 ) pos i t ion . T h e 
conduct iv i ty reaches a m a x i m u m for N a 3 Z r 2 S i 2 P O i 2 (x = 2 ) , i n w h i c h 
about two-thirds of the N a ( 2 ) a n d N a ( 3 ) positions are o c cup ied . F o r 
this composit ion, the resist ivity measured at 300°C is on ly 3 Ω c m ( 3 ) , 
comparable w i t h that of the best N a /^ " -a lumina (11), a n d the ac t ivat ion 
energy is about 0.24 e V ( 3 ) . As χ increases s t i l l further , the conduc t iv i ty 
decreases because of the decrease i n vacancies on the N a ( 2 ) a n d N a ( 3 ) 
sites. F o r N a 4 Z r 2 ( S i 0 4 ) 3 , w i t h χ = 3, a l l the interst i t ia l positions are filled 
w i t h N a + ions, a n d the conduct iv i ty again becomes very l ow . 

T w o , T H R E E , A N D F O U R M - O B O N D S P E R N E T W O R K A N I O N . T h i s 
subgroup is represented b y / ^ a l u m i n a , ( N a 2 0 ) i + a ? · 1 1 A 1 2 0 3 , w h i c h is 
w e l l k n o w n because of its potent ia l app l i ca t i on as a s o l i d electrolyte for 
N a - S batteries. A l t h o u g h this is not one of the n e w so l id electrolytes 
that w e have invest igated, w e discuss i t here because i t provides an a d d i 
t i ona l i l lustrat ion of the pr inc ip les of fast- ion transport. 

F i g u r e 9 is a schematic of the structure of β-alumina (12). Its 
p r i n c i p a l elements are A 1 2 0 3 layers w i t h sp ine l structure, w h i c h are 
stacked a long the ζ d i rect ion . Ad jacent layers are h e l d together b y O 2 " 
ions (represented b y the shaded circles i n F i g u r e 9) that are b o n d e d to 
t w o A l 3 + ions, one i n each layer . T h e O 2 " ions at the boundaries of the 
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10. H O N G New Solid Electrolytes 

Figure 8. Bottleneck to Nation transport in 
NaaZraSigP019 
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4 © 
*' J . * * AI 

INSIDE BLOCK ALL 0 ATOMS 
" • ? * ARE BONDED TO FOUR Al ATOMS 

V A l * V A l 4t 

Figure 9. Schematic of β-alumina layer 
structure. Open and shaded circles repre
sent 02~ ions in Na20 layers between spinel 

blocks. 

layers (represented b y the open c irc les) are b o n d e d to three A l + S ions, 
w h i l e those w i t h i n the layers (not shown i n F i g u r e 9) are b o n d e d to f our 
A l 3 + ions. N o N a + ions are present w i t h i n the A 1 2 0 3 layers, b u t 2( 1 + x) 
N a + ions per f o r m u l a u n i t are present i n the interst ice be tween adjacent 
layers. 

Transpor t of N a + ions i n 0 - a l u m i n a is l i m i t e d to t w o dimensions . I t 
takes p lace w i t h i n the interstices, i n the p lane n o r m a l to the ζ d i rec t i on , 
b u t i t cannot occur i n the ζ d i rect ion . W i t h i n the spaces there are t w o 
types of N a + pos i t ion , k n o w n as Beevers -Ross a n d ant i -Beevers -Ross 
sites. M o s t of the N a + ions occupy Beevers -Ross sites, b u t the presence 
of χ excess N a 2 0 molecules requires that the ant i -Beevers -Ross sites b e 
p a r t i a l l y o ccup ied . Transport of N a + ions m a y take p lace b y a doub le -
j u m p process, analogous to the one i n Nai+a -Z^Si^Pa-^Oi^ that involves a 
filled Beevers -Ross site a n d t w o ant i -Beevers -Ross sites, one i n t i a l l y 
empty a n d the other i n i t i a l l y filled. 

T h e bottlenecks to transport be tween the Beevers -Ross a n d a n t i -
Beevers -Ross sites are rectangles f o rmed b y the O 2 " ions b o u n d i n g the 
A 1 2 0 3 layers. T h e shortest d iameter of these rectangles is 5.42 A , m u c h 
larger than twice the sum of the N a + a n d O 2 " i on i c r a d i i . T h i s large dis -
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10. H O N G New Solid Electrolytes 193 

tance, together w i t h the po lar izat ion of the charge of the b o u n d a r y O 2 " 
ions t o w a r d the A 1 2 0 3 layers because they a r e . b o n d e d to three cations, 
explains the remarkab ly l o w va lue of 0.16 e V observed (13) for the a c t i 
va t i on energy of N a M o n transport. 

T h e ionic conduct iv i ty of β-alumina can be incfeased s ignif icantly b y 
r e p l a c i n g some of the A l 3 + ions w i t h cations of l ower valence, e.g., 
L i + or M g 2 + , to f o r m β' '-alumina. T h e resu l t ing change i n symmetry 
makes a l l the N a + positions i n the interstice equivalent , e l i m i n a t i n g the 
necessity for a doub le - jump transport process. T h e subst i tut ion also 
causes a decrease i n the n u m b e r of O 2 " ions present i n the interstice that 
interfere w i t h N a M o n transport. 

Conclusion 

I n this chapter w e have discussed a n u m b e r of n e w so l id electrolytes 
for a l k a l i - i o n transport. These i n c l u d e Na 3 Zr 2 Si2POi2 , w i t h N a M o n c o n 
d u c t i v i t y at 300°C comparable w i t h that of the best N a /3 " -a lumina , a n d 
K1.90Mgo.95Si1.05O4, w i t h the highest K M o n conduct iv i ty at 300°C so far 
reported . I n this discussion w e have presented crysta l lographic pr inc ip les 
that can be used to account qual i ta t ive ly for the differences i n i on i c con 
duc t i v i t y exh ib i ted b y these a n d other so l id electrolytes. I n a l l cases 
transport takes place b y the t w o - or three-d imensional m o t i o n of a l k a l i 
ions between crystal lographic positions w i t h i n the interstice ins ide a 
three -d imensional (Μ„0*)*~ network. H i g h conduc t iv i ty therefore r e 
quires that these positions be par t ia l ly b u t not complete ly o ccup ied , a n d 
also that the m i n i m u m dimension of the bottlenecks between t h e m exceed 
t w i c e the sum of the a l k a l i i on a n d anion r a d i i . I on m o b i l i t y is increased 
i f the charge on the anions is po la r i zed a w a y f r o m the a l k a l i ions b y the 
format ion of strongly covalent bonds between the anions a n d the ne twork 
cations a n d also i f the anions are b o n d e d to more t h a n two cations, 
a l though the latter tends to i n h i b i t three -d imensional transport. A p p l i 
cat ion of these pr inc ip les shou ld assist i n the search for n e w structures 
p e r m i t t i n g fast- ion transport a n d also i n ach iev ing h igher conduct iv i t ies 
b y o p t i m i z i n g the c h e m i c a l composi ton for these a n d other structures 
already identi f ied. 
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Polarizability Enhancement of Ionic 

Conductivity for A1+ in A1+M2X6 Series 

A. W. SLEIGHT, J. E. GULLEY, and T. BERZINS 

Central Research and Development, Ε. I. du Pont de Nemours & Co. 
Experimental Station, Wilmington, Del. 19898 

The ionic conductivity of A1+ is studied in the isostructural 
series of the general formula A1+M2X6 where A1+ is Rb, Cs, 
or Τl; M is Ta, Nb, or W; and X is Ο or F. High polariza
bility of either A1+ or the (M2X6)1- framework enhances the 
ionic mobility of A1+. Thus although Tl1+ is essentially the 
same size as Rb1+, the mobility of Tl1+ is much higher in a 
given (M2X6)1- framework. This is attributed to the higher 
polarizability of Tl1+. The polarizability of the (Μ 2Χ 6) 1 -

framework is related to the polarizability of M-X bonds. 
The influence of polarizability in β-alumina and anion con
ductors is also discussed. 

T n a search for n e w materials exh ib i t ing fast i o n transport , various 
thoughts have been expressed concern ing the s tructura l a n d c h e m i c a l 

requirements for such materials . T h e s t ructura l features have general ly 
been stressed; however , there are other important considerations. 

T h e dif f iculty i n assessing factors other t h a n s tructura l is that one 
must subdue the geometric effects w h i c h general ly appear to dominate . 
T h i s is done b y c o m p a r i n g the i on i c conduct iv i ty of ions w i t h near ly 
i d e n t i c a l sizes (e.g., L i + vs. C u + or R b + vs . T l + ) i n the same structure. 
A l t h o u g h some data exist o n the re lat ive mobi l i t i es of T l + a n d R b + i n 
/3-alumina, a compar ison i n this structure is h i n d e r e d b y the complex 
behav ior of Rb - / ? -a lumina ( I ) . A n o t h e r approach is to change the 
chemistry of a host structure w i t h o u t s igni f icantly a l ter ing its geometry. 
T h e effect of this nongeometr ic change c o u l d then be d i rec t ly establ ished. 

A f a m i l y of compounds w i t h the general f o r m u l a A M 2 X e h a v i n g a 
pyrochlore -re lated structure was discovered b y B a b e l et a l . ( 2 ) i n 1967. 
T h i s is a n ( M 2 X e ) " f ramework structure f o r m e d b y corner -shar ing MXe 
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196 S O L I D S T A T E C H E M I S T R Y 

octahedra. T h e r e are inf inite tunnels i n this f ramework w h i c h f requent ly 
intersect. I n this A M 2 X e f a m i l y , X can b e Ο a n d / o r F . T h e M cat ion 
c a n b e prac t i ca l ly any cat ion w h i c h w i l l r ead i ly accept oc tahedra l co
o rd inat i on to Ο or F . T h e A + cat ion can be near ly any un iva lent cat ion , 
b u t i f this cat ion is too smal l , water also enters the f ramework as i n 
zeolites. T a b l e I presents some examples of compounds i n this A M 2 F e 

f a m i l y . 

Table I. Ionic Conductivity Data for A M 2 X e Phases 

Compound a (A) Ε (kcal) 
σο 

( ohm'1 cm'1) 
<*300°C χ 10" 

(ohm'1 cm'' 

C s T a W O e 10.39 18 18 0.42 
C s N b W O e 10.40 13 55 110 
R b T a W O e 10.35 21 832 1.4 
R b N b W O e 10.37* 20 1250 5.1 
T I T a W O e 10.36 7.1 20 680 
T I N b W O e 10.36* 5.4 13.1 20000 
T l T a 2 0 5 F 10.48 6.9 2.0 810 
T l N b 2 0 5 F 10.49 4.4 1.0 3700 
R b T a 2 0 5 F 10.49 16 213 29 
R b N b 2 0 5 F 10.49 15 140 46 
C s T a 2 0 5 F 10.51 16 459 63 
C s N b 2 0 5 F 10.52 11 212 2400 

β These compounds are not cubic at 25°C; see text. 

T h e i d e a l f o r m u l a for the pyroch lore structure is A 2 M 2 X e X / , e.g., 
C d 2 N b 2 0 7 . T h u s , compounds of the A M 2 X e f a m i l y m a y be f o r m u l a t e d 
as Α Π Μ 2 Χ β Π ' or • 2 M 2 X e A where the empty latt ice sites are i n d i c a t e d 
b y • . There fore this structure w o u l d appear to be one i n w h i c h for 
A M 2 X e compounds there are numerous avai lable empty latt ice sites for 
the di f fusion of A + cations. A l t h o u g h large A + cations are f o u n d o n the 
" a n i o n site" (i.e., • ' ) , electrostatic energy calculations b y Pannet ier (3 ) 
ind i ca te that this is not a good cat ion site. Pannet i e r s calculations sug
gest that the electrostatic po tent ia l a l ong the tunnels c o u l d be v e r y 
smooth w h e n the size of the A cat ion is taken into account. T h u s this 
( M 2 X e ) " f ramework m a y be very favorable for h i g h m o b i l i t y of A + 

cations i n the tunnels w h e n the sizes are proper ly m a t c h e d . 
Recent papers o n compounds of this A M 2 X e f a m i l y have expanded 

the chemistry a n d demonstrated i o n exchange properties for the A cations 
( 4 - 2 2 ) . C r y s t a l l o g r a p h i c papers have shown that, i n at least some cases, 
the A cations are not w e l l l o c a l i z e d o n part i cu lar latt ice sites (23, 24, 25, 
26). T h e search for v e r y h i g h ion ic conduct iv i ty i n this f a m i l y has been 
somewhat d i sappo in t ing ( 2 7 ) . H o w e v e r , this class of compounds seems 
i d e a l for a s tudy of factors w h i c h inf luence i on i c conduct iv i ty . I n p a r -
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11. S L E I G H T E T A L . Polarizability Enhancement 197 

t i cu lar , this structure provides good opportunit ies for s u b d u i n g geo
metr i c factors so that other factors can be evaluated. 

Experimental 

Polycrysta l l ine samples were prepared i n the same manner as i n d i 
cated i n the l i terature us ing temperatures of 8 0 0 ° - 9 0 0 ° C . Oxides were 
general ly p repared i n a ir u s i n g g o l d containers; however , a l l t h a l l i u m -
conta in ing samples were sealed i n evacuated go ld tubes. Oxyf luorides 
were p r e p a r e d i n evacuated p l a t i n u m or g o l d tubes. 

Crysta ls of pyrochlore - type K W N b O e were easily g r o w n f r o m a 
potass ium tungstate flux. H o w e v e r , these crystals are diff icult to hand le 
since they read i ly hydrate to K W N b O e • H 2 0 . A l t h o u g h this hydrate 
has the same basic structure, hydra t i on a n d dehydrat i on destroy the 
q u a l i t y of the large crystals. Crysta ls of R b W N b O e a n d C s W N b O e were 
g r o w n f rom fluxes of r u b i d i u m a n d ces ium tungstates. H o w e v e r , these 
phases have s m a l l sto ichiometry ranges of the type A 2 a , W 2 - fcrNb^Oe, a n d 
χ varies somewhat f r om reg ion to reg ion i n a s ingle crystal . T h i s i n -
homogeneity l imits the usefulness of such crystals even t h o u g h they do 
not hydrate . 

X - r a y di f fract ion patterns at 25 ° C were obta ined o n a l l samples b o t h 
w i t h a n automatic P i c k e r p o w d e r diffractometer us ing C u K a rad ia t i on 
a n d a graphite monochromator a n d w i t h a Hàgg-Guinier camera us ing 
CuK«i rad ia t i on a n d an in terna l s tandard of h i g h p u r i t y K C 1 (a = 6.2931 
A at 2 5 ° C ) . C e l l dimensions ( T a b l e I ) are based o n a least-squares re 
finement of the G u i n i e r data. 

T h e centric or acentr ic character of the samples was de termined 
b y measur ing the second harmoni c rad ia t i on generated i n a n apparatus 
prev ious ly descr ibed ( 2 8 ) . N M R measurements o n T l 2 0 5 were carr i ed 
out at — 1 0 0 ° - + 2 5 0 ° C u s i n g a broad l ine c w spectrometer. 

T h e A C conduct iv i ty was measured at 1 0 3 - 1 0 6 H z a n d 3 0 0 ° - 7 0 0 ° C . 
T h e data were used on ly i f there was no f requency dependence to the 
conduct iv i ty . Measurements were made on s intered pellets, a n d con 
tacts were general ly sputtered go ld . T h e electronic component of the 
conduct iv i ty was est imated b y a l o w potent ia l D C m e t h o d us ing b l o c k i n g 
( A u ) electrodes. F o r the phases i n T a b l e I , the electronic conduct iv i ty 
was f o u n d to be neg l ig ib le . I n the case of T l + conductors, the D C con 
d u c t i v i t y was de termined w i t h T l meta l electrodes. These measurements 
were i n excellent agreement w i t h the A C conduct iv i t ies de termined w i t h 
g o l d electrodes. 

Results 

A l l the phases g iven i n T a b l e I are reported to be cub i c a n d centr ic 
at r oom temperature (space group F d 3 m ) . H o w e v e r , w e find that i n 
fact T I N b W O e , T l T a W O e , R b N b W O e , R b T a W O e , a n d C s N b W O e g ive 
signif icant second h a r m o n i c signals at r oom temperature. Therefore , 
these phases are not centr ic at 25 ° C . O n l y i n the case of T I N b W O e a n d 
R b N b W O e c o u l d w e detect departure f r o m c u b i c symmetry at r o o m 
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198 SOLID S T A T E C H E M I S T R Y 

temperature . T e t r a g o n a l symmetry is observed for R b N b W O e ( a = 
10.360 A , c = 10.379 A ) , a n d the symmetry is even l ower for T l N b W O e . 
D e s p i t e certa in departures f r o m the i d e a l structure at r o o m temperature , 
h i g h temperature studies (29) suggest that a l l phases i n T a b l e I are 
c u b i c a n d centr ic at temperatures greater t h a n 150 ° C . 

T h e i on i c conduct iv i ty data are s u m m a r i z e d i n T a b l e I . T h e r e l a 
t ionship σΤ = σ0β — (E/RT) was used to determine σ 0 a n d E. Because 
of the large variat ions i n b o t h σ 0 a n d E, comparisons of conduct iv i t ies 
cannot be m a d e unless the temperature is specified. T h e chosen tempera 
ture of 300°C is somewhat arb i trary , b u t most generalizations concern ing 
the re lat ive merits of these conductors h o l d over a considerable tempera
ture range. T h e data of T a b l e I cannot be accepted w i t h complete con 
fidence since these data were obta ined o n pellets rather t h a n s ingle 
crystals. H o w e v e r , the act ivat ion energies are l i k e l y to be m e a n i n g f u l 
even i f the use of pellets has resulted i n some error to the values of σ 0 

a n d Œ3oooc. 

T h e comparisons of R b + w i t h T l + are par t i cu lar ly revea l ing . H e r e the 
geometric influence must be very smal l , as ev idenced b y the ce l l d i m e n 
sions i n T a b l e I . T h e act ivat ion energies of the T l phases are consistently 
m u c h smal ler than the analogous R b phases regardless of whether the 
f o r m u l a is A T a W O e , A N b W O e , A N b 2 0 5 F , or A T a 2 0 5 F . A l t h o u g h the 
prefactor ( σ 0 ) is also greater for the R b phases, this is insufficient i n this 
temperature range to offset their h i g h act ivat ion energies. T h u s the T l 
phases are the better i on ic conductors. 

T h e compar ison of the N b vs. T a phases also reveals a t rend . A g a i n 
there is l i t t le chance that geometric factors p l a y a significant ro le i n 
v i e w of the very s imi lar size of T a 5 + a n d N b 5 + ev idenced b y the ce l l 
d imensions i n T a b l e I . A l t h o u g h act ivat ion energies are consistently 
l ower for the niobates relat ive to tantalates regardless of whether one 
considers the T l M 5 + W O e , R b M 5 + W O e , C s M 5 + W O e , C s M 5 O 5 F , or 
T 1 M 2

5 O 5 F phases, the m a r g i n of difference is not a lways conv inc ing . 
A g a i n prefactors are general ly w o r k i n g against the act ivat ion energies, 
b u t the niobates are general ly better conductors than tantalates at 300°C. 

T h e conduct iv i ty of T l W N b O e is p l o t ted i n F i g u r e 1 at 1 5 8 ° - 5 0 0 ° C . 
T h e A C ( A u electrodes) a n d D C ( T l electrodes) measurements agree 
w e l l . T h e act ivat ion energy f r o m 158°C to ca. 300°C is 14 k c a l . H o w 
ever, near 300°C the slope changes, a n d the temperature dependence of 
the conduct iv i ty becomes s m a l l at h igher temperatures. T h i s type of 
behav ior is apparent ly characterist ic of m a n y good ion ic conductors ( 3 0 ) . 
A t 300° C the conduct iv i ty of T l N b W O e is smaller t h a n that of T1-/3-
a l u m i n a (31) b y a factor of about four. 

T h e N M R l ine widths for T l 2 0 5 i n T l N b 2 0 5 F a n d T l T a 2 0 5 F are 
p l o t ted vs. temperature i n F i g u r e 2. A t l o w temperatures the l ine w i d t h s 
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I 0 4 / T (K'1) 

Figure 1. Conductivity data (solid lines) for TtWNb06. Low 
temperature data for fl electrodes (DC), and high temperature 

data for Au electrodes (AC). 

are those expected for a r i g i d latt ice . T h e r e is l ine n a r r o w i n g near r o o m 
temperature i n d i c a t i n g a signif icant increase i n the m o t i o n of the T l * 
cations. A l t h o u g h the l ine w id ths have l eve led off b y 150°C, this res idue 
l i n e w i d t h suggests that the m o t i o n of the T l + cations is s t i l l somewhat 
restr icted . Perhaps a further l ine n a r r o w i n g event exists at temperatures 
above 250°C . L i n e n a r r o w i n g commences at a l o w e r temperature for 
T l N b 2 0 6 F t h a n for T l T a 2 0 5 F . T h i s is consistent w i t h our conc lus ion 
that the A cations m o v e more freely i n a n iobate host than i n a n analogous 
tantalate host. 

F o r different i on i c conductors , the prefactor ( σ 0 ) decreases as the 
ac t ivat ion energy decreases (32, 33). G o o d i o n i c conductors are good 
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Figure 2. NMR data for TP05 in TlNbt05F and TlTatOsF 

not because of large prefactors b u t because they have l o w act ivat ion 
energies. T h e same general t r e n d is f o u n d w i t h i n the A M 2 X e f a m i l y of 
the present study. T h e reason for this t r e n d is not ent ire ly clear because 
of the n u m b e r of different factors w h i c h contr ibute to the prefactor. 
T h e j u m p frequency is expected to decrease w i t h the ac t ivat ion energy 
(33), a n d this w i l l cause a decrease i n the prefactor. H o w e v e r , there 
is evidence that i o n - i o n interactions c a n cause departures f r om a 
r a n d o m - h o p p i n g m o d e l (34). These interactions can also decrease the 
prefactor , a n d they m a y be attr ibutable to large o rdered regions ( 3 5 ) . 
Some of the prefactors i n the A M 2 X e phases are especial ly s m a l l ( T a b l e 
I ) , a n d this m a y then indicate strong A + - A + interactions. 

Discussion 

T h e h igher m o b i l i t y of T l * t h a n R b + i n analogous A M 2 X e phases 
s h o u l d p r o b a b l y be a t t r ibuted to p o l a r i z a b i l i t y effects. Desp i te the 
near ly i d e n t i c a l size of T l + a n d R b + , the p o l a r i z a b i l i t y of T l * is more 
t h a n t w i c e that of R b + (36). A l t h o u g h one c o u l d argue that the struc
tures of the T l * a n d R b + phases differ f r o m each other i n the manner of 
d i s t r ibut i on of these cations over the various possible sites, this s h o u l d 
not affect the ac t ivat ion energies w h i c h s h o u l d b e a measure of the 
"bott leneck barr i e r . , , T h e nature of the barr i e r w o u l d be essentially the 
same for b o t h R b a n d T l regardless of possible different d istr ibut ions . 
H o w e v e r , the more po lar i zab le cat ion w i l l pass through the barr i e r m o r e 
easi ly because i t c a n read i l y change its shape. Recent calculat ions b y 
W a n g et a l . (37) support this v i e w i n that they indicate " that h i g h 
p o l a r i z a b i l i t y of the charge carr ier i o n is benef ic ia l i n l o w e r i n g the 
po tent ia l energy barr ier heights . " 
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11. S L E I G H T E T A L . Pohrizability Enhancement 201 

A r m s t r o n g , B l u m b e r , a n d D i c k i n s o n (32) have a t t r ibuted the spec ia l 
a b i l i t y of C u + a n d A g + as m o b i l e charge carriers to the ab i l i t y of these 
cations to adopt b o t h four - a n d three-coordinated configurations. H o w 
ever, the ab i l i t y of these cations to accept such l o w ' coordination numbers 
( even two ! ) c o u l d also be a t t r ibuted to their po la r i zab i l i t y w h i c h is h i g h 
re lat ive to the ir size w h e n c o m p a r e d w i t h the a l k a l i cations. I n a d d i t i o n 
to a d o p t i n g l o w coord inat ion numbers , h i g h l y po lar izab le cations can 
also easi ly adopt very assymetric coordinations, a n d this s h o u l d also 
enhance their m o b i l i t y . 

H i g h p o l a r i z a b i l i t y of anions is f requent ly supposed to b e benef ic ia l 
for h i g h m o b i l i t y of cations ( 3 2 ) . C e r t a i n l y the highest mobi l i t ies for 
A g + a n d C u + are f o u n d w i t h the h i g h l y po lar i zab le anions, i.e., Γ , B r " , C I " , 
S 2 " , S e 2 - , a n d T e 2 " . H o w e v e r , the evidence o n this po int is presently less 
c o n v i n c i n g w h e n one considers the m o b i l i t y of the a l k a l i cations. F u r 
thermore , the ca l cu lat ion of W a n g et a l . (35) suggests that " large po lar 
i z a b i l i t y of fixed oxygen ions is de t r imenta l to N a + m o b i l i t y i n / ^ a l u m i n a . " 

T h e effect of an ion p o l a r i z a b i l i t y o n cat ion m o b i l i t y is diff icult to 
establ ish exper imental ly because our supp ly of anions is m u c h more 
l i m i t e d t h a n our supp ly of cations. T h e r e are no two different anions 
w i t h the same size a n d charge. T h u s i t becomes diff icult to separate 
p o l a r i z a b i l i t y effects f r om the important geometric factors. H o w e v e r , 
the p o l a r i z a b i l i t y of oxygen is k n o w n to vary considerably d e p e n d i n g o n 
its environment (36 ) . T h u s w e m i g h t hope to alter the p o l a r i z a b i l i t y of 
oxygen i n a g iven host w i t h o u t s ignif icantly a l ter ing the geometry of the 
host. F o r example , the p o l a r i z a b i l i t y of oxygen m i g h t differ b e t w e e n 
A T a 2 0 5 F a n d A N b 2 0 5 F phases, a n d here the geometric factor w o u l d be 
constant. 

O n e can also consider the po lar i zab i l i t y of the host ( M 2 X e ) " w i t h o u t 
resort ing d i rec t ly to considerat ion of the po lar i zab i l i t y of the i n d i v i d u a l 
M a n d X ions. A niobate structure is a lways more po lar i zab le t h a n its 
tantalate counterpart (28, 3 8 ) . A l t h o u g h oxygen is p r o b a b l y more 
po lar i zab le i n a niobate than a tantalate, the movement of the cores 
re lat ive to each other is also significant. T h u s one can d i s t ingu ish latt ice 
p o l a r i z a b i l i t y f r om the p o l a r i z a b i l i t y of i n d i v i d u a l ions despite some con 
nec t i on be tween the two . T h e h igher po lar i zab i l i t y of the niobate re lat ive 
to a tantalate can be a t t r ibuted to the greater covalence of the Nb—Ο 
b o n d relat ive to the T a - O b o n d a n d to the consequent greater tendency 
t o w a r d double b o n d format ion i n a niobate ( 2 8 ) . T h i s difference i n 
p o l a r i z a b i l i t y be tween niobates a n d tantalates is ev ident i n c o m p a r i n g 
the i r behav ior as ferroelectrics. T h e h igher po lar i zab i l i t y for niobates 
also appears to favor h i g h m o b i l i t y of the cat ion charge carrier . I n this 
case, a "softer" host f ramework presents a l ower energy barr i e r to 
d i f fus ion of the A + cations. 
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202 S O L I D S T A T E C H E M I S T R Y 

Since the highest repor ted N a * conduct iv i ty i n s o l i d electrolytes is 
for 0 - a l u m i n a phases, the importance of p o l a r i z a b i l i t y s h o u l d be examined 
for such phases. Structure determinations for Na- / ? -a lumina (39) a n d 
Ag - / ? -a lumina (40) show h i g h t h e r m a l v i b r a t i o n a l parameters for the 
m o b i l e cations (i .e. , N a a n d A g ) . S u c h h i g h t h e r m a l parameters are 
characterist ic of m o b i l e ions i n the better i o n i c conductors . H o w e v e r , 
the oxygen atoms i n the p lane of these m o b i l e cations also have h i g h 
t h e r m a l parameters, a n d these oxygen atoms are not mob i l e . T h e h i g h 
t h e r m a l parameters for these oxygen atoms s h o u l d be a t t r ibuted instead 
to the h i g h p o l a r i z a b i l i t y of a n A l - O - A l l inkage w h e n the b o n d angle is 
180°. ( O t h e r oxygen atoms i n the 0 - a l u m i n a structure are coord inated 
to three or f our a l u m i n u m atoms; the A l - O - A l b o n d angles are not close 
to 180°, a n d the t h e r m a l parameters are normal . ) A 180° A l - O - A l or 
S i - O - S i l inkage represents a s t ructura l ins tab i l i ty just as T i 4 + or N b 5 + at 
the center of a regular octahedron of O 2 " represents a s t ruc tura l ins ta 
b i l i t y . T h i s s t ructura l ins tab i l i ty can l ead to a h i g h l y po lar i zab le A l - O - A l 
b o n d w h i c h is reflected b y h i g h t h e r m a l m o t i o n perpend i cu lar to this 
b o n d . I n the β-alumina structure these h i g h l y po lar i zab le bonds m a y 
w e l l enhance the m o b i l i t y of the m o b i l e cations. 

P o l a r i z a b i l i t y also appears to have important consequences for a n i o n 
conduct iv i ty . T h e fluoride i o n conduct iv i ty i n P b F 2 is h i g h re lat ive to 
other fluorides w i t h the fluorite structure. T h i s s h o u l d p r o b a b l y b e 
a t t r ibuted to the h i g h p o l a r i z a b i l i t y (36) of P b 2 * re lat ive to C a 2 * , Sr 2 * , 
B a 2 * , a n d C d 2 + . T h e highest O 2 " conduct iv i ty observed i n so l id oxides is 
for phases conta in ing the h i g h l y po lar izab le B i 3 * cat ion (41). T h e lone-
p a i r cations T l 1 + , P b 2 + , a n d B i 3 + owe the ir h i g h p o l a r i z a b i l i t y to easy 
h y b r i d i z a t i o n be tween 6s ( f o rma l ly filled) a n d 6p ( f o r m a l l y e m p t y ) 
orbitals . A l t h o u g h one c o u l d attr ibute h i g h i on i c c onduc t iv i ty to the 
ease of h y b r i d i z a t i o n , h i g h p o l a r i z a b i l i t y results f r o m fac i le h y b r i d i z a t i o n . 
T h u s fac i le h y b r i d i z a t i o n a n d h i g h p o l a r i z a b i l i t y are essentially insep
arable . 

D e s p i t e h i g h O 2 " conduct iv i ty , b i smuth - conta in ing oxides are not 
use fu l i n f u e l c e l l appl icat ions because of the easy r educ t i on of b i s m u t h . 
H o w e v e r , certa in selective ox idat ion catalysts re ly o n h i g h m o b i l i t y of 
latt ice oxygen for the ir se lect iv ity . B i s m u t h is a necessary component of 
m a n y such catalysts, a n d one of its roles w o u l d appear to b e the p r o m o 
t i o n of h i g h O 2 " m o b i l i t y (42,43). 

Conclusions 

G e o m e t r i c considerations are important for i o n i c conductors . H o w 
ever, p o l a r i z a b i l i t y is also a n impor tant considerat ion. A l t h o u g h one c a n 
do l i t t l e to inf luence the p o l a r i z a b i l i t y of a g iven m o b i l e i o n , one does 
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11. SLEIGHT ET AL. Polanzability Enhancement 203 

have considerable flexibility w i t h the p o l a r i z a b i l i t y of the host structure. 
H i g h p o l a r i z a b i l i t y can be i n t r o d u c e d in to a host structure even w h e n 
h i g h p o l a r i z a b i l i t y is not a bas i c characterist ic of any of the i n d i v i d u a l 
constituents of the host structure, e.g., 0 - a l u m i n a . T h u s , the discovery 
or des ign of n e w host structures w i t h h i g h p o l a r i z a b i l i t y is a chal lenge 
to crysta l chemists. 
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1 2 

The Sodium-Sulfur Battery: 
Problems and Promises 

S. A. WEINER 

Research Staff, Ford Motor Co., Dearborn, Mich. 48121 

The current status of work on the sodium-sulfur battery is 
reviewed, with emphasis on the ceramic electrolyte and 
container and electrode materials for the sulfur electrode. 
The baseline studies for the cell testing program are run on 
cells constructed of carbon, glass, and β"-alumina and con
taining no metal other than sodium. In sodium—sodium test 
cells ceramic life has exceeded 1000 A-h/cm2 one way. 
Sodium-sulfur cell life still remains short of sodium-sodium 
cell life. Separate cells designed to maximize energy and 
power density, respectively, were studied. The high energy 
cell #89 delivered 2.3 Wh/cm2 at 64% efficiency. The high 
power cell delivered 0.35 W/cm2 at 62% electrical efficiency 
and with long life. Cost studies indicate the ceramic to be 
the high cost item with a materials cost of 11.6 cents/cm2. 
While problems still remain, there is no known fundamental 
obstacle that precludes the commercial development of the 
sodium—sulfur battery. 

T P h e s o d i u m - s u l f u r battery consists of two l i q u i d electrodes, s o d i u m 
a n d sul fur , a n d a ceramic electrolyte membrane a l l o w i n g the trans

port of s o d i u m ions ( 1 ) . T h e sod ium electrode is w e l l character ized a n d 
does not present mater ia l prob lems. Excess sod ium is used to keep the 
ceramic electrolyte complete ly covered at a l l t imes. T h e use of excess 
s o d i u m together w i t h a stainless steel s od ium container el iminates the 
need for an e lectr ica l feed-through. T h e / ^ " - a l u m i n a electrolyte consists 
of N a 2 0 , A 1 2 0 3 , s tab i l i zed b y L i 2 0 . T y p i c a l l y it has a strength o n the 
order of 20 k p s i a n d a resist ivity of 5 o h m - c m at 300°C. 

T h e operat ion of the sul fur electrode is qui te complex. Because ele
m e n t a l sul fur is an electronic insulator , graphite felt is a d d e d to prov ide 
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206 S O L I D S T A T E C H E M I S T R Y 

a large area electrode. O n discharge f r o m s o d i u m a n d sul fur , the s o d i u m 
polysul f ide f o r m e d is not soluble i n sul fur . T h u s the sul fur electrode 
contains t w o l i q u i d phases throughout some 6 0 % of the discharge. 
B e y o n d this po int essentially no e lemental su l fur remains , a n d a l l of the 
polysulf ides are misc ib le , f o n n i n g one phase. T o keep this phase l i q u i d 
throughout its compos i t ional range ( N a 2 S B to N a 2 S 3 ) i t is necessary to 
operate above 270°C w i t h t y p i c a l operat ing temperatures f a l l i n g at 
3 0 0 ° - 3 7 5 ° C . A schematic of a c e l l w i t h a c y l i n d r i c a l ceramic electrolyte 
is s h o w n i n F i g u r e 1. 

Figure 1. Schematic of a sodium-sulfur cell 
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12. W E I N E R The Sodium-Sulfur Battery 207 

T h e t w o major appl icat ions current ly env is ioned for the s o d i u m -
sul fur battery are electric u t i l i t y l o a d l eve l ing a n d automot ive p r o p u l s i o n . 
F o r l o a d l eve l ing the sul fur electrode must meet stringent e lec tr i ca l effi
c iency requirements w i t h less importance p l a c e d on ach iev ing h i g h u t i l i 
za t i on of reactants since w e i g h t a n d vo lume are not as c r i t i ca l . I n 
contrast, h i g h reactant u t i l i z a t i o n is more important than even the oper
a t i n g efficiency of the veh i cu lar battery. F u r t h e r m o r e , the battery for 
automotive propu l s i on must have a h igher power density t h a n the battery 
used for l o a d l eve l ing . O u r p r o g r a m has two goals: the deve lopment of 
a n efficient h i g h energy battery a n d the development of a l o w we ight , 
h i g h power battery. 

I n order to compare current laboratory achievement w i t h overa l l 
p r o g r a m goals, the goals of the p r o g r a m have been trans lated f r o m units 
of W / k g a n d W h / k g to W / c m 2 a n d W h / c m 2 where the u n i t of area is 
the surface area of the / ? " - a l u m i n a ceramic electrolyte. T h e goals are 
g iven i n T a b l e I . T h e translat ion f r o m units of we ight to units of e lectro
lyte area was necessary because the b u l k of the laboratory results w e r e 
obta ined us ing cells constructed m a i n l y f r o m carbon a n d glass to a v o i d 
the effects of corrosion products o r ig inat ing f r om meta l l i c electrode 
containers or current collectors i n contact w i t h the s u l f u r / p o l y s u l f i d e 
mel t . 

T a b l e I . C e l l Goals 

High Energy High Power 
Variable Cell Cell 

E n e r g y density ( W h / c m 2 ) 2 0.15 
(265 W h / k g ) (60 W h / k g ) 

Average power density ( W / c m 2 ) 0.2-0.4 0.35 
(55-110 W / k g ) (140 W / k g ) β 

U t i l i z a t i o n of reagents (%) 50 25 
E l e c t r i c a l efficiency (%) 65 70 
C a p a c i t y ( A - h / c m 2 ) 1.0 0.1 
Discharge t ime (h) 5 -10 0.4 
D u r a b i l i t y ( A - h / c m 2 ) 2500 100 
C y c l e l i fe 2500 1000 

° The goal for peak power density is 0.7 W / c m 2 or 280 W / k g . 

U l t i m a t e l y the use of the s o d i u m - s u l f u r battery w i l l d e p e n d on its 
a b i l i t y to compete economica l ly w i t h the alternate means avai lab le for 
l o a d l eve l ing a n d automotive propu ls i on . Present ly the l imits of b o t h 
c e l l d u r a b i l i t y a n d cost are set b y the ^ " - a l u m i n a electrolyte. A c c o r d 
i n g l y this paper emphasizes the ceramic electrolyte. 
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208 SOLID STATE CHEMISTRY 

Results of Cell Testing 

F o r ceramic evaluat ion s o d i u m - s o d i u m test cells ( F i g u r e 2 ) are 
constructed a n d r u n at re lat ive ly h i g h current densities of 0.75-1.25 
A / c m 2 so that substantial i on i c currents can be passed through the 
electrolyte i n a reasonable p e r i o d of t ime. D u r i n g testing ce l l polarit ies 
are reversed per iod i ca l ly . T h i s subjects each surface of the ceramic elec
tro lyte to bo th a charg ing operat ion i n w h i c h s o d i u m ions are converted 
to s o d i u m m e t a l a n d a discharge operat ion i n w h i c h s o d i u m m e t a l is 
converted to s o d i u m ions. 

T h e character izat ion of i n d i v i d u a l s o d i u m - s u l f u r cells involves t w o 
dist inct test ing programs—endurance testing a n d per formance test ing 
( 2 ) . T h e purpose of the endurance test p r o g r a m is to establish the d u r a 
b i l i t y of the ce l l a n d its components b y m o n i t o r i n g the e lectr i ca l per 
formance at fixed operat ing condit ions as a funct ion of t ime a n d condit ions 
of use. I n a d d i t i o n to the t ime to fa i lure , the rates of deter iorat ion of c e l l 
per formance (e.g., capacity , in terna l resistance) are obta ined . T h e goa l 
of per formance testing is the character izat ion of the e lectr ica l behav ior 
of a c e l l at various operat ing condit ions (e.g., temperature , charge, a n d 
discharge rates) d u r i n g the early stages of ce l l l i fe . Speci f ical ly these 
tests invo lve de te rmin ing the capaci ty vs. rate of charge a n d discharge 

Figure 2. Schematic of a sodium-sodium cell 
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12. W E I N E R The Sodium-Sulfur Battery 209 

a n d the measurement of ohrnic a n d concentrat ion polar izat ions as a 
func t i on of temperature , rate, a n d state of charge of the ce l l . A t the c o n 
c lus ion of the e lectr ica l test p r o g r a m each c e l l is dissected a n d e x a m i n e d 
v i sua l l y . C e l l components are p r e p a r e d for further examinat ion as 
appropr iate . 

Sodium—Sodium Cells 

O n e of the major uses of the s o d i u m - s o d i u m c e l l test p r o g r a m has 
b e e n to evaluate different ceramic composit ions. Several of the compo 
sitions tested passed over 1000 A - h / c m 2 i n one d i rec t ion , whereas others 
showed clear evidence of e lectro lyt ic degradat ion . T h e major factor i n 
the e lectro lyt ic degradat ion of β' ' -alumina w h e n subjected to h i g h current 
densities i n a c h a r g i n g mode is the L i 2 0 concentrat ion. W h i l e the N a 2 0 
content m a y v a r y w i t h i n certa in l imi ts , ^ " - a l u m i n a composit ions con 
t a i n i n g L i 2 0 ^ 0 .8% appear to be s igni f icantly more resistant to e lectro
l y t i c degradat ion at h i g h current densities t h a n /^ ' ' -a lumina composit ions 
conta in ing L i 2 ^ 0 . 9 % . 

A s a further result of this s tudy the compos i t ion 9 .0% N a 2 O / 0 . 8 % 
L i 2 0 is b e i n g tested i n s o d i u m - s u l f u r cells. Ce l l s 1723-1 a n d 1723-2 
each passed over 1000 A - h / c m 2 und i rec t i ona l ly w i t h o u t deter iorat ion at 
a current density of 1.25 A / c m 2 . T h e resist ivity of the mater ia l (5.3 Ω-cm 
at 3 0 0 ° C ) is comparable w i t h that of the 8 .7% N a 2 O / 0 . 7 % L i 2 0 p r e v i 
ously used (5.0 Ω-cm at 3 0 0 ° C ) , w h i l e its strength is greater (19,000 p s i 
vs. 16,000 p s i ) . F u r t h e r m o r e , ^ " - a l u m i n a of the 9 .0% N a 2 O / 0 . 8 % L i 2 0 
compos i t ion is easier to process than /3 " -a lumina of the 8 .7% N a 2 O / 0 . 7 % 
L i 2 0 composit ion. C o m p a r i s o n of the per formance i n N a - N a cells of 
ceramic of these t w o composit ions is g iven i n T a b l e I I . 

Te s t i ng of cells 1266-1, 1266-2, 1266-3, a n d 1487-1 was d i s cont inued 
because of fa i lure of the outer glass envelope. T e s t i n g of cells 1269-3, 

Table II. Summary of Data from H i g h Current 
Density Na—Na Test Cells 

Specific 
Approx. Capacity 

Current Composition T i ™ ° n U-h/cm») 
Cell Density Test One 

Number (A/cm2) % Na20 % Li20 (Mo) Direction 
1266-1 0.75 8.7 0.7 1.3 377 
1266-2 0.75 8.7 0.7 6 1512 
1266-3 0.75 8.7 0.7 1.5 378 
1578-1 1.00 8.7 0.7 1.9 636 
1269-3 1.25 8.7 0.7 1.3 525 
1723-1 1.25 9.0 0.8 2.1 1155 
1723-2 1.25 9.0 0.8 3.2 1575 
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210 SOLID S T A T E C H E M I S T R Y 

1723-1, a n d 1723-2 was d i scont inued because of ma l func t i on of the c e l l 
test control ler . A f t e r c e l l terrnination most of the ceramic membranes 
were examined b y a var ie ty of methods i n c l u d i n g l i ght microscopy , scan
n i n g e lectron microscopy ( S E M ) , x-ray di f fract ion, a n d x-ray fluorescence. 
O n l y the ceramic f r om ce l l 1578-1 was f o u n d to be cracked . Some anoma
lies were observed, however , i n the examinat ion of other ceramics. T h e 
presence of Κ a n d C I was f o u n d b y S E M i n c racked areas of tube 1578-1, 
b u t not i n u n d a m a g e d sections. T h e r e were several indicat ions of seal 
damage that c o u l d not p roper ly be ca l l ed seal fai lures i n the four cells 
b u i l t w i t h ceramic of compos i t ion 9 .0% N a 2 O / 0 . 8 % L i 2 0 . I n these cases 
the «-Al 2 0 3 -glass-)S' / -alumina seals were b a d l y d isco lored or p i t t e d b u t 
not b roken . 

T y p i c a l l y ceramic electrolytes that have f a i l e d on h i g h current test
i n g exhib i t m u l t i p l e crack patterns a n d appear w e a k e n e d even i n areas 
where there are no v i s ib le crack patterns. T h e r e have also been i n d i c a 
tions of f a i lure caused b y deter iorat ion of the / ? " - a l u m i n a i n the v i c i n i t y 
of the seal. 

I n one case cracks were f o rm e d i n a / ? " - a l u m i n a tube adjacent to 
the /3"-glass-« seal b u t not i n other portions of the tube . T h i s ra ised the 
poss ib i l i ty of stress corrosion caused b y the seal. T o test this poss ib i l i ty 
perpend i cu lar pairs of strain gauges were m o u n t e d o n ^ ' ' - a l u m i n a tubes 
at distances of 0.5 c m a n d 2 c m f r o m prev ious ly f o r m e d β' '-glass-a seals. 
A f t e r i n i t i a l readings were taken, the tubes were cut w i t h a l ow-speed 
d i a m o n d saw at points be tween the seals a n d the strain gauges closest 
to t h e m . T h e change i n strain was then measured a n d the stress c a l c u 
l a t e d u s i n g the expression: 

Ε 

w h e r e 

Gx = c i r cumferent ia l stress i n p s i 
Gy = ax ia l stress i n p s i 
Ε = Y o u n g s m o d u l u s « 28.04 X 10 8 p s i 

= s tra in i n p p m , c i r cumferent ia l 
«ν — strain i n p p m , ax ia l 
V =- Po issons rat io « 0.259 

T h e values of Ε a n d ν w e r e de termined for the compos i t ion 9 . 0 % 
N a 2 O / 0 . 8 % L i 2 0 . T h e va lue of Ε differs f r o m that repor ted for the c o m 
pos i t i on 8 .7% N a 2 / 0 . 7 % L i 2 0 , i.e., 18 X 10 e p s i ( 3 ) . T h i s degree of 
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12. W E I N E R The Sodium-Sulfur Battery 211 

var ia t i on is not unreasonable , however , as the va lue of Ε is in f luenced 
b y sample porosity a n d does not affect the conc lus ion s igni f icantly . 

A l l tubes were sealed to α - Α 1 2 0 3 tubes w i t h seal ing glass i n the 
customary manner . Tubes of the f o l l o w i n g composit ions were examined : 

( a ) 9 . 5 % N a 2 O / 0 . 9 % L i z O . T h e tube h a d b e e n degraded i n a 
N a - N a ce l l . C r a c k s w e r e observed near the seal, b u t no cracks were 
f o u n d 2 c m or farther away f r o m the seal. 

( b ) 9 . 5 % N a 2 O / 0 . 9 % L i 2 0 . T h e tube was n e w . 
( c ) 9 . 5% N a 2 O / 0 . 8 % L i 2 0 . T h e tube h a d been subjected to current 

of 1.25 A / c m 2 i n a N a - N a ce l l . It was undamaged . 
( d ) 8 .7% N a 2 O / 0 . 7 % L i 2 0 . T h e tube was freshly prepared . 
These data are s u m m a r i z e d i n T a b l e I I I . There is a n apparent cor

re la t i on between strain a n d ceramic degradat ion , a n d i t w o u l d be tempt 
i n g to ascribe the observed ceramic degradat ion to stress corrosion. 
H o w e v e r , the stresses ca l cu lated f r om the measured strains n o r m a l l y 
w o u l d not be expected to contr ibute s igni f icantly to stress corrosion. 
M o r e recent w o r k b y A . V i r k a r , U n i v e r s i t y of U t a h , has s h o w n that /?"-
a l u m i n a is subject to stress corrosion i n l i q u i d s o d i u m . I n these exper i 
ments , the K - V d i a g r a m was generated. T h e stress corrosion effects are 
s m a l l a n d are somewhat a func t i on of compos i t ion of ceramic . 

M o r e recently the N a - N a test ce l l p r o g r a m has been used to evaluate 
the ceramic electrolyte p r o d u c e d at the U n i v e r s i t y of U t a h . O f the four 

Table III. Stress and Strain on ^ " - A l u m i n a Tubes Near Seals 

% Composition Na20/LitO 

9.5/0.9 9.5/0.9 9.6/0.8 8.7/0.7 

H i s t o r y N a - N a ce l l 
degraded 
near seal 

F r e s h N a - N a ce l l 
undamaged 

F r e s h 

0.5 c m f rom seal : 
ty (ppm) 
Gy (psi) 

22 
856 

28 
1075 

4 
159 

- 1 3 e 

- 1 5 7 

0.5 c m f rom seal : 
tx (ppm) 
Gx (psi) 

25 
922 

30 
1119 

5 
181 

30 
800 

2 c m f rom seal : 
€y (ppm) 
G„ (psi) 

2 
146 

13 
523 

0 
31 

8 
263 

2 c m f rom seal : 
tm (ppm) 
Gx (psi) 

11 
346 

17 
612 

4 
120 

3 
152 

* Negative values indicate compression. 
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212 S O L I D S T A T E C H E M I S T R Y 

cens conta in ing U t a h - p r o d u c e d ^ " - a l u m i n a ceramic of compos i t ion 9 . 0 % 
N a 2 O / 0 . 8 % L i 2 0 one has f a i l e d after pass ing 1415 A - h / c m 2 one w a y , 
a n d the others are s t i l l i n operat ion. Present plans c a l l for u s i n g N a - N a 
cells to test the effects of process a n d r a w mater ia l changes m a d e b y the 
U n i v e r s i t y of U t a h . A l t h o u g h N a - N a c e l l test ing remains a use fu l t oo l 
for ceramic eva luat ion , w e have f o u n d that the crack patterns exh ib i t ed 
b y ^ " - a l u m i n a electrolytes after N a - N a test ing are different f r o m those 
observed on N a - S c e l l testing. F u r t h e r m o r e , w h i l e w e have establ ished 
o u r pre ferred compos i t ion o n the basis of N a - N a c e l l tests, w e have not 
establ ished w h y one compos i t ion behaves dif ferently f r o m another s i m i l a r 
compos i t ion nor w h y a n d b y w h a t m e c h a n i s m ( s ) / T ' - a l u m i n a electrolytes 
degrade. 

Sodium-Sulfur Cells 

C e l l des ign involves creat ing an overa l l c e l l conf igurat ion w h i c h is 
c ompat ib l e w i t h the / T ' - a l u m i n a electrolyte, seals, container mater ia ls , 
a n d assembly procedures. T h e c e l l components must be s ized to be con 
sistent w i t h ( a ) the e lectr i ca l requirements of capac i ty , power , a n d 
efficiency, a n d ( b ) the m e c h a n i c a l requirements of strength, ruggedness, 
a n d s i m p l i c i t y of assembly set b y operat ional a n d fabr i cat ion loads. 

T h e s o d i u m - s u l f u r c e l l test ing p r o g r a m is d i rec ted t o w a r d i m p r o v i n g 
the e lectr i ca l per formance of cells, deve lop ing an unders tand ing of those 
factors w h i c h contro l c e l l per formance , establ ishing c e l l d u r a b i l i t y , a n d 
i d e n t i f y i n g factors w h i c h l i m i t c e l l l i f e . W h i l e the present l i m i t to c e l l 
l i f e for those cells constructed m a i n l y of carbon a n d glass is set b y the 
d u r a b i l i t y of / ? " - a l u m i n a electrolytes, the fact that cells b u i l t us ing other 

TEST CELL CROSS SECTION 

Figure 3. Schematic of Cell 89 
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12. W E I N E R The Sodium-Sulfur Battery 213 

CELL CAPACITY-Ah 

SPECIFIC CAPACITY-Ah-cm" 2 

Figure 4. Performance of Cell 89 

materials of construct ion have shorter l ives under l ines the importance of 
factors such as the presence of m e t a l ions whose influence o n / ? " - a l u m i n a 
ceramic electrolyte d u r a b i l i t y is not yet understood . 

A c e l l incorporat ing a shaped graphite felt electrode des igned for 
very h i g h energy storage ( F i g u r e 3 ) gave l o w in terna l losses a n d h i g h 
u t i l i z a t i o n of reactants ( F i g u r e 4 ) . I n attempts to ob ta in further i m 
provements i n ce l l operat ion at temperatures of about 350°C a n d to a i d 
i n deve lop ing an unders tand ing of the effects of electrode shape a series 
of three cells, des ignated cells 93, 94, a n d 95 i n F i g u r e 5, was constructed 
to compare the effect of open volumes a n d the locat ion of the open 
channels re lat ive to the ceramic surface. T h e results ob ta ined w i t h c e l l 
94 are s h o w n i n F i g u r e 6. T h i s c e l l shows good discharge per formance 
a n d fa i r c h a r g e a b i l i t y — u t i l i z i n g a sizeable f ract ion of the reactants a n d 
operat ing moderate ly deep into the two phase reg ion of the N a - S phase 
d i a g r a m . T h e results obta ined w i t h ce l l 93 are s h o w n i n F i g u r e 7. I t is 
c lear that the c e l l w i t h uncovered ceramic is capable of recharg ing m u c h 
more complete ly , r e t urn ing to near ly pure sul fur , a l though w i t h a steadi ly 
increas ing po lar i za t i on as charg ing continues. T h e losses for this c e l l 
are about double those i n ce l l 94. 

These results can be interpreted i n terms of mass transfer b y con 
vect ion , w i c k i n g , a n d dif fusion. C e l l 94 was capable of d i s charg ing w e l l 
because the react ion p r o d u c t — p o l y s u l f l d e s — f o r m e d i n the t h i n r i n g was 
ab le to diffuse to the edge of the fe lt a n d react or convect away. L a r g e -
scale convect ion i n the open channels b rought sul fur u p to the fe lt to 
s u p p l y i t to the reac t ing zone. Because a l l the / T ' - a l u m i n a ceramic was 
u t i l i z e d a n d the react ion zone was close to the ceramic , the in te rna l losses 
w e r e l ow . O n charge, however , the s o d i u m pentasulf ide was prevented 
f r o m reach ing the ceramic at a sufficient rate because the graphite fibers 
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214 SOLID S T A T E C H E M I S T R Y 

CELL DESIGNEZ" 

Figure 5. Schematic of Cells 93-95 

are wet ted better b y sulfur. T h e charge is l i m i t e d thereby to a s m a l l 
por t i on of the two-phase region. 

F o r c e l l 93 this interpretat ion w o u l d suggest that o n discharge, the 
losses w o u l d be h igher because only about hal f of the ceramic is f u l l y 
active. T h e por t i on of the ceramic area not covered b y felt is inact ive , 
since i t is covered b y sul fur in i t i a l l y . A s polysul f ide is f o rmed d u r i n g 
discharge a n d fills the open channels, the por t i on of ceramic covered b y 

100 m A / c m 2 

5 10 15 
STATE OF C H A R G E - Ah 

Figure 6. Performance of Cell 94 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

12



12. W E I N E R The Sodium-Sulfur Battery 215 

polysul f ide becomes active. I n this reg ion the i o n i c p a t h extends t h r o u g h 
the ceramic a n d t h r o u g h the polysul f ide me l t i n the open channe l a n d 
terminates on the graphite fiber surfaces o n the edges of the shaped felt . 
T h e contr ibut ion of this conduct i on p a t h is p ropor t i ona l to the he ight of 
the polysul f ide i n the open channels a n d is p r o b a b l y a s m a l l factor 
throughout the discharge cycle , a l though i t is responsible for the i m 
provement i n chargeabi l i ty of the ce l l . A s w i t h most cells , there are n o 
prob lems associated w i t h charg ing through the one-phase reg ion because 
of di f fusion a n d c h e m i c a l reactions. O n c e pentasulf ide has f o rmed , h o w 
ever, the por t i on of ceramic covered b y felt is expected to become i n a c 
t ive because of sul fur film format ion w h i c h blocks the felt surface adjacent 
to the ceramic . T h e on ly r e m a i n i n g i on i c p a t h is t h r o u g h the uncovered 
ceramic surface. W e bel ieve that the graphite fiber surfaces at the edge 

CAPACITY-Ah 

Figure 7. Performance of Cell 93 

of the felt r e m a i n active because these surfaces are exposed to a freely 
convect ing l i q u i d phase that can remove the sul fur film b y convect ion. 
A c c o r d i n g to this m o d e l w e w o u l d expect the c e l l conductance to decrease 
i n p ropor t i on to the r e m a i n i n g he ight of polysul f ide i n the open regions, 
i n qual i tat ive agreement w i t h data f r o m c e l l 93. 

A c e l l des igned for a more qaunt i tat ive test of this concept is s h o w n 
i n F i g u r e 8. T h e inner hole i n the electrode was en larged to prov ide a 
1-mm gap between the ceramic surface a n d the electrode. T h e c h a r g e / 
discharge characteristics of this c e l l ( c e l l 102) are g iven i n F i g u r e 9. 
T h e results can be interpreted i n terms of changes i n geometry associated 
w i t h the v a r y i n g l eve l of pentasulf ide as the state of charge is var i ed . I f 
phase separation occurs r a p i d l y , the area of ceramic covered b y the 
i on i ca l l y c onduc t ing polysul f ide varies i n propor t i on to the amount of 
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216 SOLID S T A T E C H E M I S T R Y 

polysulfide present in the cell. To a first approximation the cell con
ductance should vary linearly with the state of charge as shown in 
Figure 10. 

ALPHA ALUMINA 
GRAPHITE ROD 

TEST CELL CROSS SECTION 

Figure 8. Schematic of Cell 102 

Examination of Sodium—Sulfur Cells after Testing 

After high-temperature testing was completed, cell 89 was returned 
to 300°C. Its performance had degraded significantly. The charge cycle 
appeared to have become limited to the single-phase region even at low 
rates of charge. The cell was taken out of service after three months of 
operation and examined. The major finding was that the "cemented" 
felt arms had become detached from an eroded graphite current collector, 
thus reducing the electrical contact between the current collector and 
the electrode to that provided by a few pressure contacts. Under this 
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12. W E I N E R The Sodium-Sulfur Battery 217 

J c = 5 0 , 100, 150, 200 , 3 0 0 m A / c m 2 

I I I I Ι 
Ο 10 2 0 3 0 4 0 

STATE OF CHARGE-Ah 

Figure 9. Performance of Cell 102 

condi t ion , on ly the inner w a l l of the c y l i n d r i c a l current col lector remains 
act ive as the electrode. T h e ceramic electrolyte was f o u n d to b e intact . 
E x a m i n a t i o n of fracture surfaces u s i n g scanning e lectron microscopy d i d 
not revea l any signs of degradat ion. 

Figure 10. Plot of cell conductance vs. state of charge 
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218 S O L I D S T A T E C H E M I S T R Y 

T h e performance of ce l l 93 deter iorated s lowly . E x a m i n a t i o n of the 
c e l l after its fa i lure showed that the " cemented" graphite felt slabs h a d 
become detached, as h a d occurred i n ce l l 89. 

C e l l 94 f a i l e d before extensive e lectr ica l test ing c o u l d be accom
p l i shed . O n l y the i n i t i a l charge /d i s charge characteristics were obta ined . 
Unexpec ted ly , c e l l 95 also charged far into the two-phase reg ion , con 
trary to a l l previous results on such cells h a v i n g th i ck f u l l r i n g electrodes. 
T h e ce l l became non-cou lombic , however , before its charge /d i s charge 
characteristics c o u l d be establ ished f u l l y . 

C e r a m i c tubes were r e m o v e d f r om 93 a n d 94 a n d , after c leaning , 
were cut into segments. W h e n feasible, r ings were cut f r o m u n d a m a g e d 
portions of the tube for d i a m e t r i c a l strength tests, microstructures were 
determined , a n d surfaces were ana lyzed b y scanning electron microscopy 
( S E M ) . I n selected cases electron microprobe , A u g e r , a n d x-ray fluores
cence were also used. I n add i t i on , ceramic tubes also were r e m o v e d 
f r o m cells Ε 5, Ε 16, a n d Ε 23. These cells were b u i l t w i t h a n electrode 
shape s imi lar to c e l l 95 (see F i g u r e s 5 a n d 11) a n d used on ly carbon 
a n d glass materials of construct ion. C e l l s Ε 5 a n d Ε 16 h a d been c y c l e d 
some 6000 a n d 2200 times respect ively i n the single-phase reg ion . C e l l 
Ε 5 h a d passed 925 A - h / c m 2 of s od ium i o n one w a y p r i o r to b e i n g t e r m i 
nated w h i l e s t i l l f unc t i on ing proper ly . C e l l s 89, 93 -95 , Ε 16, a n d Ε 23 
used ceramic of compos i t ion 8 .7% N a 2 O / 0 . 7 % L i 2 0 . C e l l Ε 5 used 
ceramic of composi t ion 9 .25% N a 2 O / 0 . 2 5 % L i 2 0 . 

GRAPHITE THREAD 
PYREX 

GRAPHITE TUBE 

GRAPHITE CEMENT r=l 

MACHINED 
GRAPHITE ROD 

GRAPHITE FELT 

ALPHA ALUMINA 

CONDUCTIVE 
CERAMIC 

PYREX CONTAINER 

TEST CELL 

C E L L D E S I G N I 

Figure 11. Schematic of "metal-free'9 cell 
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12. W E I N E R The Sodium-Sulfur Battery 219 

Figure 12. SEM scan of outside surface of ceramic from Cell Ε 23 

T h e ^ " - a l u m i n a electrolyte f r o m ce l l Ε 23 was undamaged , a n d no 
impur i t i es were f o u n d on either the inner surface ( w h i c h h a d been i n 
contact w i t h N a ) or the outer surface ( w h i c h h a d been i n contact w i t h 
s u l f u r ) . D i a m e t r a l tests i n d i c a t e d no deter iorat ion i n strength. T h i s sam
p l e was used as a s tandard , a n d subsequent reference to contaminat ion 
or i m p u r i t y levels are made relat ive to Ε 23 ( F i g u r e 12) . T h i s reduces 
the p r o b a b i l i t y of mis interpre t ing the presence of very l o w l eve l i m p u r i 
ties resu l t ing f r o m n o r m a l c e l l construct ion. T h e appearance of tubes 
f rom cells Ε 5, Ε 16, 93, a n d 94 was quite different f r o m that of a t y p i c a l 
ceramic degraded i n a N a - N a ce l l . Tubes f r o m cells Ε 5, 93, a n d 94 d is 
p l a y e d a s ingle l o n g crack, w i t h some b r a n c h i n g i n the l o w e r por t i on of 
the tube. T h e tube f r o m ce l l Ε 16 d i v i d e d into two parts b y a u n i f o r m 
c i r cu lar crack i n the u p p e r por t i on of the tube. T h e r e was some erosion 
at the edges of the cracks, b u t this was f o u n d on ly on the outer surfaces. 
T h e erosion was p r o b a b l y caused w h e n the crack f o r m e d a n d s o d i u m 
came in to explosive contact w i t h sul fur . T h e areas a w a y f r o m the crack 
appeared undamaged , a n d d i a m e t r a l strength tests i n d i c a t e d no loss of 
strength for tubes Ε 16, 93, a n d 94. D e g r a d a t i o n is usua l ly mani fes ted i n 
N a - N a cells as m u l t i p l e unconnected cracks. 
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220 SOLID S T A T E C H E M I S T R Y 

T h e S E M techniques used for most of the repor ted surface analysis 
involves the analysis of points on a surface. T h i s raises the poss ib i l i ty of 
any one po int b e i n g a t y p i c a l because of r a n d o m contaminat ion . T h e r e 
fore, m a n y points were ana lyzed for each sample. Some t y p i c a l data are 
s h o w n i n F igures 12-15. C e l l Ε 5 h a d been i n service for 15 months p r i o r 
to fa i lure . Ana lys i s of b o t h inner a n d outer surfaces u s i n g S E M i n d i c a t e d 
s m a l l b u t r ea l amounts of potassium. Cross-sections 25/x, f r o m the outer 
surface, however , h a d potass ium levels 2 5 % h igher t h a n that f o u n d at 
the other points . 

Figure 13. SEM scan of outside surface of ceramic from Cell 93 

T h e major i m p u r i t y i n a l l of the degraded samples was potass ium. 
C a l c i u m was often present w i t h the potass ium b u t a lways at l o w e r levels. 
C a l c i u m was never f o u n d alone. Traces of i r o n , s i l i con , a n d ch lor ine 
were also f o u n d i n several cases. T h e potass ium impur i t i es w e r e f o u n d 
o n the outer surfaces more f requent ly t h a n o n the inner surfaces. T h e 
potass ium levels f o u n d o n outer surfaces were often h igher , b u t never 
lower , t h a n the potass ium levels f o u n d on inner surfaces. A p p a r e n t l y 
potass ium is not present i n the o r i g i n a l ceramic a n d diffuses into the 
ceramic d u r i n g c e l l operation. A t this stage i t w o u l d be i m p r o p e r to 
conc lude that potass ium caused the ceramic degradat ion , b u t there are 
enough indicat ions to w a r r a n t further study. M o r e recently , some pre -
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W E I N E R The Sodium-Sulfur Battery 

Figure 14. SEM scan of outside surface of ceramic from Cell 94 

Figure 15. SEM scan of inside surface of ceramic from Cell 94 
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222 S O L I D S T A T E C H E M I S T R Y 

l i m i n a r y experiments i n w h i c h samples of ^ " - a l u m i n a of compos i t ion 
9 .0% N a 2 O / 0 . 8 % L i 2 0 w e r e i m m e r s e d for 16 hours at 350°C i n a 
N a N 0 3 - K N 0 3 me l t conta in ing 0-4 .5 m o l % potass ium suggest that s m a l l 
amounts of potass ium reduce the strength of ^ " - a l u m i n a b y some f ew 
thousand ps i . 

Recent ly w e have shi f ted our emphasis f r o m construct ion of glass 
a n d carbon cells to construct ion of more real ist ic prototypes of larger 
size u s i n g m e t a l s o d i u m a n d sul fur containers. W e are c o n t i n u i n g our 
efforts, however , to define the effects of such c e l l variables as tempera
ture , meta l ions, current density, electrode shape, a n d the extent of 
two-phase ( su l fur -\- s o d i u m polysul f ide ) operat ion o n β' ' -alumina d u r a 
b i l i t y . I t w i l l be necessary for some t ime to per form experiments i n an 
attempt to del ineate h o w these c e l l variables interact w i t h / ? " - a l u m i n a 
electrolytes of v a r y i n g composi t ion , in terna l stress levels, a n d various 
microstructures . 

Materials Costs Estimate for a Sodium—Sulfur Cell 

A cost target of $ 2 0 / k W h has been chosen for the l o a d l eve l ing 
app l i ca t i on based o n p u b l i s h e d data ( 4 ) . T h e cost of construct ion of 
present laboratory cells w i l l p rov ide an u p p e r l i m i t for c e l l costs. T h e 
direct cost elements can be b roken d o w n into four major categories: 
( a ) the costs of r a w materials , ( b ) the costs of component fabr i cat ion , 
( c ) the costs of c e l l filling a n d assembly, a n d ( d ) the costs of external 
components such as leads, etc. Present ly w e sha l l concern ourselves w i t h 
on ly the ac tua l costs of r a w materials used i n construct ion of laboratory 
cells. 

F o r purposes of ca l cu lat ion w e h a v e assumed a materials usage 
efficiency of 1 0 0 % a n d have based a l l of our costs i n terms of u n i t area 
o f ceramic electrolyte ( c m 2 ) . T o convert f r o m area of e lectrolyte to 
k W h w e have used a factor of 2.3 W h / c m 2 or 435 c m 2 ceramic electrolyte 
per k W h de l ivered . T h i s energy density was ach ieved i n ce l l 89 w h i c h 

Table IV. Major Materials Costs for Laboratory Cells 

Amount 
Cost (g/cm2 of Cost 

Material β"-Alumina) (t/kWh) 

G r a p h i t e felt 75 0.091 6.57 
Stainless steel 2 2.53 4.86 
α-Alumina header 10 0.35 3.18 
/ ? " - A l u m i n a — 0.32 50.46 
S o d i u m 0.4 2.06 0.79 
S u l f u r 0.1 3.71 0.36 

T o t a l 62.22 
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12. W E I N E R The Sodium-Sulfur Battery 223 

was des igned speci f ical ly for l o a d leve l ing . U s i n g these assumptions the 
major r a w materials costs w e r e de termined ( T a b l e I V ) . 

T h e cost of $ 3 . 1 8 / k W h for o - A l 2 0 3 headers can be expected to 
decrease at least one order of magni tude i n terms of p r o d u c t i o n costs. 
A cost reduct i on of a factor of f our can be ach ieved s i m p l y b y u s i n g 
1-in l o n g headers rather t h a n the 4 - in l o n g headers current ly used i n 
fabr i cat ion of laboratory cells. 

It is w o r t h w h i l e to take a somewhat closer look at the costs associ
ated w i t h p r o d u c i n g units of / T ' - a l u m i n a electrolyte j o ined to an a - A l 2 O s 

insulator . I n the past w e have used a cost target of $ 0 . 0 1 / c m 2 of ceramic 
electrolyte. U s i n g the conversion factor of 2.3 W h / c m 2 , this translates 
to a cost of $ 4 . 3 5 / k W h of energy de l ivered . 

T h e r a w materials costs associated w i t h /^ " -a lumina fabr i cat ion are 
s h o w n i n T a b l e V . 

Table V . Ceramic Materials Costs 

Material (Unit) 

α - Α 1 2 0 3 (lb) 
N a 2 C 0 3 (lb) 
L i N 0 3 (lb) 
P t ( troy o u n c e ) b 

Po lyure thane (boo ts ) β 

β The conversion factor is 1.5 X 10~3 boots/cm 2 . 
5 The cost of the Pt is $0.39/cm2, but 80% of the cost is recovered. 

T h e cost of the po lyurethane boots ( m o l d s ) can be decreased b y 
extending boot l i fe w h i c h is n o w on the order of 15 pressings. T h e cost 
associated w i t h the p l a t i n u m used d u r i n g s inter ing is s h o w n as 2 0 % of 
the cost of the f o rmed p l a t i n u m , the r e m a i n i n g 8 0 % taken as scrap va lue . 

T h e results g iven i n Tables I V a n d V indicate that the highest cost 
i t e m b y far is the β' ' -alumina ceramic electrolyte. T o meet target costs 
the cost of / ^ ' - a l u m i n a r a w materials must b e r e d u c e d b y more than an 
order of magni tude . 

Research is c ont inu ing t o w a r d our goal of cost reduct ion . W e are 
exp lor ing the use of r a w « - A l 2 0 3 powders w h i c h cost less than $1 .00 / lb 
or 0 . 0 9 0 / c m 2 , the e l iminat ion of p l a t i n u m encapsulat ion, a n d the use of 
lubr icants to extend the l i fe of the po lyurethane boots. A l t h o u g h the 
progress at U t a h i n f o r m i n g ceramic electrolyte b y isostatic pressing has 
exceeded that m a d e us ing extrusion, w e m a y s t i l l b e able to use an 
extrusion process w h i c h w o u l d be one w a y to e l iminate the costs associ
ated w i t h po lyurethane boots. 

Amount 
( g/cm2) 

0.07 
0 .19 e 

0.06 b 

0.02 
0.41 

Cost 

($/unit) (t/cm?) 

3.60 0.06 
17.50 2.6 

200.00 8.0 (39)1 

8.90 0.04 
10.00 0.9 
T o t a l 11.6 
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224 SOLID S T A T E C H E M I S T R Y 

Summary 

Results on test ing laboratory s o d i u m - s u l f u r cells continue to d e m o n 
strate the potent ia l of this system to meet the goals r e q u i r e d for l o a d 
l e v e l i n g a n d automotive propuls ion . W h i l e m u c h va luab le research has 
been done, the r a p i d advance of this technology w o u l d be a i d e d greatly 
b y answers to some of the fundamenta l questions that r emain . T h e need 
to unders tand the causes of c e l l a n d ceramic fa i lure are perhaps d e m o n 
strated most c lear ly b y stating that l o a d l eve l ing systems s h o u l d last at 
least 10 years. 
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13 
Chemistry of Hot Corrosion 

JOHN F. ELLIOTT 

Massachusetts Institute of Technology, Cambridge, Mass. 02139 

The current view of the chemical aspects of the hot corro
sion of ceramic and superalloy materials is discussed. The 
theory based on the acid/base concept is considered by 
many in the field to account for the corrosion effects that 
have been observed. It is proposed, however, that there 
may be other phenomena related to physical imperfections 
and defects in the protective oxide layer on a ceramic or 
metal part that may be important. Surface and electro
chemical effects must be considered also in the develop
ment of a comprehensive treatment of hot corrosion. 

The p r o b l e m of h igh-temperature corrosion of h i g h l y stressed meta l l i c 
a n d ceramic parts of fossi l - fuel energy conversion systems can place 

serious l imitat ions o n the l i fe span a n d operat ing efficiency of these 
systems. E x a m p l e s of parts are turb ine blades a n d vanes of open-cycle 
gas turbines {1,2) a n d bo i ler tubes ( 3 ) . T h e p r o b l e m of hot corrosion 
w i l l be important i n the design a n d operat ion of these systems i n the 
future as a result of h igher operat ing temperatures a n d the use of more 
i m p u r e fuels. I n part i cu lar , this p r o b l e m w i l l r equ i re greater attent ion 
w h e n coa l a n d res idua l o i l are the fuels. 

T h e meta l l i c a n d ceramic materials chosen for use i n these h i g h l y 
stressed parts are des igned to develop a t ight ly adherent oxide coat ing 
w h e n exposed to the hot combust ion gases of a system {4,5). T h i s ox ide 
layer then protects the part f rom further ox idat ion a n d f rom attack b y 
some of the corrosive agents i n the gases. T y p i c a l l y a superal loy that is 
chosen for use as a turb ine b lade or combust ion pot w i l l contain a s ig 
nif icant concentrat ion of c h r o m i u m so that a t h i n layer of C r 2 0 3 w i l l 
f o r m on the exterior surface of the part . F o r very h igh- temperature 
service i n aircraft turbines , the a l loy m a y contain a l u m i n u m so that a t h i n 
layer of A 1 2 0 3 w i l l f o rm on the surface. M o r e often a meta l l i c coat ing 
conta in ing a h i g h concentrat ion of a l u m i n u m m a y be a p p l i e d to a part , 

225 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

13



226 S O L I D S T A T E C H E M I S T R Y 

thus assuring the format ion of a layer of a l u m i n a . Parts made f r o m 
ceramic materials such as S i C a n d S i 3 N 4 w i l l f o rm a coat ing of S i 0 2 w h e n 
exposed to hot o x i d i z i n g gases. O t h e r ceramic materials considered also 
f o r m protect ive oxide coatings, such as A 1 2 0 3 . T o prov ide the protec t ion 
r e q u i r e d , a l l of these surface layers shou ld f orm spontaneously, be dense 
a n d nonporous, a n d be t i ght ly adherent to the base mater ia l . A l s o , they 
s h o u l d repair themselves i f damaged loca l ly a n d re form i f s t r ipped off. 
A p p l i c a t i o n of a layer of oxide to a part b y methods such as flame spray
i n g , etc. has not yet p r o d u c e d satisfactory protect ive coatings because 
layers a p p l i e d this w a y are easily r emoved a n d are not se l f -heal ing, nor 
do they replace themselves. 

T h e p r i n c i p a l p r o b l e m of h igh-temperature corrosion of meta l l i c 
a n d ceramic parts arises w h e n the hot combust ion gases conta in agents 
that can deposit as a l i q u i d on a part w h i c h i n t u r n causes destruct ion 
of the protect ive qual i t ies of these adherent oxides. These agents m a y 
prevent the f ormat ion of the oxide layer , actual ly destroy i t , d i s rupt its 
cont inu i ty a n d adherence, or poss ibly prevent the format ion of a n e w , 
t i g h t l y adherent layer to replace the o ld . E lements that are k n o w n to 
f o r m corrosive agents i n the combust ion system are p r i n c i p a l l y N a , Κ, V , 
P b , a n d S i . These agents can react w i t h each other a n d w i t h oxygen a n d 
su l fur to f o rm vo lat i l e compounds such as oxides, a l k a l i sulfates, a n d 
vanadates w h e n the fue l is b u r n e d . I n passing through a system the 
gases cool , the pressure m a y f a l l , a n d the oxygen pressure m a y rise. A s a 
result , l i q u i d a n d s o l i d deposits m a y f o rm on the surfaces of operat ing 
parts of the system. Serious prob lems m a y also arise i f part ic les of ash 
a n d l i q u i d or so l id residues f r o m a desul fur izat ion step are carr i ed i n the 
gas stream. T h e corrosive vapor species m a y condense on the surfaces of 
these part ic les ; this w i l l increase the size of the partic les a n d poss ib ly 
alter their composit ions so that they become l i q u i d at the p r e v a i l i n g 
temperature . 

T h e r e is good evidence that the p r o b l e m of serious corrosion of parts 
at h i g h temperatures is encountered w h e n a l i q u i d phase that inc ludes 
corrosive agents is present on the surfaces of h i g h l y stressed parts ( I , 2, 
3 ) . T h e destructive act ion of such agents is often ca l l ed "hot corrosion," 
or "sul fat ion attack" i f the destructive agents are sulfates of metals. S u c h 
a l i q u i d can also cause corrosion of other meta l l i c a n d ceramic parts of a 
system. T h e p r i n c i p a l issue of concern here is the nature of the process of 
corrosion ar is ing f r o m the presence of the l i q u i d phase on the hot meta l l i c 
or ceramic part . T h e r e is also the broader quest ion of what factors 
determine the amounts a n d forms of corrosive species carr ied b y the gas 
stream a n d w h a t controls the f ormat ion of the l i q u i d corrosive phase. 
T h a t quest ion is considered on ly brief ly here. 
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13. E L L I O T T Chemistry of Hot Corrosion 227 

Corrosive Agents 

A l t h o u g h a n u m b e r of agents are k n o w n to cause serious hot -corro
s ion of turb ine parts a n d bo i ler tubes, the behav ior of s o d i u m sulfate has 
rece ived the greatest attention, a n d the phenomenology of the nature of 
the attack has been explored extensively ( 6 - 1 7 ) . S o d i u m sulfate is con
s idered to be ins trumenta l i n the catastrophic fa i lure b y corrosion of 
h igh-per formance gas turbines . S o d i u m can enter the combust ion gases 
as s o d i u m i n the fue l a n d as s od ium ch lor ide f r o m sea water that m a y be 
brought into the system w i t h the f u e l or combust ion a ir (18). V i r t u a l l y 
a l l fuels contain some sul fur w h i c h w i l l be ox id i zed to S 0 2 d u r i n g c o m 
bust ion . S o d i u m f rom sea salt i n the fue l a n d air or f r o m f u e l ash, the 
S 0 2 , a n d oxygen i n the gas stream can react to f o r m s o d i u m sulfate 
vapor (18): 

2 N a ( v ) + S 0 2 ( g ) + 0 2 ( g ) = - N a 2 S 0 4 ( v ) 

AGi° — - 9 2 5 , 3 0 0 + 390.7 T, J 

Several other reactions can be w r i t t e n to describe the f ormat ion of 
s o d i u m sulfate, but this is the most l i k e l y one i n a system w i t h h i g h 
oxygen potent ia l . I n combust ion gases conta in ing o n l y a f e w parts per 
m i l l i o n of s od ium a n d an equivalent l eve l of sul fur , the sod ium w i l l be 
present p redominant ly as the sulfate as s h o w n i n F i g u r e 1. T h e vapor 
pressures of bo th so l id a n d l i q u i d N a 2 S 0 4 are very l o w i n the operat ing 
temperature range of gas turbines as s h o w n i n F i g u r e 1, for w h i c h the 
f o l l o w i n g equations app ly (19). 

N a 2 S 0 4 ( v ) = N a 2 S 0 4 ( l ) 

A G 2 ° = - 2 9 7 , 5 0 0 + 112.17 T, J 

N a 2 S 0 4 ( v ) = N a 2 S 0 4 ( s ) 

AG 3 ° — - 3 2 0 , 5 0 0 + 132.05 T, J 

T h u s the concentrat ion of the vapor species i n the gas phase at w h i c h the 
l i q u i d or so l id phase w i l l prec ip i tate on parts of the energy convers ion 
system is also very l ow . F o r example, the gas stream at 900°C conta in ing 
0.1 p p m b y vo lume of N a 2 S 0 4 w i l l t e n d to deposit the l i q u i d sulfate o n 
a surface at that temperature. Converse ly , combust ion gases conta in ing 
1 p p m N a 2 S 0 4 w i l l not prec ip i tate the l i q u i d u n t i l the temperature of 
the gas drops to ca. 1050°C. T h e result is that even re lat ive ly l o w con 
centrations of s o d i u m a n d sul fur i n the f u e l i n the range of 0 .02% a n d 
0 . 0 1 % , respect ively , can l ead to sulfate deposits i n locations i n a gas 
turb ine where the temperature is b e l o w 1050°C. A usua l cond i t i on for 
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1 1 1 1 1 1 Γ 

Vapor Pressure of NOgSQj ( cond.) 

Total Na at NagSq^ Saturation: 

at 001 ppm S 0 2 in gas phase 

above 1160° C 

-10 1 1 I I I ι 1 1 1 
700 900 1100 1300 1500 

Temperature e C 

Figure 1. Vapor pressure of sodium sulfate and total 
sodium content of the equilibnum gas phase 

c l ean fuels is 0 . 5 % sul fur a n d 1-10 p p m sod ium. H o w e v e r , the s o d i u m 
content of the gases m a y be raised apprec iab ly b y smal l amounts of sfea 
water i n the f u e l a n d sea salt a n d sea spray i n the a ir . 

W i t h the l imitat ions of space here, i t is not possible to discuss i n 
d e t a i l the m a n y aspects of the hot corrosion process ar is ing f r o m the 
presence of s od ium, potass ium, v a n a d i u m , a n d l e a d i n the f u e l a n d air , 
a n d f r o m partic les of ash car r i ed i n the gas stream. There are b o t h 
k i n e t i c a n d t h e r m o d y n a m i c factors i n the corrosion process w h i c h are 
not w e l l understood . Several properties of materials w h i c h can l e a d to 
corros ion are important . F o r example , the vapor pressure of potass ium 
sulfate is almost two orders of magn i tude h igher t h a n that of s o d i u m 
sulfate (19, 20). H e n c e proport ionate ly h igher concentrations of potas
s i u m a n d sul fur i n the f u e l are r e q u i r e d for the f o rmat ion of potass ium 
sulfate at a g iven temperature . O n e comment that is important to the 
discussion to f o l l o w o n the corrosive behavior of s o d i u m sulfate is that 
the presence of other compounds w i l l most l i k e l y l o w e r the m e l t i n g 
po in t of s o d i u m sulfate. T h u s i f spec ia l methods of coo l ing are used to 
keep the temperature of the surface of a part b e l o w the m e l t i n g po in t 
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13. E L L I O T T Chemistry of Hot Corrosion 229 

of the potent ia l ly corrosive deposit , greater coo l ing is needed i f several 
corrosive agents are present rather than only s o d i u m sulfate. H o w e v e r , 
the a d d i t i o n of magnes ium compounds to a gas turb ine b u r n i n g res idua l 
f u e l o i l conta in ing v a n a d i u m can substantial ly reduce the rate of corro
s ion of turb ine parts. T h e effect is to f o r m magnes ium vanadates a n d 
magnes ium sulfate, a l l of w h i c h apparent ly f o rm so l id deposits o n the 
turb ine parts (21,22). 

Phenomenology of Hot Corrosion 

T h e effects of corrosion of h i g h l y a l l oyed steels a n d superalloys b y 
s o d i u m sulfate have been s tud ied a n d descr ibed extensively (6-17). A 
w i d e range of condit ions a n d a l loy compositions have been invest igated. 
Some general conclusions are that severe attack of a part m a y result 
w h e n a deposit of l i q u i d s od ium sulfate forms on that part , as no ted 
earlier. I f the temperature is sufficiently l o w so that the deposit is so l id , 
apparent ly there is no severe attack (18). I n some cases, m o l y b d e n u m 
i n the meta l w i l l enhance the attack (14). E x a m i n a t i o n of the corroded 
materials shows that the oxide layer is usua l ly d i srupted , d is lodged , a n d 
poss ib ly destroyed. E lements i n the substrate al loy m a y f o r m sul f ides— 
sulfides of c h r o m i u m , n i c k e l , a n d a l u m i n u m h a v i n g been observed. W i t h 
n i c k e l - c h r o m i u m alloys that are protected b y a l u m i n a , laboratory studies 
at 900°C have also shown the presence of oxides of c h r o m i u m a n d n i c k e l 
i n regions of serious attack resu l t ing f rom a coat ing of s od ium sulfate o n 
the specimens. 

Measurement of the change i n we ight of a spec imen of a n a l loy 
exposed to a f l owing stream of oxygen, air , or synthetic combust ion gases 
i n the range of 6 0 0 ° - 1 2 0 0 ° C is also used i n s tudy ing the resistance of 
the a l loy to hot corrosion ( su l fa t i on ) . O f t e n the change of we ight of a 
spec imen coated w i t h a t h i n layer of s od ium sulfate is c ompared w i t h 
that of an uncoated spec imen. T h e uncoated spec imen i n a n o x i d i z i n g 
environment tends to show an increase i n we ight because of the g r a d u a l 
increase i n thickness of the oxide layer , the g r o w t h rate often b e i n g 
parabo l i c . T h e coated spec imen m a y be expected to show a ga in i n 
we ight , a ga in f o l l owed b y a loss i n weight , or even essentially no change 
i n we ight . These seeming inconsistencies arise because the we ight ga in 
associated w i t h the format ion of a n oxide layer can b e countered b y a 
loss i n we ight ar is ing f rom the vo la t i l i za t i on of compounds that m a y be 
f o r m e d because of reactions a m o n g elements i n t w o or more of the phases 
present: the gas, the sulfate, the meta l , a n d the oxide layer . B orns te in 
a n d DeCrescente (JO) observed the w h o l e range of behav ior of chro 
m i u m - n i c k e l alloys conta in ing 5 - 1 7 % c h r o m i u m w h i c h were coated w i t h 
a t h i n layer of s od ium sulfate a n d then exposed to flowing oxygen at 
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230 S O L I D S T A T E C H E M I S T R Y 

1 a t m pressure a n d 1000°C: we ight ga in , we ight ga in f o l l o w e d b y almost 
no change i n we ight , a n d r a p i d we ight loss f o l l o w i n g a short p e r i o d of 
we ight ga in . I n some cases the total we ight lost exceeded the we ight of 
s o d i u m sulfate a p p l i e d to the specimen. V o l a t i l i z a t i o n of s o d i u m chro -
mate was considered to be responsible for the loss i n weight . Bornste in 
a n d DeCrescente also observed that the we ight -ga in /we ight - l oss behavior 
of specimens coated w i t h s o d i u m sulfate was s imi lar to that observed for 
specimens coated w i t h the sulfate (10). 

Exper iments conducted i n the laboratory to s tudy corrosion p h e 
n o m e n a s h o u l d be carr i ed out under careful ly contro l led condit ions 
to make i t possible to interpret the exper imental observations. A s noted 
earl ier , the classic use of thermograv imetr i c analysis that is e m p l o y e d 
to study the ox idat ion behavior of al loys m a y not produce easi ly inter 
prétable results w i t h hot corrosion. M o s t experimentalists also recognize 
that subject ing a spec imen uncoated or coated w i t h s o d i u m sulfate to a 
flowing stream of gas uncontaminated w i t h s od ium a n d sul fur does not 
reproduce condit ions i n a rea l combust ion system w h e r e the gases conta in 
these contaminants . H o w e v e r , use fu l in format ion can be f o r thcoming 
f r o m such experiments w i t h care ful interpretat ion of the results. 

Acid—Base Hypothesis 

T h e concept of a c id i c a n d basic behavior has l o n g been u t i l i z e d i n 
in terpre t ing the behav ior of fused oxides i n the field of extractive m e t a l 
lurgy . I n s imple terms, "basic oxides," i.e., N a 2 0 , M g O , a n d C a O , react 
w i t h "a c id i c oxides," i.e., S i 0 2 , C r 2 0 3 , S 0 3 , etc., a n d neutra l i ze each 
other. A p p l i e d to hot corrosion, s od ium oxide i n s o d i u m sulfate can react 
w i t h c h r o m i u m oxide to f o rm sod ium chromate ( 2 3 ) : 

Species i n parenthesis are d isso lved i n the l i q u i d sulfate. T h e act iv i ty of 
s od ium oxide i n the sod ium sulfate is contro l led b y the p r e v a i l i n g pres
sures of S 0 2 a n d 0 2 ( or S 0 3 ) i n the system i n accordance w i t h the 
equat ion : 

T h e stabi l i ty d i a g r a m for the N a - O - S system at 927°C i n F i g u r e 2 shows 
the isoact iv i ty lines for s o d i u m oxide i n the sod ium sulfate field. E q u a t i o n 
4 describes the "bas i c " attack of c h r o m i u m oxide b y s o d i u m sulfate w h i c h 

( N a 2 0 ) + | - 0 2 ( g ) + l c r 2 0 3 ( s ) - ( N a 2 C r 0 4 ) (4) 

N a 2 S 0 4 ( l ) = ( N a 2 0 ) + S 0 2 ( g ) + ^ - 0 2 ( g ) (la) 
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Figure 2. Stability diagram of Na-O-S system at 1200°Κ 
(927°C). Also shown are the regions of stability of CrtOs and 

CrS. 

is favored b y l o w pressures of S 0 2 . Converse ly , " a c i d " attack is descr ibed 
b y the react ion : 

3 N a 2 S 0 4 ( l ) + C r 2 0 3 ( s ) — [ C r 2 ( S 0 4 ) 3 ] + 3 ( N a 2 0 ) (5) 

T h e condit ions for React ions 4 a n d 5 assuming u n i t ac t iv i ty of s o d i u m 
chromate a n d c h r o m i u m sulfate are also s h o w n i n F i g u r e 2. N o t e that 
C r 2 0 3 ( s ) is stable i n the system for condit ions represented b y the field 
be tween the two l ines. E q u a t i o n s s imi lar to E q u a t i o n s 4 a n d 5 can b e 
w r i t t e n to describe the basic a n d ac id i c attack of other oxides such as 
a lurnina , s i l i ca , a n d oxides of tungsten, v a n a d i u m , a n d m o l y b d e n u m . 
Some examples of the bas ic reactions are : 
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232 S O L I D S T A T E C H E M I S T R Y 

( N a 2 0 ) + A l 2 0 3 ( s ) = 2 ( N a A 1 0 2 ) ( 6 ) 

( N a 2 0 ) + S i 0 2 ( s ) = (NaaSiOs) ( 7 ) 

( N a 2 0 ) + W 0 3 ( s ) = ( N a 2 W 0 4 ) ( 8 ) 

J - ( N a 2 0 ) + | v 2 0 5 ( s ) = ( N a 3 V 0 4 ) (9) 

( N a 2 0 ) + M o 0 3 ( s ) = ( N a 2 M o 0 4 ) (10) 

Severa l other compounds c o u l d be cons idered to b e react ion products 
for each element. A n example of a n ac id i c react ion i n v o l v i n g a l u m i n a i s : 

3 N a 2 S 0 4 ( l ) + A l 2 0 3 ( s ) — [ A 1 2 ( S 0 4 ) 3 ] + 3 ( N a 2 0 ) (11) 

S i m i l a r reactions m a y b e w r i t t e n for the other m e t a l oxides discussed 
earl ier . 

20 10 0 -10 
"7 7 7 T~ 

log P0z,atm. 
£ ά /L 

-40 -50 -60 
log F|2, atm. 

Figure 3. Stability diagram of Na-O-S system 
at 1200°K (927°C) showing region of stability of 

Al,Os 
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Figure 4. Na-O-S stability diagram at 1200°Κ 
(927°C) showing regions of stability of SiO*. Re

gion of stability is above each designated Une. 

A somewhat more sophist icated v i e w of the a c i d - b a s e hypothesis 
uses the concept that the bas ic i ty of a so lut ion is governed b y the thermo
d y n a m i c act iv i ty of oxygen ions i n a mo l ten oxide or sulfate (10, 11, 13, 
14). T h e oxygen i o n is assumed to be ( O 2 ' ) , a n d a bas ic react ion involves 
the consumpt ion of oxygen ions. F o r example : 

(Ο 2 " ) + { 0 2 ( g ) + | c r 2 0 3 ( s ) - ( C r 0 4
2 " ) (4a) 

A n ac id i c react ion involves the p r o d u c t i o n of oxygen ions : 

C r 2 0 3 ( s ) = 2 ( C r 3 + ) + 3 (0 2 " ) ( 5 a ) 

E q u a t i o n s equivalent to these two can be w r i t t e n as alternatives to 
E q u a t i o n s 6, 7, 8, 9, 10, a n d 11. T h e est imated locations of l ines repre 
sent ing such equations on the stabi l i ty d i a g r a m for s o d i u m sulfate are 
s h o w n i n F igures 3, 4, a n d 5. T h e reg ion of s tabi l i ty for a l u m i n a is r epre -
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20 10 0 -10 
-7 7 7 7~ 

log PQ , atm. 
2 

^ ^ 4L 
- 40 - 50 - 6 0 

log Pc , atm. 

Figure 5. Regions of stability of oxides of tung
sten, molybdenum, and vanadium in equilibrium 
with sodium sulfate at 1200°K (972°C). Region of 
stability of each oxide lies above the designated 

line. Unit activity of the compounds is assumed. 

sented b y the area between the lines designated A l 2 0 3 / N a A 1 0 2 a n d 
A 1 2 ( S 0 4 ) 3 / A 1 2 0 3 i n F i g u r e 3. T h e reg ion of s tabi l i ty of s i l i ca lies above 
the l ines for s i l i ca i n F i g u r e 4, a n d for M0O3, W 0 3 , a n d V 2 0 5 i t l ies 
above the appropr iate l ines i n F i g u r e 5. 

T h e app l i ca t i on of the hypothesis is re lat ive ly s imple . W h e n a 
deposit of l i q u i d s o d i u m sulfate forms o n a part , the protect ive ox ide o n 
the part w i l l be destroyed i f condit ions i n the system f a l l outside of the 
reg ion o n the N a - O - S stabi l i ty d i a g r a m for w h i c h that oxide is stable. 

Because C r S a n d C r 2 0 3 are observed together as corrosion products 
i n sul fat ion attack, the l ine for the C r S / C r 2 0 3 e q u i h b r i u m is also s h o w n 
i n F i g u r e 2. C r S is stable for condit ions represented b y the area to the 
left of the l ine . I n d r a w i n g the diagrams i t is assumed that the c o m 
pounds are present at u n i t ac t iv i ty ( p u r e substance, 1 a t m pressure ) . 
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13. E L L I O T T Chemistry of Hot Corrosion 235 

Electrochemistry 

T h e concept of corrosion b y sul fat ion b e i n g dependent on the oxygen 
i o n content of s o d i u m sulfate (JO, J 3 ) has p r o m p t e d e lectrochemica l 
investigations of the matter. Several studies have shown that i t is possible 
to obta in reversible oxygen a n d S 0 3 electrodes i n l i q u i d sulfates (24-29). 
T h e c e l l 

W , W S 2 , N a 2 S 
N a + 

β-Alumina 
N a 2 S 0 4 ( l ) , S 0 2 , 0 2 , P t (I) 

is b e i n g used to measure the ac t iv i ty of N a 2 0 i n s o d i u m sulfate (30) at 
1200°K. A s imi lar ce l l has been used to measure o N a 2 o i n sod ium chro -
mate ( 3 J ) . T h e act iv i ty of s o d i u m oxide at the r ight electrode i n c e l l ( I ) 
is fixed b y the p r e v a i l i n g pressures of S 0 2 a n d 0 2 , a n d at the electrode 
at the left the act iv i ty of s o d i u m can be de termined f r om the k n o w n 
t h e r m o d y n a m i c properties of W S 2 a n d N a 2 S . A c c o r d i n g l y , i t is possible 
to determine the act iv i ty of s o d i u m oxide i n the s o d i u m sulfate re lat ive 
to p u r e l i q u i d s od ium oxide for a var ie ty of exper imental condit ions. A n 
a d d i t i o n of M0O3 to the l i q u i d sod ium sulfate at re lat ive ly h i g h values 
of F S o 2 a n d Ρ θ 2 caused a s m a l l increase i n the potent ia l of the c e l l w h i c h 
indicates that M o 0 3 is ac id i c i n behavior , an observation that is i n 
agreement w i t h observations reported b y others (32, 3 3 ) . 

Several studies ( J 2 , J 3 , 33) of the ac id -base reactions be tween 
s o d i u m sulfate a n d various m e t a l oxides have u t i l i z e d the c e l l 

A g 2 S 0 4 

A g , 
N a 2 S 0 4 

E l e c t r o l y t e 

( M u l l i t e ) 
N a 2 S 0 4 , 0 2 , P t ( I I ) 

or a var ia t i on of i t , for l ower temperatures i n w h i c h the eutectic mix ture 
of l i t h i u m , potass ium, a n d s o d i u m sulfates was subst i tuted for the s o d i u m 
sulfate. T h i s type of c e l l can be used to determine the re lat ive change 
i n the act iv i ty of the oxygen i o n i n the l i q u i d at the right eletcrode. 
H o w e v e r , since no s tandard electrode has been employed , the measure
ments of various investigators cannot be c ompared d irect ly , nor is the 
result of a measurement read i l y re lated to the t h e r m o d y n a m i c properties 
of oxides or of s o d i u m sulfate. B r o w n , Bornste in , a n d DeCrescente ( J 2 ) 
assumed that there was e q u i h b r i u m between S 0 2 , S 0 4

2 " ions i n the 
salt, a n d the establ ished pressure of oxygen. I n t u r n this assumption 
p e r m i t t e d t h e m to select a reference potent ia l for the ce l l . 

T h e use of C e l l I I i n s t u d y i n g the effects of addit ions of oxides to 
the sod ium sulfate of the r ight electrode is compl i ca ted b y possible reac
tions w i t h the m u l l i t e . F o r example , a n add i t i on of L i 2 0 or N a 2 Q resul ted 
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236 S O L I D S T A T E C H E M I S T R Y 

i n i t i a l l y i n a sharp decrease i n the ce l l po tent ia l i n d i c a t i n g a rise i n the 
oxygen i o n content. H o w e v e r , a g r a d u a l increase i n potent ia l f o l l owed , 
s h o w i n g that there m a y have been a react ion be tween the L12O a n d the 
m u l l i t e (12, 14). A p p a r e n t l y more w o r k w i t h cells of various k inds is 
needed to establ ish c lear ly the a c i d / b a s e behav ior of s od ium sulfate 
towards the various oxides. 

Several potent iokinet i c studies have been car r i ed out o n superal loys 
a n d stainless steels (S3, 34). A reasonably good corre lat ion was ob ta ined 
be tween the behav ior of al loys w h e n anod ica l ly p o l a r i z e d a n d the results 
of sul fat ion attack of the alloys that w e r e measured on burner test rigs 
(33). T h e measurements were very l i m i t e d i n scope, a n d m u c h more 
w o r k is needed i f w e are to u t i l i z e e lectrokinet ic measurements for under 
s tand ing the phys i co chemica l aspects of hot corrosion. 

Commentary 

T h e phenomenolog i ca l a n d e lectrochemical studies descr ibed p r o 
v i d e us w i t h considerable in format ion o n the process of hot corrosion, or 
sulf idation, of metals a n d ceramics. H o w e v e r , several a d d i t i o n a l issues 
must be considered i n the effort of deve lop ing a c lear unders tand ing of 
the thermodynamic a n d k inet i c aspects of the sul fat ion attack b y s o d i u m 
sulfate. T h e first is that there is a n enormous difference i n potentials of 
oxygen a n d sul fur across a layer of oxide o n the surface of a m e t a l or 
ceramics such as S i C a n d S13N4. T h i s is i l lus t rated i n F i g u r e 6. A t the 
gas -ox ide interface at 1000°C the oxygen pressure is ca. 2 X 10" 1 a t m for 

G a s 
- 2 8 

Pc > 10 (atm.) ( 20 ppm SOL ) 
2 -1 

P - > 10 (atm.) 
° 2 

4 U 0 0 , Scale /Liquid Na SO^ A l 2 0 3 Scale L 

-34 ' -21 
10 < P Q < 10 (atm.) 

±U9¥ 1<51°< P < ; < 1<57 (atm.) 
b 2 

Figure 6. Schematic showing approximate equilibrium 
pressures of oxygen and sulfur for alloy with oxide coating 

in contact with Na2SOk(l) and combustion gases 
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13. E L L I O T T Chemistry of Hot Corrosion 237 

w e l l o x i d i z e d combust ion gases. A t the m e t a l - o x i d e interface i t is 
approx imate ly 10" 2 1 a tm i f the C r 2 0 3 / C r e q u i l i b r i u m is contro l l ing , a n d 
possibly as l o w as 10" 3 4 a tm i f the A 1 2 0 3 / A 1 e q u i h b r i u m is contro l l ing . 
These values general ly a p p l y even t h o u g h c h r o m i u m a n d a l u m i n u m are 
not at un i t act iv i ty i n the al loy . Converse ly , the sul fur pressure is i n the 
range of 10" 2 8 a tm i n the gas phase for ox id i zed gases a n d be tween 10" 7 

a n d 10" 2 1 a t m at the o x i d e - m e t a l interface. T h e former figure represents 
the N i S / N i e q u i l i b r i u m a n d the latter the C r S / C r e q u i l i b r i u m . 

C o m p a r i s o n of F i g u r e 6 w i t h F i g u r e 2 shows that s od ium sulfate 
w h i c h is brought into contact w i t h the oxide a n d meta l , but out of con 
tact w i t h the h i g h l y o x i d i z i n g gas phase, w i l l be decomposed w i t h the 
f ormat ion of sulfides a n d oxides. I n add i t i on , the act iv i ty of s o d i u m 
oxide w i l l be very h i g h so that attack of the protect ive oxide layer b y 
E q u a t i o n s 4, 6, or 7 is h i g h l y probable . 

T h e nature of the protect ive oxide layer must also be considered. 
C r a c k s , fissures, a n d other imperfect ions are p r o b a b l y present i n most 
protect ive oxide layers on parts of operat ing systems. S u c h imperfect ions 
can result f rom impur i t i es , g r o w t h strains, a n d thermal a n d m e c h a n i c a l 
stresses. I f s o d i u m sulfate wets the oxide, cap i l lary forces can d r a w the 
sulfate to the o x i d e - m e t a l interface. It m a y then be possible for the 
l i q u i d sulfate to penetrate a long the interface a n d destroy the oxide-
m e t a l b o n d . T h i s w o u l d l ead to loss of the protect ive oxide a n d p r o b a b l y 
w o u l d prevent the re formation of a n adherent dense oxide layer . S u c h 
condit ions w o u l d cause catastrophic destruct ion of the part , a n d the 
mechan ism of oxide solut ion need not have been the p r i m a r y cause of 
the fa i lure . 

T h e effects of l o ca l i zed e lectrochemical reactions shou ld also be 
considered. F o r example, at a locat ion where the l i q u i d sulfate a n d 
m e t a l are exposed to the gas phase, the cathodic react ion ( E q u a t i o n 12) 

can occur. A t a locat ion where the l i q u i d sulfate is i n contact w i t h the 
m e t a l at a l o w oxygen potent ia l , the anodic react ion ( E q u a t i o n 13) 

m a y occur w i t h the overa l l react ion b e i n g the f o rmat ion of the m e t a l 
sulfate, M S 0 4 . A l s o , a w i d e var iety of other reactions is possible. 
L o c a l i z e d reactions l ike 12 a n d 13 w o u l d p e r m i t very r a p i d sul fat ion i f 
there is a p a t h for the ready transfer of electrons f r o m the site of the 
anode to that of the cathode. T h e m e t a l phase w o u l d p r o v i d e that p a t h . 

S 0 3 ( g ) + |o 2 (g ) + (2e") = (SO* 2") (12) 

M ( s ) = ( M 2 + ) + 2 e " (13) 
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Recent w o r k has deve loped a great dea l of in format ion about the 
phenomenology of hot corrosion of a l loy steels a n d superalloys. T h e 
a c i d - b a s e hypothesis , a l ternat ively the o x y g e n - i o n hypothesis , has been 
used b y a n u m b e r of investigators to describe the p h y s i c a l chemistry of 
the phenomena . F u r t h e r phenomenolog i ca l studies a n d w o r k o n mate 
rials testing are needed, especial ly as a p p l i e d to the corrosive act ion of 
other l i qu ids w h i c h i n c l u d e the a l k a l i vanadates, p lumbates , a n d silicates, 
as w e l l as m i x e d potass ium a n d sod ium sulfates a n d chlorides . H o w e v e r , 
such w o r k alone w i l l not read i ly advance our unders tanding of the f u n d a 
m e n t a l phys i cochemica l aspects of hot corrosion b y agents that are 
present i n fuels such as coals a n d the heavy f u e l oi ls . Serious problems 
of hot corrosion i n second a n d t h i r d generation energy conversion systems 
that use these fuels w i l l have to be considered. T h u s i t is important that 
w e l l focused studies be under taken o n the basic phys i cochemica l proc 
esses that determine the nature a n d rates of the corrosion processes. 
W o r k is needed on the phenomena that determine the nature a n d extent 
of vo la t i l i za t i on of cororsive agents f r o m fuels, ash, a n d slags; the factors 
that determine h o w a n d where corrosive species can condense f r o m the 
gas stream; a n d w h a t roles a c i d / b a s e reactions, surface forces, a n d elec
t rochemica l processes p l a y i n the hot corrosion of meta l a n d ceramic parts. 

Summary 

T h e p r o b l e m of hot corrosion of metals a n d ceramic materials is 
explored i n terms of the current understanding of sul fat ion of super-
al loys. T h e corrosion process is considered to result f r om the d isso lut ion 
a n d destruct ion of the adherent protect ive layer of oxide o n the surface 
of the par t because of a basic (or a c i d i c ) react ion between l i q u i d s o d i u m 
sulfate on the par t a n d the oxide layer . I t is suggested that s tructura l 
defects i n the oxide layer a n d inter fac ia l tensions between meta l a n d 
sulfate, sulfate a n d oxide layer , a n d meta l a n d oxide m a y be important . 
I t is also suggested that e lectrochemical processes a n d l o ca l c e l l act ion 
m a y accelerate the corrosion process. 
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Nonstoichiometry, Order, and Disorder in 

Fluorite-Related Materials for Energy 

Conversion 

LEROY EYRING 

Department of Chemistry and the Center for Solid State Science, 
Arizona State University, Tempe, Ariz. 85281 

Ordered intermediate phases in fluorite-related model sys
tems and in materials useful as fast ion conductors and 
nuclear energy sources are reviewed. The rare earth oxides 
are emphasized as models of extended defects and ordering 
in such materials. Modern high resolution (3.5 Å) electron 
optical methods are used to deduce unit cells, suggest struc
tures, and reveal reaction mechanisms. The relationships 
between ordered structures in the ternary and binary oxides 
are emphasized; nevertheless, a wide range of order and 
disorder is observed. Electron micrographs are presented 
to illustrate the range of direct observations possible and 
to underline the importance of the technique in elucidating 
not only structural defects but reaction mechanisms at the 
unit cell level. 

T h e structure of a mater ia l is an encyc loped ia o n the properties of its 
constituent atoms a n d is therefore at the root of a l l its c h e m i c a l a n d 

p h y s i c a l properties . W e mean , of course, the structure of the r e a l mate
r i a l , w h i c h inc ludes its defects most responsible for the react iv i ty a n d 
dynamics of chemica l a n d p h y s i c a l change. M e c h a n i s m i n reactions can 
not b e understood w i thout knowledge of the defect structure. U n d e r 
s tand ing can l e a d to i m p r o v e d contro l of react ion properties a n d to the 
a b i l i t y to design n e w materials . E l u c i d a t i o n of the structure of r ea l 
mater ials of p r a c t i c a l importance i n the most d irect w a y possible is 
therefore important , a n d these studies w i l l serve as a basis for further 
unders tanding . W e seek here not a sha l low classification b u t deep ins ight 
of subtle shading . 

240 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

14



14. E Y R i N G Nonstoichiometry, Order, and Disorder 241 

F luor i t e - re la ted materials are among those c ommonly encountered i n 
energy conversion a n d storage. T h e i r v a r i e d usefulness a n d their l i m i t a 
tions can be best understood i n terms of the ir structure, w h i c h is a 
pa lpab le expression of the i r nature. T h e fluorite structure m a y be 
v i s u a l i z e d i n m a n y ways . F o r example, i f a l l the tetrahedral interstices i n 
a c u b i c c lose-packed array of atoms are filled b y atoms of a different 
k i n d , the fluorite structure results. T h e latt ice is face-centered cub i c 
(Fm3m) w i t h meta l atoms ( M ) at (0, 0, 0 ) a n d the nonmeta l atoms ( X ) 
at ( VA, VA, VA ) a n d ( V A , V A , V A ) a n d equivalent positions. T h i s gives four 
f o r m u l a units per un i t ce l l . A n alternative w a y of v i s u a l i z i n g the structure 
is to consider the coord inat ion cubes of the meta l atoms ( M X 8 ) shar ing 
a l l edges i n a three-d imensional chessboard network. C o o r d i n a t i o n tetra
h e d r a of nonmeta l atoms ( X M 4 ) share a l l edges i n a nonspace- f i l l ing 
three -d imensional network. S t i l l another w a y of expressing this structure 
is to consider i t as a s tack ing of c lose-packed layers of atoms a long the 
[1 1 1] d i rec t ion i n the sequence α Β γ β Ο α γ Α β α Β γ β Ο α . . . 
where R o m a n capitals represent meta l atoms a n d Greek letters nonmeta l , 
each i n equa l ly spaced c u b i c c lose-packed layers. F i g u r e 1 i l lustrates a 
u n i t c e l l of fluorite where circles represent meta l atom positions a n d 
triangles represent nonmeta l atom positions. T h e oc tahedra l interstices 
represented b y the d iamonds are a l l empty . 

Textbook examples of the fluorite structure are usual ly the fluorides 
of C a , Sr, a n d B a a n d the oxides of T h a n d U . T o this l ist must be a d d e d 
m a n y others w h e r e the a tom radius rat io of m e t a l / n o n m e t a l > 0.73. 
These w o u l d i n c l u d e m a n y of the hydr ides a n d oxides of the rare earth 
a n d act inide elements. F u r t h e r m o r e , w h e n w e consider a d d i n g or sub
t rac t ing atoms of either type to g ive fluorite-related defect structures 
w h i c h m a y be ordered or d isordered, the possibi l i t ies boggle the m i n d . 

F luor i t e - re la ted materials have a k n o w n compos i t ional var ia t i on at 
least f r om M 4 X 9 ( M X 2 . 2 5 ) to M X . A l t h o u g h there are m a n y other fluorite-
re lated materials of importance i n energy conversion, such as the fluorides 

Figure 1. The fluorite structure. The 
large circles represent metal atom 
positions; the triangles represent non-
metal positions; and the diamonds 
represent the empty octahedral posi
tions in the cubic dose-packed struc

ture. 
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242 S O L I D S T A T E C H E M I S T R Y 

a n d hydr ides , here w e sha l l focus attention almost exc lusively o n oxygen-
deficient phases i n the compos i t ion range MOa.(2 .0 > χ > 1.5) w h e r e 
the oxygen def ic iency is either ordered or d isordered. 

I n these phases a good approx imat ion is to consider the m e t a l a tom 
substructure intact as i n fluorite w i t h s m a l l displacements understood . 
T h e oxygen substructure is then character ized as possessing vacancies 
o n n o r m a l sites w h i c h m a y be ordered i n l o n g or short range or d isordered . 
T h i s means that there w i l l a lways be coherence, b u t there m a y be a 
regular or p e r i o d i c var ia t i on i n oxygen composi t ion i n the structure. 

M a n y metals capable of tetravalency f o r m extremely thermal ly stable 
fluorite-related oxides. Indeed , T h 0 2 is the highest m e l t i n g oxide k n o w n 
(3300° db 1 0 0 ° C ) . T h e congruent ly m e l t i n g composit ions of a l l these 
refractory oxides i n v a c u u m are l ower than the d iox ide (even for T h 0 2 ) . 
C e 0 2 loses oxygen i n v a c u u m to a compos i t ion of C e O i . 5 i at 2000°C i n 
a tungsten ce l l , a n d P r a n d T b 0 2 lose oxygen to substo ichiometr ic 
ΜΟι.υ.δ at the m e l t i n g po int . T h e m e l t i n g po int of r e d u c e d substances 
is > 2000°C. T h e enthalpies of f o rmat ion of the oxides for the elements 
f o r m i n g fluorite-related phases are very h i g h , ^ 2 1 0 - 2 6 0 k c a l / g a tom of 
meta l . 

A f ew other general statements about properties s h o u l d also be made . 
D i f fus i on coefficients of m e t a l atoms are general ly very l o w u p to t e m 
peratures i n excess of one-half the m e l t i n g po int ; i n contrast, the di f fusion 
coefficients of the oxygen atoms are re lat ive ly large. U n d e r these same 
condit ions the vapor i n e q u i l i b r i u m w i t h the so l id is oxygen. M u c h h igher 
temperatures must be at ta ined before meta l - conta in ing vapor species are 
detectable. I n short, the m e t a l substructure is rigid a n d nonvolat i le , w h i l e 
the nonmeta l substructure is m o b i l e a n d vo lat i le . 

Fluorite-Related Materials in Energy-Winning Roles 

T h e r e is a r omant i c history a n d great l i terature o n these a n ion 
deficient fluorite-related phases. T h i s inc ludes W e l s b a c h gas mantles a n d 
N e r n s t glowers. T h i s chapter is not i n t e n d e d to be comprehensive ; rather , 
references are made arb i t rar i l y to that w o r k w h i c h h igh l ights current 
efforts to c lar i fy the s t ructura l pr inc ip les b e h i n d defect fluorite-related 
materials . 

So l id E l e c t r o l y t e s . Z T R C O N I A - A N D H A F N I A - B A S E D M A T E R I A L S . W h e n 
z i r c o n i a or ha fn ia react w i t h the a lka l ine earth oxides (espec ia l ly ca l c ia ) 
or rare earth oxides, pseudob inary fluorite-related phases w i t h a n ion 
vacancies are f o rmed . A t h i g h temperatures the phase fields are b r o a d 
c u b i c so l id solutions, a l though i n some cases there m a y be considerable 
diffuse scatter i n their di f fract ion patterns. These materials are t echnica l ly 
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14. E Y R i N G Nonstoichiometry, Order, and Disorder 243 

impor tant because of the r a p i d transport of ox ide ions at moderate ly h i g h 
temperatures w i t h o u t e lectronic or cat ionic conduct ion . T h i s ensures a 
var ie ty of h i g h temperature e lectromechanica l uses. 

A t h igher temperatures c u b i c phases of cont inuous ly c h a n g i n g c o m 
pos i t i on cover the field. A t l o w e r temperatures ( < 1500°C) i n the f e w 
cases k n o w n so far o rder ing occurs, p r o b a b l y r a p i d l y w i t h respect to the 
a n i o n vacancies a n d w i t h sufficiently l o n g anneals, the cations m a y also 
order. 

D u c l o t , V i c a t , a n d Déporter ( J ) tabulate the investigations of ca l c ia -
a n d rare earth f luorite-related phases f o r m e d separately w i t h h a f n i a a n d 
z i r c o n i a u p to about 1970. T h e y also give evidence of a n ordered phase 
Y 2 H f 7 O i 7 a n d have invest igated the o rder -d i so rder transi t ion . 

C a r t e r a n d R o t h (2 ) have s tud ied the structure of ca l c ia -s tab i l i zed 
z i r c o n i a u s i n g neutron di f fract ion. T h e y c o n c l u d e d that i n the o rdered 
structure the oxygen atoms were d i sp laced i n a w a y s imi lar to that f o u n d 
i n m o n o c l i n i c Z r 0 2 . T h e d i sorder -o rder trans i t ion was seen to b e the 
di f ferentiat ion of the d isordered reg ion into domains i n w h i c h the d istor 
tions of the oxygen coord inat ion p o l y h e d r a are i n the same sense. 

T h r e e ordered phases (Φ, Φι, Φ 2 ) w e r e detected i n the C a O - H f 0 2 

system ( 3 ) , two of w h i c h (Φι a n d Φ 2 ) appear also i n C a O - Z r 0 2 ( 4 ) . 
A l lpress , Rosse l l , a n d Scott have invest igated the ordered phases (5 ) 

i n the ca l c ia -s tab i l i zed ha fn ia system u s i n g electron di f fract ion to deter
m i n e the u n i t cells of three ordered phases: C a 2 H f 7 O i e ^ ) , r h o m b o h e d r a l , 
a = 9.5273A, « = 38.801°; C a H f 4 O e ( Φ ) , monoc l in i c , a = 17.698A, b = 
14.500A, c = 12.021 Α, β = 119.47°; a n d C a e H f 1 9 0 4 4 ( Φ 2 ) , r h o m b o 
h e d r a l , a = 12.059A, a = 98.31°. Rosse l l a n d Scott (6 ) de termined the 
space group of Φ phase to be R3 a n d have f o u n d cations o rdered o n cat ion 
sites of the fluorite structure w i t h the c a l c i u m ions segregated into 
discrete layers p a r a l l e l to the (1 1 1) fluorite p lane . T h e y also suggest 
that the two oxygen vacancies i n the un i t c e l l are p a i r e d across the b o d y 
d i a g o n a l of the coord inat ion cube of one of the H f atoms a n d that the 
r e m a i n i n g six H f atoms are near neighbors a n d seven-coordinated, w h i l e 
the c a l c i u m atoms are e ight -coordinated. 

Subsequent ly A l lpress , Rosse l l , a n d Scott (7 ) have p u b l i s h e d the 
structure of C a H f 4 0 9 (Φι) a n d C a e H f i 9 0 4 4 ( Φ 2 ) . A s i n the Φ phase the 
C a atoms are a l l e ight-coordinated, w h i l e H f m a y b e six-, seven-, or e ight-
coordinated . O t h e r c o m m o n features i n c l u d e probab le V i < 1 1 l > r v a 
cancy pairs w i t h a cat ion between. A l lpress et a l . suggest that these 
clusters m a y coalesce to f o rm finite groups i n Φι or extended chains i n Φ 2 . 
T h i s in format ion was obta ined f r o m p o w d e r di f fract ion data w h i c h p r o 
v i d e on ly l i m i t e d conclusions about vacancy order ing . 

E l e c t r o n di f fract ion patterns of ca l c ia -s tab i l i zed h a f n i a a n d z i r c o n i a 
show diffuse scattering i n a d d i t i o n to the srtong reflections f r o m the 
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244 S O L I D S T A T E C H E M I S T R Y 

fluorite subce l l . A l lpress a n d Rosse l l (8 ) have ana lyzed this diffuse scatter 
a n d have ob ta ined good agreement w i t h the expected di f fract ion f r o m 
specimens w i t h domains of the Φι phase of 3 0 - A diameter coherently 
e m b e d d e d i n specific orientations w i t h i n the c u b i c matr ix . T h i s is r e m i 
niscent of the domains of C a r t e r a n d R o t h ( 2 ) . 

L e f e v r e (9 ) noted o rder ing i n Z r 0 2 - S c 2 0 3 caused b y a phase w h i c h 
t u r n e d out to be r h o m b o h e d r a l Z r 3 S c 4 O i 2 (JO) a n d two others w i t h w i d e r 
compos i t ion w i d t h s as w e l l as h igher Ζ ι Ό 2 content. B e v a n ( J J ) a n d 
co-workers have de termined that the compos i t ion w i d t h of these phases 
is less than at first thought a n d have assigned them the i d e a l formulas 
Z r 3 S c 4 O i 2 , Z r i 0 S c 4 O 2 6 , a n d Z r 4 8 S c i 4 O u 7 . Z r 3 S c 4 O i 2 was f o u n d (12) to be 
isomorphous w i t h M 7 O i 2 i n the b i n a r y phases to b e descr ibed later. T h e 
s tructura l feature emphas ized i n these results is a s tr ing of oxygen v a c a n 
cies a long the [ 1 1 1 ] F w h i c h gives units of M 7 O i 2 composed of a s ix-
coord inated M a tom surrounded w i t h t r igona l symmetry b y six seven-
coordinated M atoms. These units are separated b y a f u l l y o x i d i z e d 
M 7 O i 4 group a long [ 1 1 l ] F - l i k e beads of t w o types i n a str ing to f o r m 
the structure of Z r i 0 S c 4 O 2 6 (space group R3). These beaded strings, a l l 
or iented para l l e l to the three fo ld axis, are edge-shared to f o r m an inter 
penetrat ing network of the two k inds of units . T h e Z r a n d Sc atoms 
occupy the m e t a l sites r a n d o m l y i n b o t h structures. 

I n the Z r 3 Y b 4 O i 2 phase (13), where the larger Y b is present, t w o 
modif ications are observed. O n e is isostructural w i t h Z r 3 S c 4 O i 2 , a n d the 
other ( a l o w temperature f o r m ) has some order ing of meta l atoms w i t h 
Z r o c c u p y i n g the s ix -coordinated meta l sites a n d r a n d o m occupancy of 
the seven-coordinated sites. I n the other rare earth z i r con ia so l id so lu 
tions (11), w h e r e the size d iscrepancy between the atoms increases, there 
is l i t t le evidence of order ing . 

T h e ordered phases of s imi lar composi t ion observed b y Komessarova 
a n d S p i r i d i n o v (14) i n the H f O ^ S c ^ O s system a n d indexed as r h o m b o 
h e d r a l un i t cells are p r o b a b l y closely re lated to these Z r 0 2 · S c 2 0 3 phases. 

Co l l ongues a n d co-workers (JO, J 5 ) as w e l l as m a n y others ( J ) have 
f o u n d pyroch lore phases i n these ternary oxide systems. A l t h o u g h this 
phase, Α 2

3 + Β 2
4 Ό 7 , is re lated to fluorite, the shifts i n oxygen positions are 

so great that the structure is best considered as interpenetrat ing f rame
works of [ A 0 2 ] a n d [ B O e ] w i t h the A i n l inear coordinat ion a n d Β i n 
oc tahedra l coordinat ion . T h e radius rat io , r ( A 3 + ) / r ( B 4 + ) , is be tween 
ca. 1.20 a n d 1.60. 

T H O R I A - R A R E E A R T H O X I D E S Y S T E M S . S o l i d solutions between thor ia 
a n d the rare earth oxides are w e l l k n o w n a n d have been used for years 
as oxygen-conduct ing so l id electrolytes. I n each case s tud ied there is a 
wide - range so l id so lut ion h a v i n g a fluorite structure u p to a m a x i m u m 
at moderate temperatures of about 4 0 % ( M 2 0 3 ) i n T h 0 2 . N o ordered 
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14. E Y R i N G Nonstoichiometry, Order, and Disorder 245 

intermediate phases i n this system at l o w temperatures have been 
descr ibed . 

O n the M 2 0 3 - r i c h side at very h i g h temperatures, however , S ib i eude 
a n d F o e x ( 16) have f ound evidence of a remarkable complex i ty s h o w i n g 
phases re lated to the A - , B - , C - , X - , a n d Η-type sesquioxides of var iab le 
compos i t ion as w e l l as to numerous other hexagonal phases of apparent ly 
n a r r o w composit ion. T h e C - type phase is, of course, fluorite-related, b u t 
no ordered intermediate n a r r o w composi t ion phases have been i n d i c a t e d 
i n the ternary system thus far. 

U R A N I U M D I O X I D E — R A R E E A R T H O X I D E S Y S T E M S . W e i t z e l a n d K e l l e r 

(17) have recently prepared several oxides of composi t ion ( M 0 . 5 U o . 5 ) 0 2 

where M is a rare earth atom; they have shown t h e m to be str ict ly fluorite 
i n spite of the u n u s u a l presence of U ( V ) a n d U ( V I ) i n e ight -coordinat ion . 

M a n y studies have shown the format ion of fluorite so l id solutions of 
w i d e compos i t ion range. O u r attention is d r a w n to 3 Y 2 0 3 - U 0 3 or 
U Y e O i 2 w h i c h was the first crysta l of this structure de termined (18). 
I t is i sostructural w i t h the Z r 3 M 4 O i 2 phases discussed above a n d w i t h the 
b i n a r y oxides of composi t ion M ? O i 2 to be discussed b e l o w as the struc
t u r a l end m e m b e r of the homologous series i n the rare earth h igher oxides. 
These are the only k n o w n ordered fluorite-related ternary oxides i n 
this f ami ly . 

Fluorite-Related Oxides for the Nuclear Industry. M a n y reactor 
fuels a n d rad ia t i on power sources are fluorite-related oxides. These sub 
stances character ist ical ly must operate i n p lace for l o n g periods of t ime , 
at h i g h temperatures, i n strong rad iat ion fields, a n d w i t h g r o w i n g levels 
of i m p u r i t y . U n d e r l y i n g any rat ional ly based p r o g r a m to improve the 
per formance characteristics of these materials must be a sound knowledge 
of the ir structure a n d texture, especial ly the ir defect structure, as a func 
t i o n of temperature, pressure of oxygen, rad iat ion field, a n d l eve l of 
i m p u r i t y . 

A t t e n t i o n w i l l be focused here on the structures of oxygen-deficient 
fluorite-related oxides of the act in ide elements. These i n c l u d e U 0 2 , T h 0 2 , 
P u 0 2 ( U , P u ) 0 2 as w e l l as the p l u t o n i u m oxides. 

F L U O R I T E Μ 0 2 . δ . D iox ides are k n o w n for T h , P a , U , N p , P u , A m , 
C m , B k , a n d C f . T h e latt ice parameters are compared i n F i g u r e 2. T h e 
enormous var ia t ion of the thermodynamic stabi l i ty is reflected i n the 
oxygen act iv i ty r e q u i r e d to m a i n t a i n stoichiometry at 1000 ° C w h i c h 
varies more than 20 orders of magni tude . 

T h 0 2 is on ly s l ight ly substo ichiometr ic i n the presence of T h even 
near the m e l t i n g point . U 0 2 begins to lose oxygen apprec iab ly i n the 
presence of U at ~ 1500°C a n d reaches a monotect ic at 2500°C at a 
composi t ion of ~ U O i . 6 5 . T h e heavier act inide dioxides t y p i c a l l y show 
l i t t le dev iat ion f r om stoichiometry u n t i l a temperature of a f ew h u n d r e d 
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ACTINIDE OXIDE 

L A N T H A N I D E OXIDE 

Figure 2. Lattice parameters for fluorite-related rare earth and actiniae oxides 

degrees is reached, a n d then quite suddenly they enter a phase of w i d e 
compos i t ion range of fluorite structure. A n unders tand ing of the degree 
a n d nature of short- or long-range order ing of defects i n these Μ 0 2 . δ 
phases has not progressed very far. A br ie f r ev i ew of w o r k u p to about 
1970 a long these lines offers phase diagrams a n d references ( 19). 

Recent ly S0rensen (20) has under taken measurements ( a n d the 
corre lat ion of the w o r k of others) of the p a r t i a l mo lar t h e r m o d y n a m i c 
quantit ies for oxygen i n nônstoichiometric p l u t o n i u m a n d p l u t o n i u m -
u r a n i u m oxides. H e has prev ious ly done a s imi lar analysis on the C e 0 2 _ e 
system (21). I n each of these systems a care ful analysis of the thermo
d y n a m i c data shows surpr is ing deviations f rom i d e a l solut ion. I n each 
case a der ived phase d iagram indicates several subregions i n the M 0 2 . e 
phase i n w h i c h the slopes of A G 0 2 V S . l og X have characterist ic values. 
I n the C e 0 2 . 6 phase i n add i t i o n to numerous nônstoichiometric subregions 
w i t h i n w h i c h consistent t h e r m o d y n a m i c properties are observed, there 
are super imposed indicat ions of s tabi l i ty at par t i cu lar stoichiometrics 
b e l o n g i n g to a homologous series M n 0 2 n _ 2 . I n the P u O * system three 
such subregions ( f r om P u O ^ - P u O i ^ ) a n d two two-phase regions are 
ind i ca ted . T h e two-phase regions are i n the composi t ion range PuOi.9945 
a n d P u O i 999 8. T h e ( U , P u ) 0 2 . « phase separates, b y the same treatment, 
into five subregions w i t h no ind i ca t i on of spec ia l s tabi l i ty at any n a r r o w 
composi t ion . T h e results cover the composi t ion range 2.00 > χ > 1.85. 

H i g h temperature x-ray di f fract ion observations (20, 21) i n these 
systems have s h o w n superstructures of monoc l in i c symmetry about 900°C 
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14. E Y R i N G Nonstoichiometry, Order, and Disorder 247 

i n the C e 0 2 . 6 system. H o w e v e r , i n P u 0 2 . 6 or w i t h an admixture of u r a n i a 
on ly fluorite structures were f ormed . I t seems apparent that even at these 
h i g h temperatures (a l though on ly u p to l i t t le more than one-half the 
m e l t i n g temperatures) there is considerable order, at least short-range 
order. T h i s order exists i n spite of a h i g h m o b i l i t y of oxygen atoms 
w h i c h at the highest temperatures must spend a good d e a l of t ime be 
tween positions of m i n i m u m energy ( 2 2 ) . 

T h e M 7 O i 2 phase has definitely been establ ished for C m a n d C f (23, 
2 4 ) , a n d there is clear evidence for order i n intermediate regions i n the 
C m O i . 8 2 a n d at two compositions i n the B k 0 2 _ 6 system ( 2 5 ) . 

T a b l e I summarizes the k n o w n intermediate phases among the 
act in ide oxides i n MO* , 1.5 < χ < 2.0. T h e names of the phases are used 
advisedly f o l l o w i n g the nomenclature for the lanthanide oxides. 

T a b l e I . Intermediate Phases among the A c t i n i d e Oxides 

Μ ΜΟ^Β(σ) M0lm71(i) M01M±è(i) ΜΟ2.00-δ(α) 

T h Χ 
P a 
U Χ 
Ν ρ Χ 
P u Χ Χ 
A m Χ Χ 
C m Χ Χ Χ Χ 
B k Χ <r- indicat ions of order —» Χ 
C f χ χ χ 

I n summary , m a n y of the fluorite-related act in ide oxides exhibi t w i d e -
range nonsto ichiometry at h i g h temperatures w i t h an apparent tendency 
to at least short-range order w h i c h at l o w temperatures i n the heavier 
members gives ordered intermediate phases of n a r r o w composi t ion range. 
E v i d e n c e for o rder ing i n these materials is g r o w i n g steadi ly . 

A w o r d s h o u l d be sa id about the σ phase (MOi . 5 + e) w h i c h is 
observed i n several of the act in ide oxide systems as w e l l as i n the rare 
e a r t h - z i r c o n i a , -hafn ia , or - thor ia systems. T h i s is a phase of var iab le 
compos i t ion re lated to the C - t y pe rare earth sesquioxides a n d is also a 
prominent feature of the C e , P r , a n d T b oxide systems. I n a l l cases where 
this phase exists i t appears to be separated at h i g h temperatures f r o m 
the a ( Μ0 2 _δ ) phase b y a n a r r o w m i s c i b i l i t y gap. Since the m e t a l pos i 
tions i n b o t h phases are essentially those of the fluorite structure, at ^ 
1200°C the order ing of oxygen determines phase stabi l i ty . 

F l u o r i t e - R e l a t e d O r d e r e d Phases i n the M 2 0 3 - W 0 3 System. Oxides 
of this type are b e i n g considered as phosphors, laser hosts, a n d nuc lear 
contro l materials . M c C a r t h y et a l . (26) have r e v i e w e d the l i terature o n 
the crysta l chemistry of flu^^g|ijç^^o^^aij^j^|th-tungsten oxides. T h e y 
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have p r e p a r e d fluorite-related compounds of the compos i t ion M e W O i 2 , 
M i 0 W 2 O 2 i , a n d M 1 4 W 4 O 3 3 . M e W O i 2 is isomorphous w i t h Y e U O i 2 . H o w 
ever, a l though the other t w o are thought to be s imi lar to other members 
of the rare earth series, the ir structures have not been determined . 

Structural Characteristics of the CeOw System. A s expected, the 
w e l l establ ished h igher oxides of c e r i u m possess fluorite-related structures. 
M a n y p o w d e r di f fract ion studies of the intermediate phases have been 
car r i ed out b o t h b y q u e n c h i n g the specimens a n d b y h i g h temperature 
techniques . T a b l e I I presents w h a t appears to be the best parameters 
present ly ava i lab le for the k n o w n phases. 

S0rensen (21) has reported finding a phase ( C e e O n ) at 900°C 
isostructural w i t h P r e O n w i t h a m o n o c l i n i c u n i t c e l l w i t h a = 6.781 ± 
0.006 A , b = 11.893 =b 0.009 A , c = 15.823 ± 0.015 A , a n d β = 125.04 

Table II. 

Phase 

C e 2 Q 3 

(Θ) 

C e 7 0 i 2 

W 

Cell Parameter Data for the C e n a 2 n 2 Series (30) 

C e 9 Q 1 6 

( 0 

CeioOis 
(«) 

CenOis 
(δ) 

C e Q 2 

( « ) 

Unit Cell 

H e x a g o n a l 
a0 = 3.8905 db 0.0003A 
c 0 = 6.0589 =b 0.0003A 
R h o m b o h e d r a l 
ar = 6.784A 
ar = 99.302° 

H e x a g o n a l representation 
ah = 10.3410 ± 0.0007A 
c h = 9.6662 =b 0.0006A 

F a c e centered cubic 
a0 = 5.4109 =b 0.0003A 

Fluorite-Type Pseudocell 

N o pseudocell 

R h o m b o h e d r a l 
« F = 0.5443 ± 0.0004A 
« Ρ = 89.642 rb 0.000° 

T r i c l i n i c 
aF — 5.5106 ± 0.0012A 
6 F = 5.5155 ± 0.0012A 
c F — 5.5213 ± 0.0012A 
a F = 90.339 ± 0.000° 
0 P = 90.595 ± 0.000° 
y F = 90.204 ± 0.000° 

T r i c l i n i c 
a F — 5.5076 ± 0.0009A 
6 F = 5.5100 ± 0.0009A 
c F == 5.5112 ± 0.0008A 
aF = 90.360 ± 0.000° 
βν = 90.176 ± 0.000° 
yF = 90.160 =tz 0.000° 

R h o m b o h e d r a l 
a F == 5.5023 ± 0.0007Â 
a F = 89.762 rb 0.000° 

C u b i c 
a F = 5.4109 =b 0.0003A 
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± : 0.04 Â. T h e r e has been no veri f icat ion of the composi t ion , however , 
a n d the relat ive intensities of the subce l l a n d superce l l reflections do not 
appear reasonable. 

R a y a n d C o x (27) recently de termined the structure of C e 7 O i 2 b y 
neutron di f fract ion measurements f r om powders a n d single crystals. T h e y 
conf irm the c o m p o u n d to be isostructural w i t h P r 7 O i 2 . T h e space group 
is R3 w i t h hexagonal u n i t c e l l dimensions a = 10.37 À a n d c = 9.67 A 
( r h o m b o h e d r a l c e l l a = 10.37 A a n d a = 99.4 A ) . T h e hexagonal c e l l 
contains three f o r m u l a units of C e 7 O i 2 . A n important observation i n this 
s tudy was that the crystals were extensively t w i n n e d a n d these t w i n 
domains h a d to be sorted out. T h e p o w d e r e d substance h a d a greater 
degree of disorder than the single crystals. Cons iderab le d isorder has 
been seen i n electron micrographs of P r 7 O i 2 ; hence i t m a y be charac 
teristic of these materials . 

N e u t r o n a n d x-ray p o w d e r di f fract ion patterns of specimens of c o m 
pos i t ion CeOi.7io, CeOi.78i , C e O i . 8 2 2 , a n d C e 0 2 have been s tud ied b y R a y , 
N o w i c k , a n d C o x ( 2 8 ) . T h e y conf irm dist inct structures for these phases 
estabhshing C e i 0 O i 8 ( n = 10) for the first t ime . T h e structures of phases 
η = 9 a n d 10 appear to be different f r o m the un i t cells obta ined b y 
K u n z m a n n a n d E y r i n g (29) i n the P r O * system. T h e x-ray results of 
H e i g h t a n d B e v a n (30) give un i t cells w h i c h are also different f r om those 
of PrOa, b u t it is not k n o w n whether they agree w i t h the results of R a y 
a n d C o x ( 2 7 ) . 

T h e M 7 O i 2 phase is isomorphous i n C e , P r , a n d T b oxides, a n d 
appears to be the l ower s tructural end-member of the M n O 

2n-2 series. 
T h e relationships between the structures of the other members w h i c h 
be long composi t ional ly to the series is not k n o w n . C l e a r l y there are m a n y 
possible ways of a c commodat ing a deficiency of 1/9, 1/10, or 1 /11 of the 
oxygen atoms. 

Structure and Texture in the Binary Rare Earth Oxides/ H O M O L O 
G O U S S E R I E S . S tructura l ly the b inary rare earth oxides d i sp lay a f u l l 
range of behavior . T h e y exhib i t a n homologous series of intermediate 
phases w i t h the generic f o r m u l a M n 0 2 n _ 2 where η is an integer be tween 
4 a n d oo. ( These phases have a smal l but definite range of composi t ion . ) 
T h e ordered phases disorder at h igher temperatures a n d h i g h oxygen 
pressures to f o rm compounds of w i d e composi t ion range w h i c h are among 
the last embat t led remnants of grossly nônstoichiometric phases. T h e y 
also indicate the f ormat ion of w h a t have been ca l l ed pseudophases— 
regions of two-phase areas where the m a t e r i a l behaves monophas ica l ly . 
C h e m i c a l hysteresis is also an almost un iversa l s tructural ly i n d u c e d char
acteristic of phase transitions. 

H i g h oxygen m o b i l i t y i n these phases, together w i t h modest elec
t ronic conduct iv i ty , obviates the need for cat ion m o b i l i t y a n d al lows the 
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Table III. Structural Data on 

Composition η (in RnOtn-»)a Symmetry Lattice Parameters 

R O L B O O 4 IaS a = 11.152A ( P r O i . 5 ) 
a = 10.728A ( T b O i . 6 ) 

R O i . 7 i 4 7 R3 a — 6.750 A ) , P r 0 . 
a = 99°23 ' \ ( 1 W l 7 1 4 ) 

a = 6.509A ί , T h n χ 
« — 9 9 ° 2 1 ' \ i l b u " i * ) 

PrOi.778 9 T r i c l i n i c a = 6.5A 
6 = 8.4A 
c = 6.5A 
a = 97.3° 
β = 99.6° 
y = 75.0° 

PrOi.soo 10 Pn a = 6.7A 
6 = 19.3A 
c = 15.5A 
0 = 125.2° 

TbOi .809 H>i T r i c l i n i c a = 13.8A 
b = 16.2A 
c — 1 2 . 1 A 
a = 107.4° 
0 — 100.1° 
7 = 92.2° 

R O i s i s 11 T r i c l i n i c a = 6.5 A 
b = 9.9A 
c = 6 .5A 
a = 90.0° 
β = 99.6° 
γ = 9 6 . 3 ° 

TbOi .833 12 Pn a = 6.7A 
6 = 23.2A 
c = 15.5A 
0 = 125.2° 

PrOi .833 12 Pn a = 6.687A 
6 = 11.602A 
c = 15.470A 
0 = 125°15' 

R0 2 .ooo 00 F m 3 m a = 5.393A ( P r 0 2 ) 
a = 5.220A ( T b O i . 9 5 ) 

β If a phase occurs in the PrO* as well as in the TbO* system R is used, otherwise 
the specific symbol is used. 
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14 . E Y W N G Nonstoichiometry, Order, and Disorder 2 5 1 

Intermediate Rare Earth Oxide Phases 

No. of 
Relative Vacancies/ 

Relation to Basic Structure Volume Unit Cell 

a = 2 a , 8 16 

a = at + 1 / 2 6 , - l / 2 c ( 7 / 4 2 

α = a , + 1 /26 , - l / 2 c , 9 / 4 2 
6 = 3 / 2 6 , + 1/2C, 
c = l / 2 a , — 1 /26, - f c , 

a = a , + 1 / 2 6 , — l / 2 c , 
6 = 5 / 2 ( - 6 , — <%) 
c = 2 ( - 6 t + c , ) 

a = — l / 2 a , + 5 / 2 c , 
6 = — 2 a , — 2 6 , — c , 
c = 2 a , — 6 , 

10 

3 1 / 2 12 

a = a , + 1 / 2 6 , - l / 2 c , 1 1 / 4 2 
6 l / 2 a , + 3 / 2 6 , + c , 
c = l / 2 a , — 1 / 2 6 , + c , 

a = a , + 1 / 2 6 , — l / 2 c , 
6 = 3 ( - 6 , - c , ) 
c = 2 ( - 6 , + c , ) 

12 

a = a , + 1 / 2 6 , — l / 2 c , 
6 = 3 / 2 ( - 6 , - c , ) 
c = 2 ( - 6 , + c,) 

1 0 
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252 S O L I D S T A T E C H E M I S T R Y 

f o rmat ion of each phase w i t h astonishing r a p i d i t y even at moderate 
temperatures ( > 3 0 0 ° C ) . 

T h e u n i t ceUs for several members of the homologous series M n 0 2 n - 2 

w h e r e η = 7, 9, 10, 11, a n d 12 have been de termined (29) u s i n g e lectron 
di f fract ion a n d have been a d d e d to those a lready k n o w n for η = 4 a n d 
oo. These are s h o w n i n pro ject ion a long [211] i n F i g u r e 3 a n d are 
descr ibed i n de ta i l i n T a b l e I I I . I n add i t i on , p o l y m o r p h i s m occurs i n the 
zeta ( n = 9 ) phase a n d perhaps i n others. 

A l l the phases have the same a axis. T h e arrangement of vacancies 
a l ong this axis, w h i c h is a vector of the k i n d V i [ 2 1 1 ] F , are s h o w n i n 
F i g u r e 4. T h i s feature of the iota structure is considered the largest h e l d 
i n c o m m o n b y the members of the homologous series of b i n a r y oxides 
( n = 7, 9 ,10 , 11, 12) . T h e o d d members of the series also have the same 
c axis a n d hence the io ta ac p lane ( 135 ) F as a c o m m o n feature. A s F i g u r e 
3 shows, the even members have an ac p lane i n c o m m o n also, b u t c is 
different i n this case. A n o t h e r element w h i c h w e n t into this s t ructura l 
p r i n c i p l e hypothesis was the h i g h reso lut ion structure images of the de l ta 

10 
Figure 3. Projections of the unit cells 
of members of the homologous series 

along the common a axis, [211]F 
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14. E Y R i N G Nonstoichiometry, Order, and Disorder 253 

Figure 4. Arrangement of vacancy pairs along the a axis, [211]F 

common to members of the homologous series 

phase ( T b n 0 2 o ) w h i c h appeared to show ( F i g u r e 5) the positions of the 
vacancies i n the un i t c e l l as w o u l d be pred i c ted ( F i g u r e 6 ) . 

Desp i te this apparent success, app l i ca t i on of h i g h resolut ion crysta l 
structure i m a g i n g to structures such as the fluorite type h a d not b e e n 
deve loped prev ious ly ; hence great care must be taken i n the interpretat ion 
of the images obtained. 

H i g h resolut ion crystal structure i m a g i n g is capable of g i v i n g a t w o -
d imens iona l point - to -point image of the crysta l potent ia l to a reso lut ion 
of about 3.5 A . T h i s is possible for crystals w h e n there is a short axis of 
on ly one-coordinat ion po lyhedron i n the d i rec t ion of v i e w i n g a n d rather 
large axes i n the other two directions. S u c h a structure exhibits large 
variat ions i n potent ia l w h e n v i e w e d d o w n this short axis. I n a d d i t i o n , 
the crysta l must be t h i n ( < 100 A ) , or iented w i t h i n ~ 0.1°, a n d v i e w e d 
at the correct defocus. U n d e r these condit ions crysta l structure images of 
structures based o n the R e 0 3 structure, for example, capable of in tu i t i ve 
interpretat ion have been p r o d u c e d ( 3 1 ) . 

T h e fluorite superstructures, on the other h a n d , are not l i k e l y to 
exhibi t large potent ia l variat ions i n any d irect ion . A n a d d e d disadvantage 
is that the shortest axis for these materials is the 6.75 A a axis. T h i s strains 
the t h i n phase object approx imat ion o n w h i c h the calculat ions are based 
a n d hence requires that the technique be s h o w n to app ly . T o a d d to the 
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254 S O L I D S T A T E C H E M I S T R Y 

Figure 5. Crystal structure image of TbtlOu. Dark field, optically 
enhanced. 

Figure 6. Possible structures of delta (PrnO20) projected down [211]F 
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14. E Y R i N G Nonstoichiometry, Order, and Disorder 255 

diff iculty, the rec iproca l latt ice axes perpend i cu lar to the pro ject ion axis 
are rather l ong , p r o d u c i n g few beams i n a reasonable s i zed aperture. 

T h e stakes i n success are h i g h , however , since this technique alone 
c a n reveal textural details d irect ly , a n d the capab i l i ty of t reat ing any 
important class of substances such as the fluorite materials is v i t a l . I n 
v i e w of such unfavorable c ircumstances i t is imperat ive to compare c a l c u 
la ted a n d observed images to a v o i d serious errors i n the interpretat ion . 

W i t h this i n m i n d Skarnul i s , Summerv i l l e , a n d E y r i n g (32) have 
tested the app l i cab i l i t y of the m e t h o d o n the prototype of the homologuos 
series, the io ta phase ( P r 7 O i 2 ) , the only one of the intermediate phases 
for w h i c h complete s t ructura l data are avai lable ( 3 3 ) . T h e n -beam 
mul t i s l i ce m e t h o d of C o w l e y a n d M o o d i e (34) is the basis of the image 
contrast calculations. 

Calculated Images of the Iota Phase 

( P r 7 O i 2 ) , [ 2 1 1 ] F Zone. F i g u r e 7 shows the pro ject ion of the i d e a l 
atoms for P r 7 O i 2 w h e n v i e w e d d o w n the (111)F a n d the (211) F axes. T h e 
M 0 8 coord inat ion cube is also shown to faci l i tate or ientat ion. 

C a l c u l a t e d η-beam images of the [211] zone for 25-, 165-, a n d 235-Â 
th i ck crystals are shown i n F i g u r e 8 us ing i on i c scattering factors. T h e 
defect of focus of the microscope is taken to be —1000 A . T h e o r i g i n is 
p l a c e d at the top left corner w i t h t w o of the axes (a = b = c) a l ong the 
figure edges. 

T h e ca lcu lated t h i n crysta l images at 1000-A underfocus correspond 
to the project ion of the co lumns of oxygen vacancies i n the s t r u c t u r e — 
there b e i n g two per un i t c e l l i n this case. M a n y v a r i e d images are 
ca l cu lated w h e n m a n y thicknesses a n d defects of focus are used ( 3 2 ) , 
b u t th icker crystals t end to show only one w h i t e spot per u n i t c e l l ( e.g., 
at 235-A thickness, 1000-A underfocus w i t h i on i c scattering fac tors ) . 
T h i s feature correlates w i t h the strings of s ix -coordinated m e t a l atoms. 

T h e images for th i cker crystals do not have a one-to-one corre lat ion 
w i t h the pro jected potent ia l a n d hence cannot be considered true crysta l 
structure images. T h e y do, however , have the per i od i c i ty a n d symmetry 
of the structure a n d for this reason are p o w e r f u l tools i n i d e n t i f y i n g a n d 
corre lat ing observed images. 

Z r 3 S c 4 O i 2 , [ 2 1 1 ] F Zone. T h i s phase is i sostructural w i t h P r 7 O i 2 , 
a n d for this reason differences i n the images m a y be used to in fer differ
ences i n f o rm factors of the meta l atoms. T h e η-beam calculations for 
this phase us ing atomic scattering factors are s h o w n i n F i g u r e 8. Some 
generalizations can be made. A s i n the case for P r 7 O i 2 the t h i n crysta l 
images corre lated w e l l w i t h the projected potent ia l ( e.g., 24r-48-A t h i c k 
ness, 900 -1000-A underfocus, atomic scattering factors) ( 3 2 ) . T h e same 
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CATION AND ANION SITES ^ 

AT RELATIVE INTERVALS • 

OF 8 [111], TO EACH — 

OTHER Δ 

C O L U M N S OF ANION · 

VACANCIES AND 

O C T A H E D R A L CATIONS 

Figure 7. Projections of the ideal atom positions of Pr101% down (a) the [111]F 

axis where the line intersections, filled triangles, and empty triangles represent 
columns of metal and nonmetal sites at rehtive intervals of 1/12[111 ]F to each 
other. The columns of nonmetal vacancies and six-coordinated metal atoms are 
indicated by filled circles and (b) the [211]F axis where metal atom sites are 
marked with a plus sign; the nonmetal sites are marked by a multiplication 
sign; nonmetal vacancies are marked with a square; and filled circles again indi
cate columns of six-coordinated metal atoms. M08 cubes are also outlined to 

facilitate interpretation. 

is true except for a shift i n o r i g in for crystals about 165 A t h i c k as 
observed for P r 7 O i 2 . T h e images der ived us ing i on i c scattering factors 
have more fr inge, b u t images s h o w i n g two spots per u n i t c e l l occur 
at 120-144-A a n d 1000-A underfocus ( 3 2 ) . I n b o t h cases the thickest 
crystals show one spot per un i t c e l l 

Calculated Images of P r 7 O i 2 , [ H 1 ] F Zone. These images showing 
a n hexagonal array of spots at a l l thicknesses a n d defects of focus almost 
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14. E Y R i N G Nonstoichiometry, Order, and Disorder 257 

Figure 8. Calculated images of 
Pr70lt and ZrsScfi12. The type 
of scattering factors and the 
defect of focus are shown at the 
bottom, while the number of 
slices (~ 6.75À per slice) is 

shown at the left. 

u n i f o r m a l l y ind icate one spot per un i t ce l l , a l though there is a n o r i g i n 
shift i n some cases. 

Observed Images of the Iota Phase 

Images of R7O12 Phases, [ 2 1 1 ] Zone. F i g u r e 9 ( a ) a n d ( b ) show 
t y p i c a l images of P r 7 O i 2 w i t h one spot per u n i t ce l l . S u c h images are 
comparab le to some of those ca l cu lated for th i ck crystals. F i g u r e 9 ( c ) 
shows a n image of Z r 3 S c 4 O i 2 i n w h i c h t w o spots per un i t c e l l appear i n 

Figure 9. Observed (100)7 crystal structure images of Pr70lt and ZrsSc4Alt: 
(a) typical image of Pr7Otf; (b) thick-crystal image of Pr7Ô12, and (c) thin-

crystal image of ZrsSc4012 showing vacancy arrangement 
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258 S O L I D S T A T E C H E M I S T R Y 

Figure 10. Observed (111)7 images of Pr70lt and ZrsSc40lt: (a) typical 
image, (b) two twin orientations of ZrsSc^0lt with a region of C-type oxide 

between 

the u p p e r r i g h t side. T h i s c o u l d be a reasonably t h i n crystal , e.g., 1 2 0 -
144 A to correlate w i t h the ca l cu la ted images. I n general the observed 
images of the i o ta phase show variat ions as do the ca l cu lated images; 
however , the correlations are sometimes ambiguous . 

Images of P r 7 0 1 2 Phases, (111) Zone. T h e r e is good agreement 
be tween ca l cu lated a n d observed images i n this zone; F i g u r e 10(a) shows 
the observed image . T h e spots can b e correlated w i t h co lumns of s ix-
coord inated cations i n the d i rec t ion of the beam. I n F i g u r e 1 0 ( b ) one 
m a y observe two regions of Z r 3 S c 4 0 1 2 i n t w i n or ientat ion w i t h a n over lay 
of M 2 0 3 ( C - t y p e ) at the t w i n boundary . T h e [ 1 1 1 ] F zone axis is c o m m o n 
to a l l three regions. 

Discussion of the Iota Phase Images. D e s p i t e its l imitat ions this 
technique shows great promise i n corre lat ing ca l cu la ted a n d observed 
images even i f the po int - to -po int correspondence w i t h the pro jected 
po tent ia l does not exist for the th i ck crystals i m a g e d so far. I t is dif f icult 
i n these oxygen l a b i l e materials to observe t h i n crystals w i t h o u t c ompo 
s i t ion change i n the v a c u u m of the microscope u n d e r the heat ing of the 
e lectron beam. A t the least a n unambiguous ident i f i cat ion can be m a d e 
of each phase, a n d the image , w h i l e not in tu i t i ve ly interprétable, can g ive 
some he lp i n sort ing out the structure since images ca l cu la ted f r o m w r o n g 
structures do not agree w e l l . I n the case of passive crystals, t h i n enough 
samples c o u l d be used to observe images w i t h contrast agreeing w i t h the 
pro jected potent ia l . 
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14. E Y R i N G Nonstoichiometry, Order, and Disorder 259 

Images of Beta, Epsilon, and Zeta Phases 

Observat ions . Summerv i l l e a n d E y r i n g (55) have cont inued h i g h 
resolut ion crystal structure i m a g i n g of other ordered intermediate phases 
i n a n attempt to c lar i fy the s t ructura l p r i n c i p l e w h i c h w o u l d e luc idate the 
homologous series i n these fluorite-related materials . 

T h e existence of a b i furcated , even-odd, homologous series i n the rare 
earth oxides was c lear ly i n d i c a t e d i n earl ier w o r k ( 2 9 ) . I t was impor tant 
to image members of the even group. Some images of the beta phase 
( P r 2 4 0 4 4 ) are s h o w n i n F i g u r e 11. T h e strong spots at the corners of a 

Figure 11. (100)lt Crystal structure images of beta 
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260 S O L I D S T A T E C H E M I S T R Y 

rectangle (near ly a square) correspond to one u n i t c e l l i n this [211] 
pro ject ion ( F i g u r e 3 ) . T h e r e is considerable contrast w i t h i n the u n i t c e l l . 

I f the W c l i n i c u n i t c e l l w i t h η = 12 s h o w n i n pro ject ion i n F i g u r e 3 
w e r e t w i n n e d a long ( 1 1 0 ) r , the u n i t c e l l ac tual ly observed w o u l d result . 
S u c h a u n i t c e l l w i t h expected vacancies is s h o w n i n F i g u r e 12 i n 
pro ject ion. 

Images ca l cu lated o n the basis of this structure, except that the m e t a l 
atoms about the vacancies w e r e a l l o w e d to relax just as they do i n io ta 
phase ( 3 2 ) , are s h o w n i n F i g u r e 13 for three thicknesses a n d a —900-A 
defect of focus. T h e oxygen atoms are not shi f ted i n this ca l cu la t i on 
except to remove those corresponding to the vacancies. 

T h e ca l cu la ted images for t h i n crystals at —900 -A defocus corre
s p o n d to the pro jected an io n vacancies of the m o d e l as they d i d i n the 
case of i o ta phase; however , images for th i cker crystals are qu i te different. 
T h e observed images of F i g u r e 11 correlate w e l l w i t h those ca l cu la ted at 
a defocus of —900 -A a n d at 162- a n d 243-A thickness respect ively as 
shown . A l l things considered, the agreement is better t h a n s h o u l d be 
expected. A t least the PI s tructure of F i g u r e 12 is compat ib le w i t h the 
observations. 

T h e t h e r m a l decompos i t ion temperature of members of the h o m o 
logous series decreases f r o m io ta to beta , w h i c h is the last of the series 
observed i n P r O * except for P r 0 2 . T h i s decrease of t h e r m a l s tabi l i ty 

° oxygen v a c a n c y · seven coordinate ca t ion 

• eight c o o r d i n a t e cation 

Figure 12. Diagrammatic representations of the proposed structures of the 
beta phase, (a) Model with symmetry P I . (b) Model with symmetry P m . 

Indices refer to fluorite subcell. 
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14. E Y R i N G Nonstoichiometry, Order, and Disorder 261 

Figure 13. Calculated 
images of beta phase 
with the defect of focus 
and the thickness of the 

crystal indicated 

suggests the poss ib i l i ty of d isorder i n these phases. F i g u r e s 14 a n d 15 
i l lustrate such disorder . I n one case there is a shift i n the intens i ty of 
cer ta in spots a long a definite boundary , a n d i n the other there is a loss 
o f the r egu lar pa t te rn over one u n i t c e l l . 

Figure 14. Crystal structure image from (100)Jt, showing image variations 
which may correspond to domains of each of the proposed polymorphs of beta 
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262 S O L I D S T A T E C H E M I S T R Y 

Figure IS. Crystal structure image of beta from a (100)lt zone showing 
apparent stacking faults 

Figure 16. Crystal structure image from a (100)10 zone of epsilon 
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14. E Y E I N G Nonstoichiometry, Order, and Disorder 263 

A n image of the epsi lon phase ( P r i 0 O 1 8 ) is shown i n F i g u r e 16. T h e 
corners of the u n i t c e l l are sharp spots w i t h considerable de ta i l i n the 
contrast w i t h i n the u n i t ce l l . Images for this phase are presently b e i n g 
ca lcu lated , b u t the results are not far enough a long to mer i t discussion. 

F i g u r e 17 depicts images of zeta phase. A t the top of the figure a 
pro jec t ion of the be p lane is observed to b e f a i r l y regu lar ly spaced b u t 
w i t h obvious fluctuation of the intensities. A n in te rgrowth of i o ta a n d zeta 
w i t h a repeat distance of b7 &9 Is c lear ly d i scerned at the b o t t o m b u t 
i n this case w i t h the ab p lane projected. T h e zeta u n i t cells have t w o 
spots per u n i t ce l l , whereas they are not resolved i n iota . Ca l cu la t i ons 
have not been m a d e for zeta, b u t since t w o spots per u n i t c e l l are seen 
i n the images of the de l ta phase ( F i g u r e 5 ) , i t m a y not b e surpr i s ing to 
see t h e m i n zeta. 

D iscuss ion of the O b s e r v e d Resu l t s . T h e interpretations as set for 
w a r d here (32 ) extend the s t ructura l m o d e l of K u n z m a n n a n d E y r i n g 

Figure 17. (211)F crystal structure image of the zeta phase 
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(29) a n d are consistent w i t h the v i e w that i n the o d d members of the 
series every n t h ( 1 3 5 ) F p lane of cations is s ix-coordinated, w i t h those 
i n be tween b e i n g a l l seven- or e ight-coordinated. T h e oxygen vacancies 
o n each s ix -coordinated cat ion occur a long the b o d y d iagona l [111] of 
the coord inat ion cube at a n angle of 73° to the ( 135 ) F p lane. 

I n the even members t w i n n i n g at the u n i t c e l l l eve l a l ong ( 1 1 0 ) F 

produces p u c k e r e d {135} F planes such that the ir average d i rec t ion is 
p a r a l l e l to ( 1 1 0 ) F . I n the case of beta , for example, there are alternate 
segments of ( 1 3 5 ) F a n d ( 5 3 1 ) F planes of s ix -coordinated cations w h i c h 
m a k e u p the &-face of the m o n o c l i n i c u n i t ce l l . These are ( 1 0 1 ) F o n 
average. 

Images of Phase Transformations and Inter growth in 
Fluarite-Related Binary Oxide Systems 

W h e n the rare earth oxides w h i c h have apprec iab le oxygen dissoc ia
t i o n pressures at moderate temperatures are s tud ied i n the v a c u u m of the 
microscope under the heat ing of the e lectron beam, phase reactions are 
not on ly possible, they are inevi table . Therefore , w h i l e images of the 
o rdered phases were observed, specimens i n the act of t ransformation 
were recorded. S u m m e r v i l l e a n d E y r i n g (32) have observed numerous 
cases, a f e w of w h i c h w i l l be rehearsed here. 

Diffraction Patterns. S t reak ing a long b* is a lways observed i n the 
di f fract ion pattern w h e n disorder is observed i n the image . Before the 
s treaking becomes extensive, i t is rep laced b y the di f fract ion spots of the 
n e w phase. I t is very c o m m o n to find di f fract ion patterns conta in ing 
di f fract ion spots f r om two or more phases i n the same zone i n d i c a t i n g the 
topotact ic in te rgro w t h of these phases. These observations suggest that 
d u r i n g react ion there is d isorder a long b w h i c h is soon rep laced b y order 
i n this d i rec t ion b u t b y more than one phase. T h e n finally the n e w phase 
occurs alone. These changes i n the homologous series occur w i t h an 
a d v a n c i n g front p a r a l l e l to {135} F or to the p u c k e r e d planes i f the react ion 
occurs between even members . 

Images of Systems in Phase Reactions. C o n v e n t i o n a l domains are 
rare ly seen i n images of these materials . A s ment i oned above a n d as 
shown i n F i g u r e 1 8 ( a ) , a m o n g the homologous series a p lanar react ion 
front seems most t y p i c a l . I n this case the zeta phase is decompos ing to 
iota , a n d a l ternat ing layers one u n i t c e l l w i d e suggest.the mechanism of 
react ion . O n the other h a n d , i n the Ρ Γ 7 0 Ι 2 - Ρ Γ 2 0 3 phase reg ion w h e r e the 
structures are not so closely re lated, coherent in te rgrowth results f r o m 
nuc leat ion a n d g r o w t h i n a more convent ional w a y as i l lus trated i n 
F i g u r e s 1 8 ( b ) a n d 19. T h e latter is of a Zr^ScyO* compos i t ion of ^ 
Μ Ο ι . β 4 . T h e edge of the convent ional domains are seen to be qui te c lean 
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14. E Y R i N G Nonstoichiometry, Order, and Disorder 265 

Figure 18. (a) Crystal structure image from (100)9 

showing intergrowth with iota, (b) (HI)ρ Crystal struc
ture image showing a domain of Fr1Oit in a crystal 

which is largely sigma phase. 

w i t h l i t t le d is turbance i n the semicoherent interface. I n F i g u r e 19 perfect 
register be tween the [111] d i rec t i on of b o t h phases is observed b e t w e e n 
the Z r 8 S c 4 0 i 2 substrate a n d the S c 2 0 3 inc lusions of 70Â i n diameter . 

D i s o r d e r i n Images. T h e occurrence of fine scale d isorder i n images 
is c o m m o n l y observed. A t e q u i l i b r i u m the Z r 4 * a n d S c 3 + i n Z r 8 S c 4 O i 2 are 
r a n d o m a n d the oxygen latt ice is regular . F i g u r e 20 shows disorder w h i c h 
m a y arise f r o m incomplete r a n d o m i z a t i o n of the Z r 4 * a n d S c 3 + i n the 
Z r 3 S c 4 O i 2 spec imen w h i c h leads to d isorder i n the oxygen substructure . 
I n other cases d isorder is apparent o n a larger scale, g i v i n g almost a 
superstructure repeat pattern . F i g u r e 21 shows not on ly this k i n d of d i -
order i n the P r 7 O i 2 matr ix b u t also eps i lon a n d be ta ( a n d perhaps Φ') 
i n a c rysta l of io ta . T h e per i od i c i ty characteristics of the o rdered i n c l u 
sions change w i t h t ime . F i g u r e 22 shows the re lat ive or ientat ion of the 
i n t e r g r o w n regions i n the spec imen of F i g u r e 21. 
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266 S O L I D S T A T E C H E M I S T R Y 

Figure 19. Domains of SctOs in a matrix of ZrsSc40lt as seen in (H1)F 

images 

Figure 20. Disorder evident in (111)7 images of ZrsSck019 
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E Y R i N G Nonstoichiometry, Order, and Disorder 267 

Figure 21. Intergrowth in PrnOtn. t [211 ]F zone 

Figure 22. Schematic representation 
of the intergrowth phases shown in 

Figure 21 
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Comments on the Results of Structure Imaging of 
Fluorite-Related Rare Earth Oxides 

( a ) C r y s t a l structure images of good reso lut ion have been obta ined 
f r o m crystals of several phases i n the homologous series of fluorite-
re la ted oxides. 

( b ) T h e ca l cu la ted images of t h i n crystals correspond to the p r o 
jected potent ia l of the k n o w n structure. 

( c ) T h e observed images correlate w e l l w i t h those ca l cu la ted for 
t h i c k crystals i n w h i c h the structure is k n o w n . 

( d ) T h e th i ck crystal images do not prov ide a n in tu i t i ve ly in ter 
prétable p i c ture , b u t the correlat ion of per i od i c i ty a n d symmetry affords 
u n e q u i v o c a l ident i f i cat ion of the phases observed. 

( e ) Phase reactions can be f o l l o w e d i n substant ia l de ta i l ; however , 
more must be done to m o d e l t h e m accurately . 

( f ) I t w i l l be necessary to cont inue us ing ca l cu la ted images to 
m i n i m i z e errors i n interpretat ion. 

( g ) I n systems i n w h i c h t h i n crystals m a y be observed i n t u i t i v e 
interpretat ion s h o u l d be possible even to the po in t of l o cat ing oxygen 
vacancies i n fluorite-related crystals. 

General Comments 

Fluor i t e - r e la ted materials are important to n e w energy convers ion 
a n d storage procedures. Some of these are b inary , others ternary, or even 
more complex. T h e y invo lve m a n y m e t a l atoms a n d usua l ly oxygen, fluo
r ine , or hydrogen . Signif icant improvement i n exist ing materials a n d the 
creat ion of n e w materials are r e q u i r e d as fossi l fuels, w h i c h have been 
the convent ional sources of energy, are d isp laced . 

C e n t r a l to this material 's evo lut ion is a knowledge of s t ructura l detai ls 
at the u n i t c e l l l eve l . S u c h in format ion is needed to unders tand the i r 
func t i on a n d fa i lure a n d to d irect the process of generat ing alternatives. 

A l t h o u g h the fluorite structure itself is ub iqu i tous a n d s imple , almost 
a l l usable materials h a v i n g structures re lated to i t have extended defects. 
A r e v i e w of these ordered a n d d isordered phases has been sketched, 
r evea l ing a m u l t i t u d e of phases of fine scale compos i t iona l v a r i a b i l i t y 
w i t h u n d o u b t e d short-range order and , i n add i t i on , a m u l t i t u d e of o rdered 
intermediate phases w h i c h are often compos i t ional ly members of a n 
homologous series M n 0 2 n - 2 . 

M a n y details of the homologous series i n the rare earth oxide system 
have been d i s cussed—pr inc ipa l l y those aspects w h i c h have been d is 
covered b y means of h i g h resolut ion e lectron op t i ca l techniques. T h i s 
has i n c l u d e d the determinat ion of the u n i t cells of the homologues. T h e 
use of calculations to give confidence to image interpretat ion has b e e n 
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14. E Y R i N G Nonstoichiometry, Order and Disorder 269 

demonstrated. T h e images can then be used to show react ion patterns 
a n d disorder i n phase reactions. 

F i n a l l y recent results on the C e n 0 2 n - 2 series were presented to i l l u 
strate that even i n this closely re lated ox ide system not a l l the homologues 
have the same structure as those of P r O * or T b O * . 

M u c h remains to be done before a c lear unders tand ing of the m a n i 
f o l d of structures w h i c h are ca l l ed fluorite-related is evoked, b u t the 
quest w i l l be w o r t h the effort. 
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Solid Metal Hydrides: Properties Relating to 

Their Application in Solar Heating and 

Cooling 

G. G. LIBOWITZ and Z. BLANK1 

Materials Research Center, Allied Chemical Corp., Morristown, N. J. 07960 

Concepts for using solid metal hydrides for solar heating 
and cooling are described. In solar heating the enthalpy 
of formation of the metal hydride provides a means of stor
ing solar thermal energy, while in cooling the endothermic 
dissociation of the hydride is used. The properties of metal 
hydrides required for these applications are reviewed, the 
most important properties being large enthalpies of forma
tion (but relatively low thermal stabilities) and high hydro
gen-to-metal ratios. There are two approaches to develop
ing new hydrides to meet these requirements: (a) modifying 
the properties of known hydrides—examples based on the 
thermodynamics of solids are discussed in some detail; 
and (b) synthesizing new intermetallic-compound hydrides. 

T ^ h e meta l hydr ides under considerat ion f o r m b y direct c ombinat i on 
of a transi t ion meta l or a l loy w i t h hydrogen as fo l lows : 

M + | H 2 * ± M H * (1) 

T h e format ion of h y d r i d e Μ Η * is usua l ly a spontaneous exothermic reac
t i o n w h i c h can be reversed easi ly b y a p p l y i n g heat. T h e hydrogen 
densities i n these m e t a l hydr ides are extremely h i g h (e.g., the n u m b e r of 
h y d r o g e n atoms per c m 3 is greater than i n l i q u i d hydrogen) ( J ) . F o r 
this reason, a n d also because of the ease of revers ib i l i ty of E q u a t i o n 1, 

1Current address: Corporate R&D Laboratories, The Singer Co., Fairfield, N. J. 
07006. 
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272 S O L I D S T A T E C H E M I S T R Y 

these materials are b e i n g w i d e l y invest igated ( 2 ) as a storage m e d i u m 
for h y d r o g e n i n its possible use as a f u e l ( 3 ) . H o w e v e r , the appl i cat ions 
of m e t a l hydr ides proposed i n this paper use p r i m a r i l y the re lat ive ly h i g h 
enthalpies o f f o rmat ion of m e t a l hydr ides rather t h a n their h y d r o g e n 
storage capabi l i ty . 

Thermal Storage 

F i g u r e l a i l lustrates the concept proposed for solar heat ing (4, 5 ) , 
w h e r e b y m e t a l hydr ides are used for storage of t h e r m a l energy. A m e t a l 
h y d r i d e conta ined i n a reservoir i n the basement of a house is heated b y 
solar energy v i a a heat transfer m e d i u m such as w a t e r or air . T h e 
h y d r o g e n released b y the reverse of E q u a t i o n 1 is transferred to a large 
storage reservoir . Because m a n y m e t a l hydr ides have h y d r o g e n dissoc ia
t i o n pressures i n the range of tens of atmospheres (a t temperatures ob 
tainable f r o m solar h e a t ) , the h y d r o g e n gas c a n be compressed i n the 
storage tank w i t h o u t e m p l o y i n g aux i l i a ry compressors. H e a t is recovered 
b y a l l o w i n g the stored h y d r o g e n to flow back to the d e - h y d r i d e d m e t a l 
( w h i c h is n o w u n d e r l o w pressure because i t is not b e i n g hea ted ) . T h e 
heat evo lved b y E q u a t i o n 1 ( f o r w a r d react ion) is used for hot w a t e r 
a n d space heat ing . 

A n alternative , i l lus t rated i n F i g u r e l b , w o u l d be to store the h y d r o 
gen i n a secondary less stable h y d r i d e . T h i s conf iguration has the a d v a n -

To Hailing 
System 

ν Recycled 
to Colector 

To Halting 
System 

or Recycled 
to Colector 

Î 

(a) Compressed Hydrogen 
Storage 

(b) Secondary Hydride 
Storage 

Figure I . Systems for storing solar thermal 
energy using metal hydrides 
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15. L J B o w r r z A N D B L A N K Solid Metal Hydrides 273 

Table I. Thermodynamic Properties of Hydrides 
for Solar Thermal Storage 

Hydride System 

V H 0 . 9 5 * * V H 2 

F e T i H o . i τ± F e T i H i . 0 

Enthalpy 
(kJ/mol Ht) 

- 4 0 
- 2 8 

Dissociatiçn 
Pressure (atm) 

367°K 294°K 

41 
34 

1.5 
3.5 

Thermal 
Storage 

Capacity 
(J/g) 

397 
120 

tage of r e q u i r i n g considerably less vo lume to store the hydrogen . A l s o , 
because of the endothermic nature of the dissoc iat ion react ion , less 
h y d r o g e n w o u l d be evo lved i f a leak deve loped , thus increas ing the 
safety factor. 

W i t h a secondary storage h y d r i d e the e q u i l i b r i u m dissoc iat ion pres
sure of the p r i m a r y h y d r i d e at e levated temperatures ( d u r i n g solar heat
i n g ) shou ld be h igher t h a n that of the secondary h y d r i d e at r o o m 
temperature to permi t spontaneous flow of h y d r o g e n gas f r o m the p r i 
m a r y to the secondary h y d r i d e . Converse ly , for the same reason i t w o u l d 
be desirable for the e q u i l i b r i u m dissoc iat ion pressure of the secondary 
h y d r i d e to be h igher than that of the p r i m a r y h y d r i d e at r o o m tempera 
ture. T h i s is i l lustrated i n T a b l e I w h i c h lists the properties of t w o m e t a l 
hydr ides that can be used for t h e r m a l storage of solar energy. V a n a d i u m 
d i h y d r i d e w h i c h has the h igher t h e r m a l storage capac i ty a n d entha lpy 
of f o rmat ion c o u l d be used as the p r i m a r y h y d r i d e , w h i l e i r o n - t i t a n i u m 
h y d r i d e , w h i c h is less stable, can be used as the secondary storage 
h y d r i d e . T h e solar heated V H 2 , w h i c h dissociates to the m o n o h y d r i d e 
V H , has a m u c h h igher dissoc iat ion pressure (6 ) (39 a t m at 3 6 7 ° K ) 
t h a n i r o n - t i t a n i u m h y d r i d e (7 ) (3.5 a t m ) at r o o m temperature ( 2 9 4 ° K ) . 
H o w e v e r , the dissociat ion pressure of V H 2 at r o o m temperature (1.5 
a t m ) is less t h a n that of F e T i H (3.5 a t m ) . T h e re lat ive p ressure - t em
perature relationships w i l l be discussed further i n the section o n solar 
coo l ing . 

Solar Cooling 

I n the app l i ca t i on of m e t a l hydr ides for solar coo l ing the 
endothermic dissociat ion of the h y d r i d e (reverse of E q u a t i o n 1) is 
used. T h e concept is i l lus trated i n F i g u r e 2. W a r m ( > 2 7 ° C ) a i r to be 
coo led is passed over a heat exchanger conta in ing a h y d r i d e ( H y d r i d e I ) 
w h i c h has a re lat ive ly h i g h dissoc iat ion pressure ( ~ 10 -20 a tm) at about 
2 7 ° C . T h e dissociat ing h y d r i d e removes heat f r o m the a ir , a n d the 
coo led a i r is ejected into the house. T h e h y d r o g e n evo lved f r o m H y d r i d e 
I is absorbed b y a n al loy w h i c h forms a more stable h y d r i d e ( H y d r i d e 
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15. L i B O w i T Z A N D B L A N K Solid Metal Hydrides 275 

I I ) w h i c h is coo led b y water at ambient temperature. T h e rate of c oo l ing 
is de termined b y the rate of dissociat ion of H y d r i d e I w h i c h is contro l l ed 
b y the va lve shown. 

T w o such units operate s imultaneously . W h i l e one is i n a coo l ing 
cyc le (descr ibed above ) , the second u n i t is i n a charg ing cycle , w h e r e b y 
H y d r i d e I I is heated b y solar energy so that its d issoc iat ion pressure 
becomes h igher t h a n that of H y d r i d e I . T h e hydrogen is t h e n re -absorbed 
b y the meta l or a l loy of H y d r i d e I , a n d the heat of this react ion c a n b e 
ejected to the outside. 

T h e general pressure - temperature relat ionships of the t w o hydr ides 
are i l lus trated i n F i g u r e 3. P o i n t A represents the temperature a n d pres
sure (Pi) of operat ion of the coo l ing h y d r i d e ( I ) , a n d po in t Β shows the 
corresponding pressure ( P n ) of H y d r i d e I I at the same temperature . 
Since Ρτ > P n , the secondary a l loy absorbs the h y d r o g e n evo lved f r o m 
H y d r i d e I to f o r m H y d r i d e I I . T h e heat of react ion tends to raise the 
temperature of H y d r i d e I I , a l though i t is coo led b y water at the ambient 
temperature. H o w e v e r , as seen i n F i g u r e 3, the temperature m a y at ta in 
a va lue corresponding to po in t B ' before h y d r o g e n absorpt ion ceases 
because P n = P I t 

I n the re-charge cycle H y d r i d e I I is heated to a temperature corre
s p o n d i n g to po in t C ( 6 0 ° - 9 0 ° C ) , a n d h y d r o g e n flows f r o m H y d r i d e I I 
back to the m e t a l of H y d r i d e I , p r o v i d e d H y d r i d e I does not r each a 
temperature corresponding to po int D . A n efficient heat exchanger 

ι I— 
~ 27°C >60°C 

T E M P E R A T U R E 

Figure 3. Pressure-temperature rehtionships for metal hydrides used in 
solar cooling 
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276 S O L I D S T A T E C H E M I S T R Y 

w h i c h is sufficiently coo led b y the ambient a ir w i l l prevent this f r o m 
h a p p e n i n g . 

I n m a n y meta l -hydrogen systems there is an hysteresis effect (8 ) i n 
the absorpt ion a n d desorpt ion of hydrogen . I n such cases the absorpt ion 
pressure is a lways h igher t h a n the desorpt ion pressure. F i g u r e 3 is d r a w n 
u n d e r the assumpt ion that there is n o hysteresis effect i n e i ther h y d r i d e . 
H o w e v e r , i f a par t i cu lar h y d r i d e exhibi ts hysteresis, t w o p r e s s u r e - t e m 
perature curves must be d r a w n , one representing absorpt ion a n d the 
other desorpt ion, four curves i n a l l i f b o t h hydr ides exhib i t hysteresis. 
Po ints Β ( Β ' ) a n d D w o u l d t h e n be o n the absorpt ion curves, a n d points 
A a n d C on the desorpt ion curves. 

S ince the slopes of the pressure - temperature curves are a f u n c t i o n 
of the entha lpy of f o rmat ion AHt of the h y d r i d e , the curves must cross 
at some temperature (unless the A H f values of the t w o hydr ides are 
i d e n t i c a l ) . I n the case of F e T i H a n d V H 2 they cross at about 7 9 ° C as 
i l lus t rated i n F i g u r e 4. I n this case F e T i H is the p r i m a r y h y d r i d e , 
H y d r i d e I , a n d V H 2 the secondary h y d r i d e , H y d r i d e I I . A t 2 7 ° C the 
dissoc iat ion pressure of F e T i H is about twice that of V H 2 (po ints A a n d 

Figure 4. Pressure-temperature relationships for vanadium dihydride and 
iron titanium hydride under conditions used in solar cooling 
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15. LIBOWITZ AND B L A N K Solid Metal Hydrides 277 

B ) . A s the v a n a d i u m absorbs hydrogen , its temperature can reach a 
va lue of about 41 ° C (po int Β ' ) before i t w o u l d stop absorb ing hydrogen . 

I n the recharge cycle , i f the V H 2 is heated to 60 ° C b y solar energy 
(po in t C ) , the i r o n - t i t a n i u m h y d r i d e must be kept b e l o w 5 3 ° C (po in t 
D ) for recharg ing to occur. I f the V H 2 is heated to 8 5 ° C (po int C ) , 
because of the cross-over of the curves, the i r on - t i tan ium h y d r i d e c a n 
reach an even h igher temperature ( 8 8 ° C ) before recharg ing ceases. 

T h e curves i n F i g u r e 4 are desorpt ion curves. H o w e v e r , because of 
hysteresis i n the F e T i - H system ( 7 ) , po int D shou ld actual ly be o n the 
absorpt ion curve (9 ) of this system; this w o u l d shift po int D to the left 
i n F i g u r e 4 to a va lue of 3 1 ° C rather t h a n 5 3 °C . Consequent ly the 
v a n a d i u m d i h y d r i d e shou ld be heated to a h igher temperature , e.g., for 
po int C at 8 5 ° C absorpt ion of h y d r o g e n i n F e T i H ( p o i n t D ) w o u l d 
occur at 59°C . 

Properties of Metal Hydrides 

A l t h o u g h t w o specific hydr ides were ment ioned above, at the present 
t ime there are no k n o w n hydr ides whose properties are i dea l l y sui ted 
for solar heat ing a n d cool ing . T o find n e w h y d r i d e systems i t is necessary 
to unders tand the fundamenta l so l id state chemistry of t rans i t ion m e t a l 
hydr ides , i n c l u d i n g the nature of the c h e m i c a l b o n d i n g , the electronic 
a n d crystal structures, a n d t h e r m o d y n a m i c a n d transport properties. 

Table II. Properties of Metal Hydrides for 
Solar Heating and Cooling 

1. E n t h a l p y of f ormat ion 
2. H i g h hydrogen- to -meta l rat io 
3. G o o d thermal conduct iv i ty 
4. R a p i d rates of f ormat ion and dissociat ion 
5. S t a b i l i t y towards oxygen and moisture 

T a b l e I I summarizes some of the properties w h i c h w o u l d be i m p o r 
tant i n u t i l i z i n g meta l hydr ides i n the systems discussed above for solar 
heat ing a n d cool ing. S ince i t is the entha lpy of f o rmat ion (or d issoc ia
t i on ) AHt of meta l hydr ides w h i c h w i l l be p r i m a r i l y u t i l i z e d i n this 
app l i ca t i on , this property must be considered the most important . A 
t h e r m a l figure of mer i t , M t h , may be def ined (5 ) as f o l l ows : 

M t h = 2 M W 

where χ is the hydrogen-to -metal rat io of the h y d r i d e as s h o w n i n E q u a 
t i o n 1, a n d M W is the molecu lar weight . T h u s a h i g h va lue of χ is as 
desirable as a h i g h absolute va lue of ΔΗ*. F o r the case of the secondary 
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278 SOLID S T A T E C H E M I S T R Y 

or storage hydr ide , the hydrogen-to -metal rat io is most important , w h i l e 
i t is des irable to have a l o w absolute va lue of Aff f . 

F o r efficient heat transfer the t h e r m a l conduct iv i t ies of the m e t a l 
hydr ides shou ld be h igh . T h i s is general ly true for transi t ion m e t a l 
hydr ides because of the ir meta l l i c b o n d i n g ( J O ) . 

T h e kinetics of h y d r i d e f ormat ion a n d dissociat ion must be con
s idered because the rate of heat recovery or coo l ing w i l l d e p e n d u p o n 
these factors. Therefore , the di f fusion rates of h y d r o g e n i n the meta l 
( o r a l l o y ) , a n d i n some cases i n the h y d r i d e phase, are important . H o w 
ever, the ava i lab le surface area of meta l or h y d r i d e m a y be of greater 
importance . Because the transit ion metals expand on h y d r i d e format ion , 
the corresponding c rack ing a n d spal l ing w h i c h occur increase the rate 
of h y d r i d e formation. O n the other h a n d , most a l k a l i a n d a lka l ine earth 
metals contract u p o n f o r m i n g the h y d r i d e , a n d this has a detr imenta l 
effect on the rate of react ion (II) . 

A l t h o u g h the hydr ides w o u l d be contained i n a closed system as 
i l lustrated i n F igures 1 a n d 2, i t is des irable that they be stable w i t h 
respect to oxygen a n d moisture because of the poss ib i l i ty of leaks. M o s t 
m e t a l hydr ides ox id ize easily, par t i cu lar ly at e levated temperatures. I n 
some cases, however , ox idat ion is not complete . F o r example, i n the case 
of F e T i , the surface of the a l loy becomes coated w i t h a t h i n oxygen-r i ch 
film (12) w h i c h blocks hydrogen absorpt ion. H o w e v e r , the a l l oy c a n b e 
re -act ivated b y heat ing i n hydrogen gas. I t has also been reported that 
some alloys w i l l absorb hydrogen i n the presence of oxygen or H 2 0 (13). 

A n o t h e r requirement of meta l hydr ides for these appl icat ions is that 
the cost of the corresponding meta l or a l l oy be re lat ive ly l ow . T h i s is 
the major disadvantage of v a n a d i u m h y d r i d e . T h e disadvantage of h i g h 
cost can be p a r t i a l l y overcome b y finding a l loy hydr ides w h i c h have h i g h 
values of Aff f a n d h i g h hydrogen-to -metal ratios, so that M m is increased 
a n d less al loy is r equ i red . 

New Alloy Hydrides 

There are two approaches w h i c h can be taken i n the development of 
n e w hydr ides : ( a ) the properties of k n o w n hydr ides can be modi f i ed b y 
appropr iate a l l oy ing , a n d ( b ) n e w intermeta l l i c compounds w h i c h f o r m 
hydr ides w i t h r e q u i r e d properties c a n be synthesized. 

P r o p e r t y M o d i f i c a t i o n b y A l l o y i n g . A n example of the first ap 
p r o a c h is the modi f i cat ion of thermodynamic properties. O n l y the p r o p 
erties of the p r i m a r y hydr ides i n the appl icat ions proposed above are 
considered since the properties r e q u i r e d of the secondary or storage 
h y d r i d e are the same as those needed w h e n stor ing h y d r o g n as a fue l , 
a n d this latter app l i ca t i on has been a m p l y descr ibed elsewhere ( 2 , 14). 
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15. L I B O W I T Z A N D B L A N K Solid Metal Hydrides 279 

A s ment ioned above, for solar heat ing a n d coo l ing the p r i m a r y 
h y d r i d e must have a h i g h absolute entha lpy of f ormat ion , w h i c h is a n 
i n d i c a t i o n of the b o n d strength i n a c ompound . Consequent ly , i f a p a r 
t i cu lar a l l oy h y d r i d e has satisfactory propert ies i n other respects, i t m a y 
be possible to increase Δ ί / , b y appropr iate a l l oy ing . A n example of this 
is the recent w o r k of V a n M a l et a l . ( 13) o n the in termeta l l i c - compound 
h y d r i d e L a N i 5 H 7 . These authors have proposed a " R u l e of Reversed 
S t a b i l i t y " w h i c h c a n be stated as fo l l ows : the less stable a n intermeta l l i c 
c ompound , the greater the s tabi l i ty of the corresponding h y d r i d e . S ince 
the dissociat ion pressure of a h y d r i d e is a measure of its s tabi l i ty , a 
decrease i n dissoc iat ion pressure w i l l ind i cate a more stable h y d r i d e a n d 
therefore a n increase i n the absolute value of the entha lpy of f o rmat ion 
as s h o w n b y the van't Hof f re lat ion for E q u a t i o n 1: 

Since E q u a t i o n 1 is a n exothermic react ion , &Ht is negative, so that a n 
increase i n absolute va lue of &Ht w i l l result i n a decrease i n h y d r o g e n 
dissoc iat ion pressure P H , a c cord ing to E q u a t i o n 2. 

V a n M a i a n d co-workers (15) a d d e d the a l l oy ing elements cobalt , 
i r on , a n d c h r o m i u m to the intermeta l l i c c o m p o u n d L a N i 5 b y subst i tut ing 
t h e m for 2 0 % of the n i c k e l present. A c c o r d i n g to the enthalpies of for 
m a t i o n Δ Η Ι 0 of the intermeta l l i c compounds s h o w n i n T a b l e I I I , the 
subst i tut ion of C o , F e , a n d C r for N i i n L a N i 5 shou ld decrease the sta
b i l i t y of the intermeta l l i c c o m p o u n d L a N i 5 i n the order shown, i.e., C r 
shou ld have the greatest effect since L a C r 8 is the least stable ( h i g h pos i 
t ive Δ ί / i c ) of these compounds , w i t h F e a n d C o h a v i n g a lesser effect. 
S ince the s tabi l i ty of the intermeta l l i c c o m p o u n d is decreased b y a l l oy 
i n g , the stabil it ies of the corresponding hydr ides s h o u l d b e increased. 
T h i s w o u l d be ind i ca ted b y a decrease i n dissoc iat ion pressure P H . T h e 
results of the dissoc iat ion pressure measurements (15) are s h o w n b y the 
40 ° C pressure - compos i t i on isotherms i n F i g u r e 5. T h e constant pressure 

lnPH = ^[(*Ht/RT) -*S/R] (2) 

Table III. Calculated Enthalpies of Formation of 
Some Intermetallic Compounds (17) 

Intermetallic 
Compound &HJC (kcal/mol) 

Journal of Loss-Common Matais 
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280 S O L I D S T A T E C H E M I S T R Y 

Figure 5. Effect of alloying on the stability 
of lanthanum pentanickel hydride (adapted 

from Ref. 15) 

plateaus ( t w o phase regions of the phase d iagram) represent the d is 
sociat ion pressures of the h y d r i d e (16). T h e hydr ides of the C o , F e , a n d 
C r subst i tuted al loys are more stable t h a n the h y d r i d e of L a N i 5 i n the 
order expected. 

A l t h o u g h i t is desirable to increase the absolute va lue o f Aff f as 
m u c h as possible for the p r i m a r y h y d r i d e , as p o i n t e d out above, the 
dissociat ion pressure also is decreased, a n d this m a y result i n a n e q u i -
U b r i u m hydrogen pressure w h i c h is less than that of the secondary 
h y d r i d e under the condit ions of operat ion. F u r t h e r m o r e , i f the h y d r o g e n 
pressure is too l ow , the rate of mass transfer of h y d r o g e n f r o m one part 
of the coo l ing or heat ing system to another becomes too l o w for effective 
operation. 

It can be seen f r o m E q u a t i o n 2 that the de t r imenta l effect of large 
values of AHt o n h y d r o g e n pressure m a y be par t ia l l y offset b y decreasing 
the entropy change of the h y d r i d e f ormat ion react ion. T h i s can be ac
compl i shed b y decreasing the v i b r a t i o n a l entropy of the h y d r i d e phase. 
A l ower v i b r a t i o n a l entropy is associated w i t h a h igher v i b r a t i o n a l fre
quency a n d stronger bond ing . H e n c e , a l l o y i n g elements w h i c h increase 
Δί / f b y strengthening the chemica l bonds w i l l also t e n d to have a favor 
able effect on the entropy change. 

A n o t h e r poss ib i l i ty for decreasing AS of E q u a t i o n 1 is to increase 
the entropy of the a l l oy phase b y f o r m i n g a r a n d o m al loy . A possible 
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15. L i B O w i T Z A N D B L A N K Solid Metal Hydrides 281 

i l lus t ra t i on of this effect c a n be seen i n a n invest igat ion of the hydr ides 
of P d 3 F e b y F l a n a g a n a n d co-workers ( J 8 ) i n w h i c h i t was observed 
that at 25 ° C the h y d r o g e n pressure i n e q u i h b r i u m w i t h the d isordered 
a l loy was orders of m a g n i t u d e h igher than the pressure i n e q u i l i b r i u m 
w i t h the ordered a l loy ( c u b i c C u 3 A u structure ) . T h e authors exp la ined 
the greater s tabi l i ty of the ordered h y d r i d e b y the existence of a larger 
n u m b e r of P d - H bonds than i n the d isordered phase (assuming the 
hydrogen atoms enter the body-centered site of the u n i t c e l l ) . H o w e v e r , 
another contr ibut ing factor to the h igher e q u i l i b r i u m pressure of the d is 
ordered phase h y d r i d e m a y have been the larger conf igurat ional entropy 
of the d isordered al loy . 

Synthesis of New Intermetallic Compounds. T h e second approach 
to deve l op ing n e w hydr ides for solar heat ing a n d coo l ing appl icat ions is 
to synthesize n e w intermeta l l i c compounds w h i c h w o u l d f o r m hydr ides 
meet ing the property requirements l i s ted i n T a b l e I I . I n general , inter -
m e t a l l i c - c o m p o u n d hydr ides appear to bear l i t t le or no resemblance to 
the component m e t a l hydr ides . T h i s is i l lus trated b y the properties of 
the hydr ides of the intermeta l l i c c o m p o u n d Z r N i l i s ted i n T a b l e I V . 
Z i r c o n i u m forms a d i h y d r i d e , a n d n i c k e l n o r m a l l y does not f o r m a 
h y d r i d e except under unusua l c ircumstances ( J O ) . H o w e v e r , the h y d r o 
gen-to-metal ratio i n Z r N i H 3 is h igher t h a n w o u l d be expected o n the 
basis of the constituent metals Z r a n d N i . T h e structures (19) of the 
t w o hydr ides are different. T h e dissoc iat ion pressure (20) of Z r N i H 3 is 
almost n ine orders of magni tude h igher than that of Z r H 2 , a l though the 
Z r - H distance i n Z r N i H 3 is less, w h i c h usual ly indicates stronger b o n d i n g . 

T h e R u l e of Reversed S tab i l i t y ( J 5 ) has been proposed ( J 5 , 2 J ) as 
a m e t h o d of p red i c t ing the h y d r i d e - f o r m i n g tendencies of intermeta l l i c 
compounds . A l t h o u g h this rule appears to be of va lue i n p r e d i c t i n g the 
effect of a l l o y i n g elements on the properties of k n o w n hydr ides as d is 
cussed above, for reasons presented elsewhere (14) i t appears to have 
very l i m i t e d a p p l i c a b i l i t y i n finding n e w intermeta l l i c c o m p o u n d h y 
drides. A t the present t ime there is no obvious w a y of re l iab ly p red i c t ing 
the properties of a h y d r i d e of an intermetal l i c c o m p o u n d f r o m a k n o w l 
edge of the properties of the constituent meta l hydr ides . Consequent ly , 
a n in termeta l l i c - compound h y d r i d e shou ld be v i e w e d as a pseudo-b inary 

Table IV. Comparison of Properties of Z r H 2 and Z r N i H 3 

Structure 
ZrH2 

Tetragona l 
(distorted 
fluorite) 

ZrNiHs 

Orthorhombic 

Dissoc . press, at 250°C (torr) 
Z r - H distance (Â) 

4 X 10 
2.09 

9 200 
1.96 
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282 S O L I D S T A T E C H E M I S T R Y 

m e t a l h y d r i d e w i t h the intermeta l l i c c o m p o u n d b e i n g considered a n e w 
meta l . T h e behav ior of the intermeta l l i c c o m p o u n d towards h y d r o g e n 
then depends u p p n its p a r t i c u l a r c rysta l structure a n d e lectronic struc
ture ( 2 2 , 2 3 ) . T h u s , to develop n e w in termeta l l i c - compound hydr ides , 
basic a l loy theory must be used, as w e l l as a fundamenta l k n o w l e d g e of 
the nature of the m e t a l - h y d r o g e n bonds i n m e t a l hydr ides . 

Conclusion 

A r e v i e w of the k n o w n m e t a l a n d a l l oy hydr ides reveals that none 
meets a l l the requirements l i s ted i n T a b l e I I at a cost l o w enough to 
make the solar heat ing a n d c c o l i n g concepts descr ibed i n this paper 
economica l ly feasible. Therefore , for these concepts to be u t i l i z e d n e w 
a l l oy hydr ides must be discovered. I n the discussion o n modi f i cat ion of 
h y d r i d e properties b y a l l oy ing , the var ia t i on of t h e r m o d y n a m i c proper 
ties is considered. H o w e v e r , a l l o y i n g of k n o w n hydr ides also m a y b e 
e m p l o y e d to increase hydrogen-to -metal ratios b y chang ing crysta l s truc
tures a n d increas ing latt ice parameters (14) or b y modi f i cat ion of the 
e lectronic b a n d structures (22, 23 ) . F u r t h e r m o r e , e lectronic structure 
modif ications w i l l have an effect on the thermal conduct iv i ty of a h y d r i d e . 
Rates of h y d r i d e f ormat ion a n d dissociat ion also have been v a r i e d b y 
a l l oy ing (24). 

Because meta l h y d r i d e systems permi t indef inite heat storage (5 ) 
as opposed to other t h e r m a l storage materials , they offer a d ist inct a d v a n 
tage to solar heat ing a n d coo l ing i f a l l oy hydr ides can be f o u n d w h i c h 
w o u l d make this concept economical ly competi t ive . 
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1 6 

Storage of Hydrogen Isotopes in Intermetallic 
Compounds 

S. A. STEWARD, J. F. LAKNER, and F. URIBE 

Lawrence Livermore Laboratory, University of California, 
Livermore, Calif. 94550 

Reaction of LaCo5 under high pressure has produced a 
hydride with the LaCo5H9 composition, which is the ex
pected maximum stoichiometry. A comparison of hydrogen 
solubility in ErCo5 with solubilities of previous studies in 
 PrCo5, PrCo3, and ErCo3 show that hydride stability de
creases with lanthanide atomic number and with increasing 
atom ratio of transition metal to lanthanide metal. Empiri
cal methods for estimating ternary hydride enthalpies and 
free energies are evaluated and are found inadequate for 
calculating approximate hydrogen plateau pressures. 

T h e o i l embargo imposed i n 1973 b y the O r g a n i z a t i o n of P e t r o l e u m 
E x p o r t i n g Countr ies ( O P E C ) q u i c k l y impressed u p o n the i n d u s t r i 

a l i z ed countries their dependency on cheap, abundant sources of energy, 
p r i n c i p a l l y fossil fuels, par t i cu lar ly o i l . A l t h o u g h a pre-embargo indi f fer 
ence has settled u p o n the w o r l d again , a large segment of the techn i ca l 
c o m m u n i t y remains acutely aware of our inefficiencies a n d lack of flexi
b i l i t y i n the amounts a n d types of fuels consumed. Consequent ly , the 
options avai lable over the next several decades have been examined. 
Important areas for considerat ion have been conservation, greater effi
c iency i n produc t i on a n d ut i l i za t i on of exist ing fuels, a l ternative fuels, 
a n d the n e w technologies needed for their development. T h i s book 
focuses o n advanced energy research such as so l id state batteries, cata ly 
sis, a n d the subject of this presentation, hydrogen . 

W h i l e hydrogen is often considered an alternative fue l , i t is a sec
ondary source. It is abundant , c lean, a n d produces water as a combust ion 
product . T h e hydrogen isotopes w i l l also be used as f u e l for fus ion 
reactors, w h i c h are expected to be i n operat ion b y the e n d of this century. 

284 
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16. S T E W A R D E T A L . Hydrogen in Intermetallic Compounds 285 

A l t h o u g h hydrogen a n d deuter ium are usua l ly p r o d u c e d b y elec
trolysis , thermochemica l cycles are also b e i n g considered. F o r nuc lear 
appl icat ions t r i t i u m is generated b y neutron i r rad ia t i on of 6 L i . T h e gen
eration of large quantit ies of the gases creates a storage prob lem, a n d 
u n t i l recently, h i g h pressure or cryogenic methods of storage were the 
on ly solutions. B o t h methods are costly; cryogenic storage uses cons id 
erable energy for l iqu i f i cat ion , w i t h substantial evaporative losses. 

T h e use of meta l hydr ides as storage materials has been of increas
i n g interest. M a n y have greater hydrogen densities ( m o l H 2 / c m 3 mate 
rial) than l i q u i d hydrogen ( I ) . T o be a good storage m e d i u m , a h y d r i d e 
s h o u l d : (a ) have i n its absorpt ion curve a reasonable two-phase p lateau 
pressure ( 1 - 1 0 a t m ) at room temperature, ( b ) revers ib ly absorb a n d 
desorb gas, ( c ) have a h i g h hydrogen density, a n d ( d ) be re lat ive ly 
insensit ive to gaseous impuri t ies such as carbon, n i trogen, a n d oxygen. 
T h e h y d r i d e shou ld be economical . T h e most interest ing regions of the 
absorpt ion curves are the plateaus, where the hydr ides absorb or release 
quantit ies of gas over a considerable composi t ion range at constant 
pressure. 

P r i o r to 1968 most of the hydr ides avai lable were those of the 
meta l l i c elements. T h e saline hydr ides are qui te stable a n d i n some cases 
very diff icult or impossible to prepare b y direct combinat ion of the ele
ments. Trans i t i on metals of G r o u p s I I I a n d I V also f o rm quite stable 
hydr ides ( 2 ) . G r o u p V metals ( v a n a d i u m , n i o b i u m , a n d tanta lum) d is 
solve large quantit ies of hydrogen . T h e i r two-phase (mono- a n d d i -
h y d r i d e ) p lateau regions are i n the 1-10 a tm ranges near room tempera 
ture. Impur i t ies , especial ly oxygen, can increase the p lateau pressure 
considerably a n d i n h i b i t h y d r i d e format ion at l o w pressures a n d compo
sitions. 

E x c e p t for p a l l a d i u m , reactions of other transit ion metals w i t h 
hydrogen are endothermic , w i t h l i t t le or no gas dissolved at l o w tempera
tures. T h e l ighter rare earth elements have very stable isostructural 
d ihydr ides a n d tr ihydr ides . H o w e v e r , w i t h the exception of e u r o p i u m 
a n d y t t e r b i u m , the d ihydr ides of samar ium through l u t e t i u m change 
structure as the M H 3 composi t ion is approached . I n every case the 
e q u i l i b r i u m hydrogen pressures are be l ow one a tm at temperatures near 
500°C. T h e v a n a d i u m , n i o b i u m , a n d tanta lum hydr ides are the on ly 
b i n a r y meta l hydr ides w i t h suitable absorption pressures at temperatures 
of interest. T h e i r cost a n d sensit ivity to impur i t ies , however , i n h i b i t the ir 
use as storage materials . 

Intermetallic Compounds 

Studies of hydrogen absorpt ion b y intermetal l i c compounds a n d 
alloys were reported only intermit tent ly u n t i l the early 1960s. M o s t of 
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286 S O L I D S T A T E C H E M I S T R Y 

the early w o r k dealt w i t h alloys of p a l l a d i u m w i t h p l a t i n u m , n i c k e l , 
copper , a n d especial ly s i lver . A n a l loy of p a l l a d i u m a n d 3 0 % si lver is 
used as a dif fusion membrane i n hydrogen purif iers. T h i s a l loy is more 
resistant to de format ion than pure p a l l a d i u m w h e n exposed to hydrogen 
( 3 ) . A s the s i lver concentrat ion increases, the h y d r o g e n so lub i l i ty de
creases, but the dif fusion constant of the P d / 3 0 % A g a l loy is s t i l l about 
ha l f the va lue of p u r e p a l l a d i u m ( 3 ) . 

I n 1961-62 the D e n v e r Research Inst itute p u b l i s h e d hydrogen a b 
sorpt ion measurements for over 300 in te imeta l l i c compounds (4). A l 
t h o u g h m a n y of these measurements have since been re futed a n d a d d i 
t i o n a l compounds h a v i n g h i g h hydrogen so lub i l i ty have been f ound , 
these studies were the first large-scale invest igat ion of hydrogen inter 
act ion w i t h intermeta l l i c compounds . 

A l i terature rev iew of meta l l i c ternary a n d quaternary hydr ides 
p u b l i s h e d b y N e w k i r k (5 ) covers a w i d e range of al loys a n d intermetaUic 
compounds that have been examined recently. Several investigators have 
reported the format ion of a l k a l i a n d a lkal ine earth ternary hydr ides . 
These are l i s ted i n T a b l e I w i t h references a n d are general ly stable i n air . 

Since 1968, research i n this area has concentrated o n the f a m i l y of 
compounds w i t h A B 5 s to ichiometry, where A is a lanthanide a n d Β is a 
trans i t ion meta l , usua l ly n i c k e l , cobalt , or i r on . T h e discoyery of h i g h 
h y d r o g e n absorpt ion b y such compounds is a classic tale of scientific 
serendipi ty ( J O ) . Some of these compounds h a d been invest igated for 
the ir magnet i c properties, especial ly as permanent magnets. A t the 
P h i l i p s Laborator ies i n T h e Nether lands , a c i d e tch ing was used i n p o l i s h 
i n g crystals to decrease the surface effects o n coerc iv i ty . T h e invest iga 
tors postulated that h y d r o g e n p r o d u c e d b y the e t ch ing process m i g h t 
inf luence the magnet i c properties . T h e coerc iv i ty of S m C o 5 was there
fore measured w h i l e the sample was exposed to hydrogen . Surpr i s ing ly , 
the S m C o 5 absorbed large quantit ies of the gas. T h i s finding in i t ia ted 
several studies of hydrogen absorpt ion b y s imi lar A B 5 compounds ( J I , 
12,13). 

Table I. Alkal i and Alkaline Earth Ternary Hydrides 

Ternary Hydride Ref. 

L i S r H 3 6 
L i E u H 3 7 
C a 2 I r H 5 8 
S r 2 I r H 5 8 
C a 2 R h H 5 8 
S r 2 R h H 5 8 
C a 2 R u H e 

S r 2 R u H 6 

8 C a 2 R u H e 

S r 2 R u H 6 8 
E u 2 R u H e 9 
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16. S T E W A R D E T A L . Hydrogen in Intermetallic Compounds 287 

I n a d d i t i o n to ternary hydr ides to be discussed later, recent w o r k 
has s h o w n h y d r o g e n absorpt ion i n several re lated intermeta l l i c c o m 
pounds : T b F e 3 , D y F e 3 , H o F e 3 , E r F e 3 , T b 2 C o 7 (14), a n d L a 2 M g i 7 ( 1 5 ) . 

Structural Relationships. Intermetal l i c compounds of lanthanide 
a n d transit ion metals f o r m a very interest ing class of structures. T h e A B 5 
series crystal l izes i n the hexagonal C a C u 5 ( P 6 / m m m ) type of structure 
(11) s h o w n i n F i g u r e 1. G e n e r a l l y , radius ratios ( r A / r B ) greater t h a n 
1.30 f o r m the C a C u 5 type configuration, whereas compounds w i t h r A / r B 

less than 1.30 prefer the cub i c U N i 5 structure. A s compounds are f o r m e d 
b y rare earths to the right of l a n t h a n u m i n the per i od i c chart, the so-cal led 
lanthanide contract ion results i n a decrease i n A B 5 u n i t c e l l vo lume , 
caused chiefly b y a contract ion i n the basa l p lane . T h e A B 5 phase is 
general ly stable over the composi t ion range ( A B 4 . 8 - 5 . 5 ) . 

These m e t a l groups, i n c l u d i n g some of the actinides that consist of 
structures of sequent ia l blocks of C a C u 5 a n d L a v e s phase-type layers, 
f o r m other phases ( 16). A t o m i c subst i tut ion can l e a d to other structures. 
Representat ive structures a n d the ir relationships to the L a v e s a n d C a C u 5 

arrangements i n c l u d e : 

T h M n i 2 H a l f of the c a l c i u m atoms are rep laced b y m a n 
ganese pairs . 

T h 2 Z n i 7 O n e t h i r d of the c a l c i u m atoms are rep laced b y z i n c 
pairs . T h 2 F e i 7 a n d T h 2 C o i 7 have this structure. 

T h 2 N i i 7 S i m i l a r to Th-ΐΖηιτ, b u t the locat ion of the rep laced 
c a l c i u m atoms is different. 

E r 2 C o 7 T w o double layers of C a C u 5 p a c k i n g a n d a four -
layer L a v e s sequence f o r m a n e ight- layer u n i t 

Figure 1. The CaCu5 (ABS) structure. The 
large circles represent the Ca (or A) atoms. 
The small circles represent the Cu (or B) 

atoms. 
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288 S O L I D S T A T E C H E M I S T R Y 

stacked i n the c u b i c A B C manner . M a n y rare earths 
f o rm this structure. 

C e 2 N i 7 Same as E r 2 C o 7 , b u t the e ight- layer units have the 
A B hexagonal format. 

N b B e 3 ( A B 3 ) A group of C a C u 5 layers a n d one of a L a v e s type 
f o r m a s ix- layer u n i t i n an A C B sequence. 

C e N i 3 Same as N b B e 3 , b u t the u n i t s tack ing is B C . 

T h e hexagonal A B 5 compounds f o r m or thorhombic hydr ides . T h e 
changes i n structure are u n d o u b t e d l y a result of expansion of the basa l 
p lane caused b y hydrogen a tom occupat ion of the interst i t ia l sites that 
He i n the m e t a l layers (17). These asymmetr i c sites are tetrahedra 
f o r m e d b y two lanthanide a n d two cobalt atoms, a n d octahedra f o r m e d 
b y two lanthanides a n d four cobalt atoms. T h e r e are n ine sites per A B 5 

f o r m u l a w i t h two formulas per uni t ce l l . Ku i jpers a n d L o o p s t r a f o u n d 
b y neutron di f fract ion that the deuter ium atoms i n P r C o 5 D 4 were ordered 
o n certa in avai lab le octahedral a n d tetrahedral sites. T h e possible inter 
s t i t ia l positions i n the C a C u 5 type structure are shown i n F i g u r e 2. 

Figure 2. The CaCu* structure including the 
asymmetric tetrahedral (Φ) and octahedral (Π) 

sites 

E s t i m a t i o n of H y d r i d e S t a b i l i t y . A n e m p i r i c a l m e t h o d b y w h i c h 
the enthalpies of f o rmat ion of alloys m a y be est imated quant i tat ive ly has 
b e e n f o rmulated (18, 19, 20). T h e approach assumes that the d r i v i n g 
force for reactions between metals is a func t i on of t w o factors: a negat ive 
one ar i s ing f r o m the difference i n c h e m i c a l potent ia l , Δ φ * , of electrons 
associated w i t h each m e t a l atom, a n d a posit ive one that is the difference 
i n the e lectron density, Δη™, at the boundaries of W i g n e r - S e i t z t ype cells 
sur round ing each atom. Va lues of φ* for the metals are approx imated b y 
the electronic w o r k funct ions; n w s is est imated f r o m compress ib i l i ty data . 
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16. S T E W A R D E T A L . Hydrogen in Intermetallic Compounds 2 8 9 

T h e atomic concentrations i n the a l loy must be i n c l u d e d i n the c a l c u l a 
t ion . T h e most recent formulas for p e r f o r m i n g these calculat ions (20) 
are : 

AH = N0f(CA»,CB*)g(CA,CB)[-Ρβ(Δφ*)2 + Q0(An^] ( 1 ) 

/ ( C A ' A ' ) = C A * C B ° [ 1 + 8 ( C A ° C B
8 ) 2 ] ( 2 ) 

g ( C A , C B ) = 2 (cAvA™ + cBvB

2 / 3) / (vA
2/s + yB

2 / 3) ( 3 ) 

<v = c A y A

2 / 3 / (cAvA™ + c By B

2 / 3) ( 4 ) 

C B S = C B V B 2 / 3 / ( C A V a

2 ' 3 + c By B

2 / 3), ( 5 ) 

where C A
8 , C B

S = surface concentrations of each component , C A , C B = 
atomic concentrations for each component , V A , V B = mo lar vo lumes , P,Q0 

= constants that v a r y between systems of al loys; i.e., l i q u i d al loys, t r a n -
s i t ion-p-metal al loys, etc., e = electronic charge, a n d N0 = Avogadro ' s 
number . 

Va lues for φ* , n W 8 , a n d V m are g iven elsewhere (20), as are the 
constants F a n d Q 0 for each of the systems studied . W h e n an earlier f o r m 
of the equat ion was used, a qual i tat ive analysis of the s ign of enthalpies 
of f ormat ion for b i n a r y hydr ides was made (19). Va lues for ternary 
hydr ides can also be pred i c ted (21) since 

AH(ABxHy) = AH(kHy.a) + AH(BHa) - AH(ABX) (6) 

T h i s re lat ionship w o u l d be str ict ly true i f the exact composi t ion of 
the b i n a r y hydr ides f o r m i n g the ternary h y d r i d e were k n o w n . I n prac 
t ice, they are u n k n o w n , a n d selection of the appropr iate b i n a r y h y d r i d e 
composi t ion is somewhat arb i trary . These calculations require values for 
φ* a n d n W 8 for hydrogen . So that the m o d e l m a y be a p p l i e d to b i n a r y 
hydr ides , properties of meta l l i c hydrogen were est imated. 

A p p l i c a t i o n of E q u a t i o n 6 i l lustrates the rule of "reversed s tab i l i ty , " 
i.e., the greater the intermeta l l i c c o m p o u n d stabi l i ty , the l ower the ternary 
h y d r i d e stabi l i ty , w h i c h results i n a larger hydrogen overpressure. I n a 
qual i tat ive sense this rule is correct, but , as w e sha l l show, quant i tat ive 
calculations us ing Equat i ons 1 a n d 6 are very unre l iab le . 

T h e exact nature of the ca l cu lated AH is not clear. I n m e t a l - h y d r o 
gen systems three AH's are present: ( a ) heat of so lut ion of h y d r o g e n i n 
meta l , Δ ί ί 8 , ( b ) the enthalpy for the phase change i n the p lateau reg ion 
( 2 2 ) , ΔίΓρ, a n d ( c ) a second heat of so lut ion for hydrogen i n the h y d r i d e 
phase, AHh. These shou ld be addi t ive , y i e l d i n g the enthalpy of f o rmat ion 
of the sto ichiometr ic hydr ide . W h e n the p lateau reg ion is very w i d e , 
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290 S O L I D S T A T E C H E M I S T R Y 

i.e., s m a l l so lut ion regions, enthalpy for the d e r i v e d phase change a p 
proximates the enthalpy of f o rmat ion of the h y d r i d e . F o r this reason i t 
has been assumed previous ly , as w e l l as i n this paper , that the e m p i r i c a l l y 
ca l cu la ted enthalpies represent the phase changes a n d are, therefore, 
re la ted to the e q u i l i b r i u m hydrogen pressures i n the p la teau regions. T h e 
values are usua l ly l i s ted i n ki localor ies per m o l e of h y d r o g e n gas. 

T h e deve lopment of some means of p r e d i c t i n g the potent ia l s tab i l i ty 
of ternary hydr ides is of interest. W e have, therefore, u t i l i z e d the c a l c u 
l a t e d AH's d iscussed prev ious ly to estimate p lateau pressures of several 
compounds for w h i c h data are avai lable . 

E x p e r i m e n t a l enthalpy a n d entropy values i n the p lateau regions 
m a y b e der ived f r o m v a n t Ho f f plots us ing 

. AH AS / § n 

1BP«-RT—R ( 7 ) 

Tabulat i ons of entropies for most b i n a r y hydr ides a l l o w e d us to estimate 
entropy values accord ing to hydrogen-to -metal rat io . These are g iven i n 
T a b l e I I . 

S ince heats of f o rmat ion of most b i n a r y hydr ides have been deter
m i n e d exper imental ly , these shou ld be used i n E q u a t i o n 6 w i t h c a l c u l a 
tions for intermeta l l i c compounds . O n c e a semiempir i ca l va lue for the 

Table III. Calculated Free Energies of Formation 
Comparison with 

AG/mol 
Hydride, 

Exposed at 
Room Δ Η / m o Z H» 

Temperature Pressure Calculated 
Hydride (kcal) (atm) (kcal) 

S c H 2 - 3 7 . 6 1 0 - 2 8 - 3 8 . 3 
Y H a - 4 3 . 9 1 0 - 3 2 - 3 1 . 8 
Y H 3 - 1 8 . 1 ΙΟ" 1 4 - 2 4 . 8 
T i H 2 - 2 3 . 1 10" 1 7 - 3 2 . 5 
Z r H 2 - 1 3 . 6 1 0 - i o - 4 2 . 8 
VH0 .5 - 2 . 4 0.2 - 1 2 . 4 
N b H o . 5 - 3 . 0 6 Χ 10" 3 - 1 9 . 2 
T h H 2 ( - 2 6 ) 1 0 - 1 9 - 3 5 . 5 
U H 3 - 1 7 . 5 10" 1 3 - 1 4 . 5 
L i H - 1 4 . 0 1 0 ' 1 1 - 2 0 . 0 
N a H - 7 . 7 10"· - 2 9 . 0 
C s H - 7 . 4 10" e - 3 1 . 4 
B e H 2 ( + 5 ) (4 X 10 s) - 1 5 . 5 
C a H 2 - 3 4 . 0 1 0 - 2 5 - 2 5 . 0 

• Values in parentheses are less certain. 
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16. STEWARD E T A L . Hydrogen in Intermetallic Compounds 291 

Table II. Estimated Entropies of Binary Hydrides 

A S 
Hydride cal/K (mol H g) 

M H o . 5 - 2 0 
M H - 4 0 
M H 2 - 3 5 
M H 3 - 3 0 

entha lpy is ca lculated , free energy values at r o o m temperature m a y be 
d e r i v e d u s i n g the appropriate entropy values f r o m T a b l e I I . T h e ex
pec ted p lateau pressure can then be determined . 

Ca l cu la t i ons of b i n a r y h y d r i d e stabil it ies were at tempted first, s ince 
M i e d e m a (19) h a d prev ious ly a p p l i e d his concept to these compounds . 
W e selected φ* at 5.1, n w g as 4.66, a n d V m as 7.1 for the hydrogen p a r a m e 
ters. T a b l e I I I presents data selected f r o m over 25 b i n a r y hydr ides 
s tudied . O n l y six, or a quarter of the tota l , have ca l cu la ted pressures 
w i t h i n t w o orders of magni tude of the exper imenta l values. A l s o l i s ted 
i n the same table are the φ* values of h y d r o g e n that w o u l d y i e l d the 
correct AH. T h i s is the least certain parameter for hydrogen . T h e va lue 
varies 2 0 % or more f r o m the 5.1 used i n the ca l cu lat ion . A s m a l l error is 
greatly magni f i ed w h e n the term is squared. T h i s var ia t i on produces a n 

and Plateau Pressures of Binary Hydrides and 
Experimental Results* 

A G / m o l Pressure ΦΗ*, 
Hydride, Pressure, Ratio Yields 

Calculated Calculated Calculated/ Experimental 
(kcal) (atm) Experimental Δ Η 

- 2 7 . 8 lQ-2l 10 7 5.31 
- 2 1 . 3 10" 1 6 1 0 1 β 5.38 
- 2 3 . 7 10" 1 8 10 4 5.39 
- 2 2 . 0 1 0 1 β 10 5.03 
- 3 2 . 3 1 0 - 2 4 1 0 " 5.05 

- 1 . 6 0.07 0.35 5.22 
- 3 . 3 4 Χ 10" 3 0.67 5.1 

- 2 5 . 0 1 0 - 1 9 1 5.09 
- 8 . 3 io-« 10 7 5.27 
- 4 . 0 10" 3 10* 5.25 
+ 8 . 5 10 e 1 0 1 2 5.48 
+ 9 . 7 10 7 1 0 1 3 5.68 

- 1 0 . 0 10"* i o - " ( ? ) 4.72 
- 1 4 . 5 1 0 " " 1 0 " 5.26 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

16



292 S O L I D S T A T E C H E M I S T R Y 

Table IV. Comparison of Calculated and Experimental Plateau 

ΔΗ A G 
Ternary Calculated Calculated 
Hydride (kcal/mol H2) (kcal/mol hydride) 

L a N i 5 H e - 1 4 . 4 - 7 . 2 
L a N i 5 H 4 - 1 6 . 5 - 1 5 
L a C o 5 H e - 1 6 - 1 2 
L a C o 5 H 4 - 1 9 - 2 0 
L a P d 5 H e + 1 2 + 7 2 
L a F e 5 H e - 2 5 - 3 9 
Y N 1 5 H 4 
T h 2 N i I 3 H 2 8 - 2 4 . 0 - 1 8 9 
T h C o 5 H 4 . e - 1 4 . 0 - 8 . 0 
F e T i H 2 5 - 1 1 . 1 - 0 . 7 
T h 2 C o T H 5 - 1 4 . 5 - 1 0 . 0 
T h 2 F e 7 H 4 . e - 1 5 . 6 - 1 1 . 7 
Z r N i H 3 - 3 7 - 4 0 

even greater error i n the pressure calculations since they are re lated 
exponent ia l ly to the der ived free energies. A n error of ~ 0.7 k c a l i n A G 
w i l l y i e l d an order of magn i tude error i n the pressure. 

R e t u r n i n g to the ternary hydr ides , E q u a t i o n 1 was used to calculate 
the heats of f o rmat ion of several intermeta l l i c compounds for w h i c h 
h y d r o g e n absorpt ion has been measured. These values a n d the exper i 
m e n t a l enthalpies for b i n a r y hydr ides were subst i tuted into E q u a t i o n β 
to obta in the heat of f o rmat ion of the ternary hydr ides . T a b l e I V shows 
the results of some of these calculat ions. H y d r o g e n absorpt ion data are 
not avai lable for some of the compounds . L i s t i n g of hydrogen pressures 
less t h a n 0.01 a tm for the t h o r i u m compounds (23) indicates that p la teau 
pressures were l ower but apparent ly c o u l d not be measured w i t h the 
manometers used. 

A l t h o u g h measured h y d r o g e n pressures for T h 7 N i i 3 H 2 8 , TI17C03H30, 

a n d T h 7 F e 3 H 3 o were b e l o w 0.01 a tm, the ca l cu lated 10" 5 0 a tm is u n l i k e l y . 
Compar i sons of the avai lab le measured a n d ca l cu lated pressures show, 
w i t h the exception of F e T i H 2 . 5 , differences of several orders of m a g n i t u d e 
as do the b i n a r y hydr ides . 

O u r est imated entropies shou ld be reasonably good. I n any case, a n 
error here w o u l d not produce the magnitudes of error discussed above. 
Since exper imental , rather than ca lcu lated , b i n a r y h y d r i d e enthalpy data 
were used, the error must He i n the ca l cu la ted enthalpies for the inter 
meta l l i c compounds . T h e e m p i r i c a l theory was restr ic ted to compounds 
w h e r e the A meta l , or lanthanide , is the m i n o r i t y meta l . H o w e v e r , our 
evaluat ion shows that this requirement makes l i t t le p r a c t i c a l difference 
i n pressure estimates. T h e present l eve l of sophist icat ion g iven b y these 
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16. S T E W A R D E T A L . Hydrogen in Intermetallic Compounds 293 

Pressures for Ternary Hydrides at Room Temperature 

Pressure, Pressure, 
Calculated Experimental Pcalc./ 

(atm) (atm) Ρ exper. 

6 Χ 10" 6 2.5 10" 6 

ΙΟ" 1 1 2.5 10" 1 2 

10" 9 160 10" 1 1 

10" 1 5 0.05 1 0 -14 

> 1 0 5 0 (high) 
1 0 - 2 9 > > 1 
10 7 > 10 2 < 10 5 

< 10" 1 0 0 < 0 . 0 1 10" 7 

10" 6 20 0.07 
0.3 4 19" 8 

10" 8 0.25 10" 9 

10" 9 0.35 1 0 - 2 3 

1 0 - 3 0 10" 7 

e m p i r i c a l formulas does not a l l o w reasonable accuracies i n ca l cu la t ing 
ternary h y d r i d e stabil it ies i n terms of their p lateau pressures. 

Experimental 

T w o experiments were conducted to determine the u l t imate so lub i l i ty 
of hydrogen i n A B 5 compounds a n d to observe the effect of phase a n d 
lanthanide change on the r o o m temperature e q u i l i b r i u m pressures. 

High Pressure Studies . Since the C a C u 5 structure has n ine avai lab le 
interst i t ia l sites equivalent to those o c cup ied b y the d e u t e r i u m atoms i n 
or thorhombic P r C o 5 D 4 structure, i t was of interest to determine whether 
the other sites c o u l d be filled at h igher pressures. A n apparatus capable 
of measurement to 10,000 a t m was used to measure hydrogen e q u i l i b r i u m 
pressures. T h i s system is descr ibed i n another report ( 2 4 ) . 

T h e c o m p o u n d L a C o 5 was chosen because i t h a d the lowest p la teau 

Eressure, conta ined on ly four hydrogen atoms vs. six i n L a N i 5 , a n d h a d 
een w e l l s tudied . F i g u r e 3 shows the room-temperature i sotherm. 

K u i j p e r s ' results (25) are i n c l u d e d for comparison. T h e mater ia l a b 
sorbed over e ight hydrogen atoms per f o r m u l a u n i t at 1300 a tm. T h i s 
result is consistent w i t h the ava i lab i l i ty of the n ine asymmetr i c oc tahedral 
a n d tetrahedral interst i t ia l sites per f o r m u l a un i t i n the C a C u 5 structure. 

T h e presence of a t h i r d p lateau indicates the presence of another 
h y d r i d e phase. It m a y be assumed that this is the sto ichiometr ic phase 
L a C o 5 H 9 . Studies are b e i n g extended to h igher pressures a n d different 
temperatures, u s i n g bo th hydrogen a n d deuter ium. S u c h h i g h h y d r o g e n 
compos i t ion m a y result i n a greatly expanded a n d a l tered superlatt ice . 
A h i g h pressure x-ray camera is feeing constructed to measure latt ice 
parameters u n d e r these extreme condit ions. A large isotope effect m i g h t 
also be expected at such h i g h compression. 

Structure and Atomic Size Effects. Previous studies have s h o w n 
the re lat ionship between decreasing lanthanide atomic radius a n d either 
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294 S O L I D S T A T E C H E M I S T R Y 

Figure 3. Room temperature 
absorption isotherm (21°C) 
of LaCosHx up to 2000 atm. 
The Iou> pressure data coin
cide with those in Ref. 25. 

P,atm 10.0 fe

ll 2 4 6 8 10 
H/LaCo-

increas ing p la teau pressures or h y d r i d e instab i l i ty . E r b i u m is to the far 
right of the lanthanide series a n d forms E r C o 5 w i t h the C a C u 5 structure. 
O n e author reported the preparat ion of E r C o e (Ero .8eC05.14) instead of 
E r C o 5 ( 2 6 ) . T h i s m a y be i n error, since other investigators (27) h a d 
prev ious ly f o u n d E r C o 5 . Α Β δ phase general ly has a w i d e compos i t ion 
range a n d the x-ray data for our sample corresponded to b o t h patterns 
( E r C o 5 a n d E r C o e ) i n p o w d e r files, i n d i c a t i n g they are one i n the same 
c o m p o u n d . T h e existence of E r C o e is also d o u b t f u l since A B e is not 
repor ted i n other lanthanide- trans i t ion m e t a l systems a n d there is no 
s ingle crysta l data avai lable to support a n assumpt ion of o rdered vs. 
r a n d o m subst i tut ion of cobalt for e r b i u m . 

Surpr i s ing ly , to the best of our knowledge , the react ion of E r C o 5 

w i t h h y d r o g e n has not been reported . H y d r o g e n absorpt ion i n several 
praesodymium-cobal t phases (28) a n d i n E r C o 3 (29) has been reported 
recently . T h e exper imental comple t i on of the s imple P r C o 5 , P r C o 3 , E r C o 5 , 
a n d E r C o 3 matr ix w o u l d a l l o w a n exper imenta l determinat ion of the 

100 

P# atm 

Figure 4. Hydrogen absorption 
isotherm for ErCo5 at 25°C H/ErCoE 
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16. S T E W A R D E T A L . Hydrogen in Intermetallic Compounds 295 

effect of lanthanide contract ion a n d phase change o n the h y d r o g e n 
p lateau pressures. T h e previous data were extrapolated to 2 5 ° C b y the 
use of E q u a t i o n 7 a n d c o m p a r e d w i t h the present results. T h e Ε τ Ο ο δ 

room-temperature isotherm is presented i n F i g u r e 4. T h e c r i t i c a l t e m -

1>erature seems to be somewhat b e l o w 25 ° C , i n d i c a t i n g that E r C o 5 H a , is 
ess stable than the E r C o ^ ^ . 

T h e room-temperature p la teau pressures are s h o w n i n T a b l e V . 
These values ind i cate that the stabi l i ty of the hydr ides i n these c om
pounds decreases w i t h an increase i n lanthanide atomic n u m b e r a n d also 
w i t h the cobalt - to - lanthanide ratio . T h e stabi l i ty change w i t h phase is 
seen i n Cl inton ' s experiments on Ρ Γ Ο Ο ^ . ( 2 8 ) , except that P r C o 2 a n d 
P r C o 3 stabil it ies are reversed. T h e y are very s imi lar , however . 

Table V . Comparison of Equilibrium Pressures at Room Temperature 

Equilibrium Pressure 
Ternary Hydride (atm) 

P r C o 5 H 0 5 0.9 
P r C o a H 10" 4 

E r C o 5 H ~ 4 e 

E r C o 3 H 3 0.09 
β There is no plateau, indicating that the critical temperature is below room tem

perature. The composition and pressure are inferred from the inflection point. 

B o t h observations seem reasonable. A s the lanthanide radius de
creases, the interst i t ia l sites w i l l become smaller , a n d thus less v o i d space 
is avai lab le for the hydrogen atoms. A s the transi t ion metal - to - lanthanide 
atomic ratio increases, there is less atom-atom contact between h y d r o g e n 
a n d the lanthanide , w h i c h forms the more stable b i n a r y h y d r i d e . 

Conclusions 

T h e use of prev ious ly p u b l i s h e d e m p i r i c a l theories does not p r o v i d e 
re l iab le estimates of e q u i l i b r i u m pressures of ternary hydr ides . E i t h e r a 
substantial modi f i cat ion of these theories or another approach is r e q u i r e d . 

H i g h pressure experiments have s h o w n the existence of L a C o 5 H 9 . 
T h i s hydrogen composi t ion is twice the va lue prev ious ly measured a n d 
greater than any c o m p o u n d w i t h the C a C u 5 structure, i.e., L a N i 5 H e . 7 . 

Compar isons of current E r C o e H * data w i t h prev ious ly p u b l i s h e d 
results for P r C o 5 , P r C o 3 , a n d E r C o 8 show that h y d r i d e stabi l i ty decreases 
w i t h lanthanide atomic n u m b e r a n d w i t h increas ing atom ratio of t r a n 
s i t ion metal - to - lanthanide meta l . 
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Chemical Conversion Using Sheet-Silicate 
Intercalates 

JOHN M. THOMAS, JOHN M. ADAMS, SAMUEL H. GRAHAM, 
and D. TILAK Β. TENNAKOON 

Edward Davies Chemical Laboratories, University College of Wales, 
Aberystwyth, SY23 1NE, U.K. 

The use of layered silicates as matrices within and upon 
which novel chemical reactions may be carried out are 
summarized. The feasibility of controlled variation in the 
nature and siting of certain transition-metal and other 
cations, the magnitude of the interlamellar spacing, and ori
entation as well as two-dimensional ordering of intercalated 
organic molecules is demonstrated. Specific examples of 
structures based on one-dimensional Fourier plots derived 
from x-ray and neutron diffraction data are cited, and one 
three-dimensional crystal structure for a rather special inter
calate (dickite:formamide) is reported. The selective gener
ation of a variety of aromatic products by thermostimulation 
is summarized, and the particular ability of copper mont
morillonite to activate, preferentially, olefinic double bonds 
(in oligomerizations) is illustrated by reference to the ther
mal reactivity of intercalated indene and trans-stilbene. 

Because o f the mystery that s t i l l surrounds the p h e n o m e n o n of catalysis , 
i t is not yet general ly possible to design, ab in i t i o , n e w c h e m i c a l 

agents that can serve as catalysts for the synthesis of des ired s t ruc tura l ly 
or stereochemical ly specified products . Some progress a long specific 
d irect ions has been made , however , a fact borne out b o t h b y the success 
of Z e i g l e r - N a t t a catalysts a n d the existence of a n establ ished procedure 
for the "sol id-state" syntheses of po lypept ides . Cata lys t des ign, however , 
is s t i l l i n its in fancy , no twi ths tand ing the signif icant advances that have 
b e e n m a d e recent ly u s i n g zeo l i t i c solids a n d trans i t ion-meta l complexes. 

298 
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17. T H O M A S E T A L . Sheet-Silicate Intercalates 299 

Heterogeneous catalysts cannot as yet be des igned w i t h the same fac i l i ty , 
prec is ion , a n d var ia t i on n o w achievable w i t h the syntheses of m a n y 
classes of organic mo le cu les—from organic fluorescers a n d photochromic 
materials to synthet ic s tero ids—or w i t h the same success i n eng ineer ing 
super - ion ic inorgan i c conductors, s u c h as ^ a l u m i n a , or cont inuous ly 
var iab l e e lectronic band-gaps i n I I I - V ternary or quaternary semicon
ductors . 

O n e p a r t i c u l a r l y p roduc t i ve route to the syntheses of n e w a n d in ter 
est ing mo lecu lar catalysts relies on the use of m e t a l vapors w h i c h are 
usua l l y co-condensed w i t h a hydrocarbon reactant. I n essence, this a p 
proach , whose l ineage m a y be t raced to Pimentel 's matr ix i so lat ion t e ch 
n ique , c i rcumvents the necessity to p r o v i d e t h e r m a l ac t ivat ion d u r i n g 
react ion—as w o u l d be r e q u i r e d b y processes i n v o l v i n g so l id m e t a l s — 
thereby render ing feasible the f o rmat ion of a n u m b e r of n o v e l mo le cu lar 
species s u c h as d ibenzene t i t a n i u m or po lybutad iene , cyc lododecatr ienes , 
a n d v inylcyc lohexenes . T h e m e t a l - v a p o r synthesis, w h i c h has been ex
p l o i t e d b y T i m m s ( I ) , G r e e n ( 2 ) , S k e l l (3 ) a n d others (4, 5 ) , y ie lds 
the des ired produc t under solvent-free condit ions. 

A n o t h e r successful route, also u t i l i z e d to advantage b y G r e e n , c a p i 
talizes u p o n the fact that w h e n centra l m e t a l atoms are s i tuated i n l i g a n d 
environments w h i c h make the m e t a l atoms h i g h l y e lectron r i c h the resul t 
i n g complexes, w h i c h n o w possess orbitals of strong m e t a l character a n d 
h i g h energy, are l i k e l y to be react ive t o w a r d re lat ive ly inert species such 
as N 2 , N 2 0 , a n d C H 4 or inert bonds such as C - H a n d C - C . 

T h e route w h i c h w e ourselves have chosen to investigate ( 6 - 1 5 ) 
entails the use of certain sheet s i l icate structures w i t h i n w h i c h i o n -
exchange m a y first be per formed . T o date, as is descr ibed be l ow , our 
efforts have been concentrated p r i n c i p a l l y o n s t ructura l studies of the 
parent silicates a n d their de l iberate ly mod i f i ed derivatives . I t is to b e 
n o t e d that : ( a ) w i d e var ia t i on is possible i n regard to the nature of the 
p a r t i c u l a r cations that can be inserted be tween the inf inite , t w o - d i m e n 
s iona l anions; ( b ) the inter layer spac ing , w h i c h obv ious ly governs the 
ease of dif fusion of interca lated reactants a n d products , is , to a degree, 
adjustable depend ing , inter aha, u p o n factors such as the h u m i d i t y a n d 
the nature of the organic molecules present i n the system; a n d ( c ) i n 
cer ta in c ircumstances, h i g h l y specific reactions a m o n g the interca lated 
species m a y be s t imulated , a n d the products released, under solvent-free 
condit ions . I n one sense a n e w type of "homogeneous" catalysis is 
i n v o l v e d , the phase i n quest ion b e i n g the two -d imens iona l intercalate . 
M o r e o v e r , there is evidence that w i t h certain types of silicates i t m a y b e 
possible to lay out a n ordered two -d imens iona l sheet of one reactant 
i n w h i c h the intermolecu lar spac ing p a r a l l e l to the sheets m a y also b e 
adjustable . 
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300 SOLID S T A T E C H E M I S T R Y 

Q.____0 -—o—--o— - o 

OICKITE KAO UNITE 

Figure 1. Projections of the structures of the sheet silicates mentioned in 
the text: (a) montmorillonite, (b) vermiculite, (c) kaolinite, (d) dickite. (9 ) 
octahedral cations, (®) tetrahedral cations, (O) oxygen, ( ® j hydroxyl, (©) 

water molecules. 
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17. T H O M A S E T A L . Sheet-Silicate Intercalates 301 

Resume of Structural Characteristics of Sheet Silicates 

I n previous publ i cat ions ( 8 - 1 5 ) f r om these laboratories the various 
relevant attributes of the par t i cu lar sheet silicates of interest i n the con
text of intercalat ion have been summar ized . W e must re ca l l here the 
salient features of montmor i l l on i te , vermicu l i te , kao l in i te , a n d d i ck i te 
on ly ( F i g u r e 1 ) . I n the w e l l k n o w n te t rahedra l - o c tahedra l - t e t rahedra l 
( T O T ) f ramework characterist ic of montmor i l l on i te , the layers [ idea l i zed 
f o r m u l a A l 4 S i 8 0 2 o ( O H ) 4 ] are negat ively charged because of replacement 
of A l 3 + i n octahedral sites b y F e 2 * or M g 2 + a n d of S i 4 + i n tetrahedral sites 
b y A l 3 + . T h e cation-exchange capac i ty (c.e.c.) is governed b y the extent 
of these replacements, a n d the d i s t r ibut ion of charge i n t u r n depends on 
the locat ion of the rep laced ions. C l e a r l y m u c h var ia t ion is possible here, 
so that inhomogeneit ies of charge d i s t r ibut ion i n two dimensions, a n d 
consequently of s tacking i n three, m a y arise f rom this a n d other sources. 
M o n t m o r i l l o n i t e is almost invar iab ly microcrysta l l ine a n d possesses sur
face areas general ly w e l l i n excess of several h u n d r e d m 2 g _ 1 , a n d c.e.c. of 
0. 5-0.7 e per f o r m u l a uni t . V e r m i c u l i t e may, for convenience, be regarded 
as a sheet s i l icate i n w h i c h water has been intercalated i n a more or less 
ordered fashion. These sandwiched water molecules m a y be progressively 
d r i v e n out w i t h heat treatment. 

I n kao l in i te [ idea l i zed f o r m u l a A l 4 S i 4 O i o ( O H ) 8 ] the T O f ramework 
w h i c h extends two-d imens iona l ly is w e a k l y interconnected i n a t h i r d 
d i rec t ion v i a A l - O H . . . O - S i hydrogen bonds. D i c k i t e , a two- layer 
monoc l in i c modi f i cat ion of kao l in i te , is also shown i n project ion i n F i g u r e 
1. W e have f o u n d that this par t i cu lar s i l icate forms a three-d imensional ly 
ordered intercalate (16 ) , w h i c h is discussed brief ly be low. 

Formation and Structural Aspects of Sheet Silicate Intercalates 

A vast amount of w o r k ( a d m i r a b l y s u m m a r i z e d b y B r i n d l e y (17) 
u p to 1970 a n d b y T h e n g (18) u p to 1974) has already been p u b l i s h e d 
o n the condit ions under w h i c h a w i d e range of organic molecules m a y 
be assimilated b y various sheet silicates. H e r e w e refer to on ly those 
systems relevant to the u l t imate quest ion of react iv i ty or s t ructura l 
assessment. M a n y of the organic molecules or exchangeable cations 
chosen b y us for i n i t i a l s tudy were so selected because i t was felt that 
they w o u l d faci l i tate the interpretat ion of x-ray a n d neutron di f fract ion 
studies. T h u s w e see f rom F i g u r e 2, w h i c h i n t u r n has been d e r i v e d f r o m 
neutron di f fract ion studies, precisely where a long the z-axis ( p e r p e n d i c u 
lar to the basal p lane ) the N i 2 + i o n resides i n a vermicu l i te , the cations of 
w h i c h h a d been exchanged for N i 2 + . L i k e w i s e , F i g u r e 3 shows h o w re 
p l a c i n g N a + w i t h S r 2 + , w h i c h has approx imate ly twice its charge density, 
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302 S O L I D S T A T E C H E M I S T R Y 

as the inter lamel lar cat ion signif icantly modifies the or ientat ion of tetra-
h y d r o p y r a n . T h e oxygen-r ing atom lies closest to the si l icate layer w h e n 
the cat ion is N a + , a n d a carbon-r ing atom lies closest w h e n the cat ion 
is ST2*. 

It is evident that w i t h the montmori l loni tes b o t h neut ra l a n d charged 
organic species m a y be ass imi lated into the inter lamel lar spaces. N e u t r a l 
species m a y b e i n t r o d u c e d either f r o m so lut ion or f r o m the vapor , the 
latter approach b e i n g advantageous i f traces of interca lated solvent, 
notab ly water , are to be avo ided . T h o u g h there is a p a u c i t y of the re le 
vant thermodynamic in format ion , i t is c lear that the b i n d i n g energies of 
these interca lated species m a y v a r y w i d e l y . I t seems possible for organic 
molecules to be attached b o t h d i rec t ly to an associated c a t i o n — v i a σ- or 
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Figure 2. One-dimensional Fourier map of nuclear scattering density for 

Ni2*-vermiculite 
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17. T H O M A S E T A L . Sheet-Silicate Intercalates 303 

Να* exchanged clay 

Sr2* exchanged clay 

Figure 3. Electron density projections of Ν a*- and S^-montmoriUo-
nite-tetrahydropyran intercalates 

π-bonding, the re lat ive propor t i on of w h i c h is expected, o n the basis of 
the pr inc ip les of general organometal l i c chemistry , to v a r y as a func t i on 
of temperature a n d c h e m i c a l env i ronment—or loosely as i n a secondary 
" s o l v a t i o n ' she l l or phys i ca l l y adsorbed state. Some organic entities 
( s u c h as amines) w h i c h are capable of f o r m i n g cations m a y d isp lace the 
inter lamel lar cations o r ig ina l ly present i n the sheet si l icate. Others show 
a greater propensi ty to be adsorbed at the external rather t h a n the inter 
lamel lar surfaces of the sorbent. A n o t h e r relevant phenomenon is the 
sequent ia l sel f -conversion that cer ta in organic intercalates of m o n t m o r i l 
lonite undergo . T h e p y r i d i n e intercalate of N a + - e x c h a n g e d m o n t m o r i l l o 
n i te is g radua l ly converted at r oom temperature f r om a larger to a smal ler 
inter lamel lar spac ing (23.3 A to 14.8 A ) : 

- p y 
M ( p y ) 4 • 2 H 2 0 > M ( p y ) 2 • 4 H 2 0 

+ H 2 0 

where M = 2 [ ( A l 3 . 5 M g o . 5 ) S i 8 0 2 o ( O H ) 4 N a o . 5 ] ; a n d the y -butyro la c -
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304 S O L I D S T A T E C H E M I S T R Y 

t o n e / S r 2 + - e x c h a n g e d montmor i l l on i te shows a double conversion i n w h i c h 
the inter lamel lar spac ing changes f rom 23.1 A w h e n the intercalate is 
first f o rmed to 18.3A a n d then to the stable 13.2-A intercalate. T h e 1 D -
F o u r i e r maps ( F i g u r e 4) of these three forms of the butyro lactone-Sr 2 * 
complexes, i m p l y that the sequential changes invo lve a conversion of the 
parent intercalate, w h i c h appears to incorporate three layers of the 
organic species be tween contiguous montmor i l l on i te sheets, first to a 
two - layer f o r m a n d , finally, to the more stable, s ingle- layer intercalate . 
( F o r further details on these systems see Ref . 16). 

M o r e w o r k must be done on the s tructura l aspects of these various 
types of intercalates of montmor i l l on i te , b u t progress is severely h a m 
p e r e d b o t h b y the unava i lab i l i t y of this m i n e r a l i n other t h a n m i c r o -
crystal l ine forms a n d b y the fact that the intercalates of montmor i l l on i te 
do not seem to take u p three-dimensional ly ordered structures, a s i tuat ion 
w h i c h perhaps is not unexpected i n v i e w of the irregular i t ies of the 
charge d i s t r ibut ion a n d stacking sequences i n the c* d i rec t ion of the 
parent m i n e r a l ( 2 0 ) . X - r a y dif fraction is not l i k e l y to reveal the neces
sary, des ired in format ion . H o w e v e r , c ombinat i on w i t h neutron-di f fract ion 
data on w e l l or iented samples of the intercalates leads to a greater under 
s tanding of the del icate variat ions i n structure that are d i sp layed b y , for 
example , the transi t ion-metal exchanged montmori l loni tes . F i g u r e 5, 
w h i c h shows F o u r i e r maps d e r i v e d f r o m neutron-di f fract ion data (21), 
c lear ly indicates that whereas the N i 2 + i o n i n the te trahydro furan inter 
calate of N i 2 + - e x c h a n g e d montmor i l l on i te , ( A l 3 . 5 M g o . 5 ) S i 8 0 2 o ( O H ) 4 -
N i o . 2 5 ( C 4 H 8 0 ) 2 . 3 , is s i tuated centro-symmetr ica l ly i n the inter lamel lar 
reg ion , the C o 2 + - i o n i n a closely s imi lar intercalate, ( A l 3 . 5 M g 0 . 5 ) S i 8 0 2 o -
( O H ) 4 C o o . 2 5 ( C 4 H 8 0 ) 2 . 2 , is off-center . 

K a o l i n i t e a n d d i ck i te also f o rm intercalates w h i c h , i n general , do 
not appear to be three-d imensional ly ordered ( 2 2 ) . H o w e v e r , one such 
ordered intercalate has been discovered recently (16): i t is a 1:1 
complex of d i ck i te a n d formamide , A l 4 S i 4 O i 0 ( O H ) 8 ( H C O N H 2 ) 2 . A 
pro ject ion of its structure is shown i n F i g u r e 6. Rather r emarkab ly no 
two -d imens iona l superlatt ice exists i n this structure. Contrast the two -
d imens iona l ly a n d three-dimensional ly ordered intercalates of graphite 
(23) a n d the transi t ion-metal chalcogenides (24,25,26). T h i s fact arises 
p r o b a b l y because f o rmamide , b e i n g such a s m a l l molecule , m a y fit snugly 
w i t h i n the u n i t mesh para l l e l to (001) of the d ick i te structure. O f great 
interest here is the occurrence of re lat ive ly rigidly c l a m p e d intercalated 
species. It is k n o w n f rom Weiss ' w o r k (22) that the rates of interca lat ion 
of kaol inites are re lat ive ly s luggish a n d that at r oom temperature b o t h 
f o rmamide a n d urea , after a n i n d u c t i o n p e r i o d of some one or t w o days, 
are each gradua l ly incorporated into the host matr ix , the final part of 
the f o rmat ion curve b e i n g reached asymptot i ca l ly after a n in terven ing 
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17. T H O M A S E T A L . Sheet-Silicate Intercalates 307 

Figure 6a. Projection of the structure of the dickite-formamide intercalate 
along the a axis 

l inear rate of uptake . C l e a r l y i t w o u l d be of interest, i n the context of 
catalysis, to introduce a second reactant in to the system w h e n the first 
two -d imens iona l ly ordered reactant ( i n this case f o r m a m i d e ) on ly par 
t i a l l y completes the sites ava i lab le for its occupat ion. Co -adsorp t i on 
studies have been w e l l character ized w i t h montmor i l l on i te , a n d L a i l a c h 
a n d B r i n d l e y (27) f o u n d that thymine , w h i c h is not o n its o w n incorpo 
rated into montmor i l l on i te f r om aqueous so lut ion, is r ead i ly taken u p i n 
the presence of adenine or hypoxanthine , each of w h i c h is also adsorbed 
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308 S O L I D S T A T E C H E M I S T R Y 

y — -

Figure 6b. Projection of the A106 octahedra of the dickite-formamide 
intercalate onto the ab plane. The hydrogen bonding of the formamide 

molecules is also shown. 

i n iso lat ion. I t is be l i eved (17) that adenine a n d thymine f o r m the w e l l -
k n o w n p u r i n e - p y r i m i d i n e base-pairs i n the inter lamel lar region. 

Extens ive compi lat ions of s imple crysta l lographic in fo rmat ion re lat 
i n g to the numerous types of organic molecules that m a y be interca lated 
b y sheet si l icate minerals are g iven i n the recent monograph b y T h e n g 
( 1 8 ) , w h o also reviews the w o r k of m a n y of the earl ier ( M a c E w a n , 
W a l k e r , H o f m a n n , Bodenhe imer , B r i n d l e y , a n d W e i s s ) a n d more recent 
investigators ( M o r t l a n d , M a t s u n a g a , B l u m s t e i n , F r i p i a t , F a r m e r , a n d 
others ) . T a b l e I summarizes a f e w facts re lat ing to some of the s imple 
s t ructura l characteristics of the intercalates discussed i n this section a n d 
s tud ied b y us. 

Some Specific Chemical Conversions 

Idea l ly one w o u l d w i s h to have avai lab le in format ion w h i c h relates 
the react iv i ty a n d associated stereo- or regio-specif ic ity of thermal ly 
i n d u c e d reactions of various organic intercalates of the sheet silicates o n 
the one h a n d w i t h the sto ichiometry a n d deta i l ed s tructura l properties 
of the start ing mater ia l o n the other. Unfor tunate ly , such in format ion is, 
at present, almost tota l ly unavai lab le . W h e r e the react ion is efficient, 
interest ing, or wel l - ident i f i ed , the ac company ing s tructura l in format ion 
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17. T H O M A S E T A L . Sheet-Silicate Intercalates 309 

has t u r n e d out to be s i m p l y inaccessible because of the lack of crysta l l ine 
order, w h i c h i n t u r n yie lds the necessary wel l -de f ined x-ray data f r o m 
w h i c h the one-dimensional F o u r i e r plots are extracted. Converse ly , for 
those intercalates where i t has been possible to process the x-ray or 
neutron-di f fract ion data to y i e l d more-or-less accurate s tructura l in for 
mat ion , the degree of react iv i ty or novelty of the react ion is itself l ow . 

O n e par t i cu lar ly efficient react ion is the thermal ly i n d u c e d conver
s ion to ani l ine of the intercalate ( 1 4 . 5 À spacing) consist ing of d iproto -
nated , 4,4 ' -diamino-frans-sti lbene a n d montmor i l l on i te ( approximate stoi 
ch iometry : (Ala.sMgo.s) S i 8 O 2 0 ( O H ) 4 ( H 3 N C 6 H 4 C H = C H C e N 4 N H 3 )0.25. 
T h i s react ion, w h i c h proceeds r a p i d l y at ca. 270°C, y ie lds ani l ine (close 
to 4 5 % of the parent d i a m i n e ) as the sole gaseous product . A n o t h e r 
efficient react ion that occurs on the surfaces of montmor i l l on i te is the 
almost quant i tat ive conversion i n the temperature range 4 0 ° - 1 5 0 ° C of 
t r ipheny lamine to N , N , N ' , j V ' - t e t r a p h e n y l b e n z i d i n e , w h e n the complex 
f o rm e d b y the exposure of N a + - m o n t m o r i l l o n i t e to a lcohol i c solutions of 
t r ipheny lamine is heated. It seems very l ike ly that r a d i c a l cations ( w h i c h 
certainly f o rm w i t h ease at L e w i s a c i d sites i n the si l icate w h e n benz id ine 
a n d other s imi lar molecules are exposed to montmor i l l on i te (see the 
Mossbauer a n d spectroscopic studies of T r i c k e r et a l . (8 , 13, 2 8 ) ) are 
first f o rmed a n d that these proceed a long either of two possible p a t h 
ways : (a ) d imer izat i on f o l l o w e d b y deprotonat ion a n d the benz id ine 
rearrangement 

or ( b ) a direct c o u p l i n g between para positions of the benzene rings of 
the two t r ipheny lamine r a d i c a l cations, again f o l l owed b y the e l iminat i on 
of t w o protons. I t must be noted that the interact ion of montmor i l l on i te 
a n d t r ipheny lamine m a y be restr icted solely to the exterior surface of the 
c lay m i n e r a l : the inter layer spac ing (admi t ted ly a crude cr i ter ion for the 
occurrence of intercalat ion) remains essentially unchanged p r i o r to a n d 
f o l l o w i n g uptake of the tert iary amine. 

W h e n d iphenylethylene is heated to reflux for 30 m i n i n contact w i t h 
C u ( I I ) - e x c h a n g e d montmor i l l on i te , the i n d a n d i m e r (speci f ical ly 1-meth-
y l - l , 3 , 3 - t r i p h e n y l - i n d a n ) is r ead i l y obta ined i n good ( 3 0 % ) y i e l d . T h e 
product crystall izes out as s m a l l pr isms, m.p. 142°C (ht . 142-143) f r o m 
acetic a c i d ( 12 ) . T h i s n e w procedure seems to p rov ide the most con 
venient preparat ion of this d imer . 

2 ( P h 3 N ) + -> ( P h 3 N N P h 3 ) 2 + 
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310 S O L I D S T A T E C H E M I S T R Y 

Table I. A Summary of the Crystallographic Information 

System* 

1. N a + - m o n t (dried) 
2. N a + - m o n t (hydrated) 
3. C u 2 + - m o n t (hydrated) 
4. A g + - m o n t (hydrated) 
5. S r 2 + - m o n t (hydrated) 
6. N i 2 + - m o n t (hydrated) 
7. C o 2 + - m o n t (hydrated) 
8. S r ^ - m o n t - y - b u t y r o l a c t o n e 

9. N a + - m o n t r - t e t r a h y d r o p y r a n 
10. S r 2 + - m o n t - t e t r a h y d r o p y r a n 
11. N i 2 + - m o n t - t e t r a h y d r o f u r a n 
12. C o 2 + - m o n k - t e t r a h y d r o f u r a n 
13. Na + -mont>-py r id ine 

14. Ag + -moni>-azobenzene 
15. Cu 2 + -mont>-azobenzene 
16. N i 2 + - v e r m i c u l i t e 
17. C o 2 + - v e r m i c u l i t e 
18. D i c k i t e - f o r m a m i d e 

β mont = montmorillonite. 

It has recently been establ ished that transit ion-metal -exchanged sam
ples of montmor i l l on i te r ead i l y f o rm complexes w i t h a w i d e range of 
aromat ic hydrocarbons a n d their s imple derivatives s u c h as ch loroben-
zene, anisole, a n d azobenzene. It seems that metal -arene complexes m a y 
b e s tab i l i zed inside , or at the surfaces of, montmor i l l on i te . T h e r e is 
c lear ly a vast terr itory of synthet ic organic chemistry here w h i c h awaits 
explorat ion. A f ew investigations have already been in i t i a ted i n these 
laboratories, a n d w e n o w present a br ie f account of the behav ior of 
dehydrated C u 2 + - m o n t m o r i l l o n i t e (hereafter designated C u - M ) c o m 
plexes f o l l o w i n g exposure to a n u m b e r of selected aromat ic hydrocarbons . 

Spectroscopic a n d other studies (28-^33) ind i cate that C u - M m a y 
b i n d aromatic molecules , such as benzene, toluene, xylene, etc., i n three 
d ist inct forms: the s imple , loosely b o u n d (phys i ca l l y adsorbed) state; 
the more strongly attached state i n w h i c h the bond-strengths w i t h i n the 
arene l i g a n d are s l ight ly p e r t u r b e d ( the so-cal led type I complexes i n 
the classif ication of P i rmava ia a n d M o r t l a n d (31)); a n d the type - I I c o m 
plexes w h i c h are usual ly co lored dif ferently f r o m the type I complexes, 
w h e r e the aromat ic i ty a n d po int symmetry of the arene is destroyed. I t 
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17. T H O M A S E T A L . Sheet-Silicate Intercalates 311 

Relating to the Intercalates Discussed in the Text 

No. of 
Basal Orders of 

Spacing Diffraction 
Approx. Formula* (A) Observed 

M N a 0 . 5 9.6 3 
M N a 0 5 · 3 . 5 H 2 0 12.4 6 
M C u 0 2 5 · 3 . 5 H 2 0 12.5 6 
M Ago Β · 3 . 5 H 2 0 12.5 6 
M Sro 25 · 7 . 0 H 2 O 15.2 5 
M N i 0 2 5 · 7 . 0 H 2 O 15.1 5 
M Coo 25 · 7 . 0 H 2 O 15.2 5 
M Sro. 25 · ( C 4 H e O a ) i . e 13.2 13 
M Sro.25 · ( C 4 H e 0 2 ) 3 . 2 18.3 14 
M Sro.25 · ( C 4 H e 0 2 ) 4 . 8 23.1 18 
Μ Ν 8 Ο . β ( Ο Β Η Ι 0 0 ) Ι . , 14.99 13 
M S r 0 . 2 e ( C e H 1 0 0 ) i . o 14.81 13 
M N i 0 . 2 5 ( C 4 H 8 O ) 2 . 3 14.50 12 
M C 0 0 . 2 5 ( C 4 H 8 0 ) 2 . 2 14.58 12 
M N a 0 . 5 ( C 5 H 5 N ) 2 . o ( H 2 0 ) 1 . o 23.3 16 
M N a 0 . 5 ( C 5 H 5 N ) 1 . o ( H 2 0 ) 2 . o 14.8 13 
M A g o . 5 ( C i 2 H 1 0 N 2 ) o . 9 22.3 6 
M C u 0 . 2 5 ( C i 2 H 1 0 N 2 ) o . 8 20.5 11 
V Nio.75 14.4 12 
V COo.75 14.4 12 
A l 4 S i 4 O 1 0 ( O H ) 8 · ( H C O N H 2 ) 2 20.19 22 

6 M = (Al3.5Mgo.5)Si802o(OH)4; V = Mge(Ali.5Sie.5)02o(OH)4. 

is thought that i n type I complexes the arene is edge-rr-bonded to the 
copper, rather s imi lar to the b o n d i n g that exists i n C e H e C u A l C l 4 (see 
T u r n e r a n d A m m a (34)). M o r t l a n d (32), R u p e r t (33), a n d T e n n a k o o n 
(12,28) have s h o w n that only the symmetr i ca l arenes such as benzene, 
b i p h e n y l , naphthalene , a n d anthracene f o r m type- I I complexes w i t h 
C u - M ; anisole is apparent ly a n except ion (32). T y p e - I complexes are 
f o r m e d b y benzene a n d a l l the a l k y l benzenes a n d symmetr i ca l arenes 
s tud ied to date, a n d dehydrat i on of the C u - M complexes of the s y m 
m e t r i c a l arenes usual ly results i n the (revers ib le ) convers ion of the 
type-I to the type-II state. L i g a n d s i n type-I complexes appear to re ta in 
the ir aromat ic i ty ; a n d spectroscopic ev idence also suggests that i n b o t h 
type - I a n d type - I I complexes the organic moieties f o r m r a d i c a l cations. 
T y p e - I I species can also be f o r m e d w i t h F e 3 + a n d V 0 2 + ions, a n d i t has 
been suggested that these species are pairs o f associated r a d i c a l cations 
rather t h a n interca lated organometal l i c species ( 3 5 ) . 

T h e t h e r m a l react iv i ty of these complexes reveals interest ing trends. 
T h u s the room-temperature stable, type- I I C u - M : b e n z e n e complex (this 
complex is stable i n a v a c u u m of ca . 10" 7 torr at room temperature) w i l l , 
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312 S O L I D S T A T E C H E M I S T R Y 

o n heat ing , break d o w n to y i e l d numerous fragments a l l possessing m o 
lecu lar masses less than that of the benzene. T y p e - I C u - M complexes 
w i t h toluene a n d w i t h the various isomeric xylenes w i l l , u p o n gentle 
heat ing , y i e l d vo la t i l e products w h i c h show that condensation, w i t h 
h y d r o g e n e l iminat ion , of the arenes has occurred . T h u s mass peaks 
( m / e ) of 272 a n d 182, corresponding to three toluene units m i n u s four 
h y d r o g e n atoms a n d two toluenes minus t w o h y d r o g e n atoms, respec
t ive ly , are observed. T h e mass-spectrometric f ragmentat ion patterns of 
the vo lat i l e products are consonant w i t h the occurrence of the f our p r o d 
ucts s h o w n i n F i g u r e 7. ( T h e ident i ty of these products has not, however , 
been independent ly con f i rmed) . A l l the evidence points to the fact that 
type - I arene complexes of C u - M read i l y y i e l d radicals or r a d i c a l ions 
w h e n heated, w h i c h accounts for the nature of the react ion products . 

W h e n the aromat ic molecu le f o r m i n g the complex also contains a n 
e thy len i c l inkage , fundam enta l differences then arise i n the pat te rn of 
t h e r m a l react iv i ty . I n short b o t h frarw-stilbene a n d indene ( each i n t r o 
d u c e d separately f r o m the vapor into the dehydrated C u - M ) y i e l d o l igo -
m e r i c products i n w h i c h no loss of h y d r o g e n atoms has occurred . T h e r e 
appears to be pre ferent ia l b o n d i n g to or act ivat ion of the e thylenic l i n k , 

(1) 

(2) 

(3) 

(4) 

Figure 7. Polymeric material produced 
upon heating the Cu2*-montmorillonite-

toluene system 
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y 

1 1 1 1 
A 

Φ 

X ώ 
τ 

Figure 8. Volatile products formed on heating 
(a) Cu2+-montmorillonite-tra.ns-stilbene and (b) 

Cu2+-montmonllonite-indene 

compared w i t h the benzene r i n g , b y the copper sites. Reasonable 
amounts of the trimers a n d dimers of indene a n d of the cyc lobutane 
produc t ( d i m e r of frans-sti lbene) are obta ined o n heat ing the C u - M : i n 
dene a n d C u - M : f r a n s - s t i l b e n e complexes, respect ively , i n vacuo at 50°— 
250°C (see F i g u r e 8 ) . T h e r e is, therefore, strong evidence here that a 
so l id matr ix ( the m o n t m o r i l l o n i t e ) , w h i c h functions b o t h as a f ramework 
to w h i c h the reactant is at tached a n d also as a support or promoter of the 
catalyst ( C u 2 + ions ) , can d iscr iminate between two types of unsaturated 
c a r b o n - c a r b o n bonds. T h i s phenomenon c lear ly merits further study. 

I n no case s tud ied to date is there ev idence that copper atoms are 
car r i ed a w a y w i t h the vo lat i le products . H o w e v e r , i t is not diff icult to 
design sheet s i l icate systems i n w h i c h organometal l i c products , such as 
meta l la ted benzenes, c o u l d be p r o d u c e d to order us ing organic inter 
calates of sheet silicates. Some of these possibi l i t ies ^are current ly u n d e r 
invest igat ion. 

I n this art ic le w e have restr icted our attention ent ire ly to thermal ly 
s t imulated chemica l conversions. It must not be thought that r a d i a t i o n -
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314 S O L I D S T A T E C H E M I S T R Y 

i n d u c e d reactions are either imposs ib le or h a r d l y w o r t h invest igat ing . 
I n d e e d some elegant studies of γ-ray i n d u c e d po lymer izat ions of inter 
ca lated monomers of acry loni tr i le ( A N ) a n d methacry lon i t r i l e ( i n N a + -
montmor i l l on i t e ) have a lready been reported ( 3 6 ) . T h e insert ion p o l y 
mers so f o rmed w e r e f o u n d to be extensively c y c l i z e d , an occurrence 
w h i c h is interprétable i n terms of the specific or ientat ion of the in ter 
ca lated monomer species. It is often possible to insert two or even three 
layers of organic molecules between the a luminos i l i cate sheets, a n d the 
resu l t ing two -d imens iona l organizat ion is then a k i n to that w h i c h prevai ls 
i n a smectic mesophase. A g a i n , i t is obvious that m u c h scope for further 
s tudy exists w i t h such intercalates. 
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High-Temperature Electrolysis/Fuel Cells: 
Materials Problems 

H. OBAYASHI and T. KUDO 

Central Research Laboratory, Hitachi, Ltd., Higashi-Koigakubo, 
Kokubunji, Tokyo, 185, Japan 

The motivation for electrolysis/fuel cell technology is sum
marized, and problems regarding the development of high
-temperature electrolysis cells and medium-temperature fuel 
cells are discussed: (a) a suitable solid electrolyte, (b) a 
cathode for operating in a highly oxidizing atmosphere 
mechanically compatible with the electrolyte, (c) a cell 
design that minimizes material and heat transfer problems, 
and (d) an electronic conductor stable in a wide range of 
oxygen partial pressures (1-10-20 atm PO2) for series connec
tion. Materials research addressed to solving these problems 
is reviewed. 

T 7 u e l cells convert chemica l energy into e lectr ica l energy w i t h the 
diss ipat ion of heat; electrolysis cells convert heat a n d e lectr ica l 

energy into chemica l energy. I f the enthalpy of the chemica l react ion is 

AH = AG + Τ AS, 

the e lec tr i ca l energy d e r i v e d f r o m a f u e l c e l l ( or consumed i n a n e lectro l 
ysis ce l l ) is AG a n d the heat d iss ipated (or consumed) is Τ AS. I n the 
absence of overvoltages a n d other c i r cu i t losses an engine consist ing of a 
h igh- temperature electrolysis c e l l a n d a low-temperature f u e l c e l l w o u l d 
convert heat to e lectr ic i ty a n d / o r f u e l w i t h an efficiency approach ing the 
C a r n o t factor. I n pract ice , losses at the electrodes are comparable w i t h 
the net energy d e r i v e d f r o m such a cyc le , so such heat engines have not 
been developed. H o w e v e r , as the supp ly of cheap fossi l fuels becomes 
exhausted, there is r e n e w e d incent ive to develop cells w i t h r e d u c e d 
electrode loss, for the versat i l i ty of a n engine that can convert heat to 
either e lectr ic i ty or fue l w o u l d have tremendous advantages i n a nuc lear -

316 
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18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 317 

energy economy. T w o approaches to this p r o b l e m are ( a ) the 
development of better catalyt ic electrodes a n d ( b ) operat ion at h igher 
temperatures. Because l i q u i d electrolytes become too corrosive at h i g h 
temperatures, s o l id electrolytes offer great advantages for use w i t h 
l i q u i d a n d gaseous fuels. 

T w o factors have i n h i b i t e d the use of so l id electrolytes: ( a ) adequate 
c e l l des ign a n d ( b ) adequate i on i c m o b i l i t y . Because ions move t h r o u g h 
solids v i a a di f fusion process, the i on i c m o b i l i t y contains a n exponent ia l 
factor exp( — EJkT), where E& is re ferred to as the act ivat ion energy. 
Unless E& is unusua l ly sma l l (0 .1-0 .3 e V ) , the i on i c m o b i l i t y gives a joule 
loss i n the electrolyte that is to lerable on ly at h i g h temperatures. T h i s 
s i tuat ion is acceptable for a h igh- temperature electrolysis ce l l , a n d the 
reasons such cells have not been deve loped are, essentially, ( a ) i n a d e 
quate ce l l des ign a n d ( b ) insufficient incent ive g iven a n ava i lab le supp ly 
of cheap fossil fuels. W e shou ld ant ic ipate better designs of h i g h - t e m 
perature electrolysis cells as the incent ive for deve lop ing synthetic fuels 
becomes more intense. 

T o date, engineer ing design has concentrated o n f u e l cells, s ince they 
offer the poss ib i l i ty of convert ing the c h e m i c a l energy of a n avai lable f u e l 
into e lectr ica l a n d m e c h a n i c a l energy w i t h o u t the customary restr ic t ion 
of the C a r n o t efficiency factor. M a n y types have been proposed ( I , 2, 3, 
4, 5 ) , a n d each has advantages for a par t i cu lar app l i ca t i on . H o w e v e r , 
f u e l cells for extensive terrestr ial app l i ca t i on are on ly n o w b e c o m i n g 
commerc ia l l y avai lable f rom a s ingle supp l i er ( 6 ) . T h e y use a l i q u i d 
electrolyte a n d can accept a fa i r ly w i d e range of fuels. T h e i r efficiency is 
h m i t e d b y the temperature of operation, w h i c h is restr icted because of 
the corrosive character of the electrolyte. Ce l l s that employ either so l id 
or molten-salt electrolytes for operat ion above 300°C are c a l l e d h i g h -
temperature ( or medium-temperature ) f u e l cells ( 7, 8, 9 ). S ince m o l t e n -
salt electrolytes are corrosive, attention is g iven i n this art ic le to cells 
u t i l i z i n g s o l i d electrolytes. 

T h e h igh-temperature operat ion m a d e possible b y so l id electrolytes 
has several advantages, (a ) I m p r o v e d kinet ics at the electrodes a l l o w 
acceptably h i g h current densities w i t h methane, propane , a n d other 
h y d r o c a r b o n fuels that do not react smoothly at ambient temperatures, 
( b ) I n the absence of a l i q u i d phase i n the system, m a i n t a i n i n g the 
" ternary phase b o u n d a r y reg ion" to a v o i d w e t t i n g of the electrode n e e d 
not be considered, ( c ) F a b r i c a t i o n , operat ion, a n d maintenance of the 
system is m a d e easier b y r e d u c e d corrosion a n d seal ing prob lems , 
( d ) C o n t r o l of the w a t e r / f u e l ba lance is easier because the compos i t ion 
of the electrolyte is invar iant a n d independent of the compos i t ion of the 
f u e l gas. ( e ) A r e d u c e d po lar i za t i on of the system permits operat ion at 
h igher current densities, a n d hence h igher p o w e r densities. 
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318 S O L I D S T A T E C H E M I S T R Y 

O n the other h a n d , w o r k i n g at e levated temperatures has d i sadvan 
tages: a l ower output voltage a n d problems w i t h m i s m a t c h of the t h e r m a l 
expansion of electrode a n d electrolyte materials . A l t h o u g h the latter 
p r o b l e m can be engineered a r o u n d b y appropriate c e l l design, b o t h 
problems make i t desirable to operate a fue l ce l l at as l o w a temperature 
as possible, compat ib le w i t h the p o w e r requirements . A m e d i u m - t e m 
perature range ( 2 0 0 ° - 4 0 0 ° C ) appears most desirable were i t possible to 
find a so l id electrolyte h a v i n g acceptable i on i c mobi l i t ies i n this t empera 
ture range. T h e mob i l e i on i c species of the so l id electrolyte w o u l d be 
either O 2 ' or K + ions (most fuels offering H + as the m o b i l e c o m p o n e n t ) . 
Because no k n o w n proton conductors w i t h acceptable H + - i o n mobi l i t ies 
are stable above 200°C, the eva luat ion of so l id electrolytes i n f u e l cells 
has been confined to 0 2 " - i o n conductors. Unfor tunate ly , acceptable O 2 ' -
i o n mobi l i t ies occur only above 800°C, a temperature considerably above 
the o p t i m u m for fue l - ce l l operation. Nevertheless , the materials c on 
siderations for a h igh-temperature f u e l c e l l are s imi lar to those for a 
h igh-temperature electrolysis ce l l , a n d the 0 2 " - i o n conductors considered 
here are excellent candidates for this latter app l i ca t i on . C l e a r l y the 
discovery of a so l id electrolyte capable of t ransport ing O 2 ' or H + ions w i t h 
acceptable mobi l i t ies i n the temperature range 200° -400°C w o u l d revo
lut ionize the design a n d use of fue l cells. 

D e v e l o p m e n t of a c ommerc ia l e l ec t ro lys i s / fue l c e l l us ing a so l id 
electrolyte requires the so lut ion of several prob lems : ( a ) selection of a 
suitable mater ia l for the so l id electrolyte; ( b ) ident i f i cat ion of a c h e m 
i c a l l y a n d mechanica l ly compat ib le cathode that remains a good elec
tronic conductor i n a h i g h l y o x i d i z i n g atmosphere, is thermodynamica l l y 
stable, a n d contains abundant , inexpensive elements; ( c ) s imple ce l l 
des ign that a l lows series connect ion of i n d i v i d u a l units a n d makes 
acceptable any m i s m a t c h i n thermal expansion of the electrolyte a n d the 
electrodes; a n d ( d ) identi f icat ion of an inexpensive electronic conductor 
stable i n a w i d e range of oxygen p a r t i a l pressures ( 1 -10" 2 0 a t m p 0 2 ) f o r 

series connect ion. O f these, the most important immedia te p r o b l e m is 
the so l id electrolyte. A t an operat ing temperature near 350°C the so l id 
0 2 " - i o n electrolyte shou ld have a h i g h 0 2 " - i o n m o b i l i t y a n d a h i g h 0 2 " - i o n 
transference n u m b e r (rat io of 0 2 " - i o n component to tota l e lectr ica l con
d u c t i v i t y ) over a w i d e range of oxygen p a r t i a l pressures. I t must be 
chemica l ly stable over a w i d e temperature range, made of inexpensive 
materials , a n d easily fabr i cated into dense ceramic membranes of a r b i 
t rary shape. 

T h i s paper reviews the present status of materials research into 
0 2 " - i o n so l id electrolytes, electrodes, a n d ce l l interconnectors. 
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18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 319 

&~-Ion Solid Electrolytes 

General Considerations. The d iscovery a n d u t i l i z a t i o n of oxygen- ion 
conduct i on i n a ceramic oxide dates back to before 1900, w h e n N e r n s t 
used y t t r ia - s tab i l i zed z i r con ia , χ Υ 2 0 3 · ( 1 — 2 x ) Z r 0 2 c rys ta l l i z ing i n the 
fluorite structure, as a g lower element, k n o w n as the Nerns t mass (10). 
M a n y workers have contr ibuted to this field since then (11). A l t h o u g h 
Nernst 's g lower element was not a c ommerc ia l success, oxides c o n d u c t i n g 
O 2 " ions have been invest igated for a var iety of other appl icat ions , i n c l u d 
i n g the n o w commerc ia l ly avai lable oxygen sensors used for the study of 
the t h e r m o d y n a m i c properties of oxides at e levated temperatures (8,12). 
T h e use of ceramic 0 2 " - i o n conductors as so l id electrolytes i n fue l cells 
has been s tud ied intensively at several institutes (13, 14, 15, 16), espe
c ia l l y d u r i n g the late 1960s. A l t h o u g h the ce l l designs were inadequate 
a n d the high-temperature app l i ca t i on is better sui ted to electrolysis, these 
studies have p r o v i d e d important in format ion about the per formance of 
0 2 " - i o n conductors under operat ing condit ions a n d some of the prob lems 
to be encountered because of materials m i s m a t c h be tween electrodes a n d 
electrolyte. T h e 0 2 " - i o n conductors most extensively s tud ied are the 
Z r 0 2 - b a s e d systems (13). O t h e r systems w i t h the fluorite structure, for 
example those based on T h 0 2 a n d C e 0 2 , have also been invest igated. 

T h e 0 2 ~ - i o n conductors that have been s tud ied most intensive ly 
general ly exhibit a neg l ig ib le cat ionic conduct iv i ty (17, 18, 19). A gen
era l m o d e l for such an 0 2 " - i o n conductor consists of a fixed cat ion 
subarray w i t h i n w h i c h the anions move b y j u m p i n g f r o m one energeti 
ca l ly equivalent site to another. 

T h e m o b i l i t y μ 0 of the i on i c mot i on is re lated to the dif fusion coeffi
c ient D 0 th rough the N e r n s t - E i n s t e i n re lat ion , 

w h e r e —2e is the charge on the m o b i l e O 2 " i on a n d the s ign of μο is 
chosen for convenience. F r o m r a n d o m - w a l k theory, 

where n D 0 = 1, 2, or 3 is the d imensional i ty of the ion ic mot ion , [ V 0 " ] 
is the concentrat ion of d o u b l y i o n i z e d oxygen vacancies ( each of w h i c h 
is capable of t r a p p i n g two e lectrons) , z0 is the n u m b e r of equivalent 
nearest-neighbor sites a j u m p distance flo away , a n d vo is the j u m p -
attempt f requency of the O 2 " ions. T h e extrinsic 0 2 " - i o n conduct iv i ty is 

μ ο = 2eD0/kT (1) 

D 0 = ( 2 n D O ) - 1 [ V o ' , ] ^ o 2 v o (2) 

a o ( e x t ) — Nod - [ V 0 " ] ) e / i o (3) 
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320 S O L I D S T A T E C H E M I S T R Y 

where JV 0 is the density of energetical ly equivalent oxygen sites o n w h i c h 
the ions move . K i n g e r y et a l . (20) have demonstrated (see below) that 
0 2 " - i o n conduct ion i n Zro.85Cao.15O1.s5 takes p lace v i a the d o u b l y i o n i z e d 
oxygen vacancies V 0 " , a n d w e assume this to be true for a l l 0 2 ~ - i o n 
conductors considered here. F i n a l l y , since a free energy A G 0 = Δ ί / 0 — 
TaS0 is r e q u i r e d to make a j u m p , the j u m p frequency is 

vo = v o 0 e x p ( — AGo/kT) — vooexp(AS 0 / f c )exp(— EJkT) (4) 

w h e r e E a = Δ Η 0 is referred to as the act ivat ion energy for i on i c m o b i l i t y . 
F r o m the factor ( 1 — [ V 0 " ] ) [ V 0 " ] appear ing i n ao ( ex t ) , i t is c lear 

that the i on i c conduct iv i ty vanishes i f the N o equivalent sites are either 
complete ly o c cup ied or complete ly empty . S u c h a s i tuat ion is analogous 
to a stoichiometric semiconductor or insulator i n w h i c h intr ins i c elec
t ron ic conduct iv i ty requires the creation of mob i l e electrons a n d holes b y 
the thermal excitat ion of electrons f r om the valence b a n d to the conduc 
t i on b a n d . I n the electronic analogy, the product of the concentrations of 
in tr ins i c electrons a n d holes is 

[ e ] i „ t [ h ] l n t - tf0exp[- Eg/kT] (5) 

where K0 is an e q u i l i b r i u m constant a n d Eg is the energy gap between 
the top of the valence b a n d a n d the bot tom of the conduct i on b a n d . 
S i m i l a r l y , in t r ins i c i on i c conduct iv i ty requires t h e r m a l exc i tat ion of O 2 ' 
ions f r o m n o r m a l positions to interst i t ia l positions across a n enthalpy 
barr ier Δ ί ^ : 

O 2 " ^± V o " + O i 2 " (6) 

w h e r e O i 2 " is a n interst i t ia l i o n a n d the e q u i h b r i u m constant is 

KdT) - [ V c / ' H O i 2 - ] - X i 0 e x p ( - ΔΗι/kT) (7) 

A signif icant concentrat ion of mob i l e electronic charge carriers at n o r m a l 
temperatures can be i n t r o d u c e d into a semiconductor b y a suitable c h e m 
i c a l subst i tut ion. S i m i l a r l y , i t is customary i n i on i c conductors to i n t r o 
duce m o b i l e i on i c charge carriers b y appropr iate c h e m i c a l substitutions. 
I n the s tab i l i zed zirconias a lready ment ioned , the f o l l o w i n g substitutions 
were m a d e : 

Z r 4 + + O 2 " b y C a 2 + + V 0 " (8a) 

2 Z r 4 + + O 2 " b y 2 Y 3 + + V o ' (8b) 
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18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 321 

A n oxygen pos i t ion adjacent to a subst i tut ional cat ion is not crystal lo -
graphica l ly , a n d hence energetical ly , equivalent to one that is not. 
H o w e v e r , w i t h sufficient cation subst i tut ion V o " is able to migrate to a 
pos i t ion ne ighbor ing another subst i tut ional cat ion v ja a nearest-neighbor 
j u m p , a n d the b i n d i n g energy between dopant a n d V 0 " m a y be neglected 
at operat ing temperatures. T h e s i tuat ion becomes analogous to extrinsic 
e lectronic or hole conduct ion i n a h i g h l y d o p e d semiconductor , except 
that the charge - carr i e r m o b i l i t y μο is ac t ivated ( E q u a t i o n s 1-4) as i n 
the case of a smal l -po laron conductor . 

T h e populat ions of oxygen vacancies a n d m o b i l e electrons a n d holes 
i n such a cat ion-subst ituted 0 2 ' - i o n conductor are also inf luenced b y the 
c h e m i c a l e q u i l i b r i u m of the sample w i t h gaseous oxygen 0 2 ( g ) (21): 

* 0 2 ( g ) + V 0 " i h 0 2 - + 2h (9a) 

0 2 - S i 0 2 ( g ) + V 0 " + 2e (9b) 

F r o m the l a w of mass act ion the e q u i l i b r i u m constants are 

Kh(T) = [ h ] 2 • [ V o " ] " 1 • Po2-m - # h o e x p ( - AHJkT) (10a) 

Ke(T) = [ e ] 2 · [ V o " ] • p 0 2
1 / 2 - K^expiAHJkT) (10b) 

where p02 is the p a r t i a l pressure of oxygen a n d A / / h , AHe are the entha l 
pies for ox idat ion a n d reduct ion , respectively. T h e corresponding elec
t ronic charge-carrier concentrations are 

[h] = X h
1 / 2 [ V 0 " ] 1 / 2 p 0 2

1 / 4 ( H a ) 

[e] - X e 1 / 2 [ V 0 " ] - 1 / 2 P o 2 - 1 / 4 ( H b ) 

I f the valence b a n d of the oxide is a n 0 2 " : 2 p e b a n d , A f / h is large a n d [h ] 
is neg l ig ib le . H o w e v e r , i f the valence b a n d is a narrow d or f b a n d , as 
m a y occur i n transi t ion-metal a n d rare-earth oxides, A H h m a y be s m a l l 
enough to give a significant concentrat ion of m o b i l e holes [h ] at h igher 
oxygen p a r t i a l pressures. S i m i l a r l y , i f the conduct i on b a n d associated 
w i t h the lowest empty orbitals o n the cat ion array is re lat ive ly stable, 
A f f e m a y be s m a l l enough to g ive a signif icant concentrat ion of m o b i l e 
electrons [e] at l ower oxygen p a r t i a l pressures. 
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T h e tota l e lectr i ca l conduct iv i ty is the s u m of the p a r t i a l conduc 
t ivit ies caused b y holes, electrons, a n d O 2 " ions: 

«n, = tfh[h] e/xh (12a) 

σ β = i V e [ e ] e/xe (12b) 

σ 0 — ΛΓ 0(1 — [ V 0 ' ' ] )2e/*o + ^ [ ( V ^ e / V (12c) 

w h e r e Nm is the density of crysta l lographic sites avai lable to charge-
carr ier species m , e is the magni tude of the e lectronic charge, a n d the 
signs of the mobi l i t ies /Am are so defined (see E q u a t i o n 1) that the produc t 
of the m o b i l i t y a n d the charge carr i ed is always posit ive . T h e m o b i l i t y 
/Ao1 refers to the interst i t ia l O i 2 ' ions, a n d N{ is the density of interst i t ia l 
sites. 

T h e transference n u m b e r for 0 2 " - i o n conduct i on is def ined as 

to = σ 0 / ( a h + σ β + σ 0 ) (13) 

F o r a so l id electrolyte i t is desirable to have t0 = 1. T h i s i d e a l m a y be 
approached i n oxides w i t h large b a n d gaps (EG > 100&Γ), p r o v i d e d A H h 

a n d Δ Η β are also large. 
F o r a g iven AHh a n d Δ Η β , the transference n u m b e r of a n extrinsic 

0 2 " - i o n conductor is 

to = ( « P o 2

1 / 4 [ V 0 ' ' ] - 1 / 2 + / W / 4 [ V 0 " ] - 3 / 2 + D"1 (14) 

where 

a = K^W^HO and β = Κ"*μ*/2μο (15) 

F i g u r e 1 shows schematica l ly the dependence of ίο o n the oxygen p a r t i a l 
pressure p 0 2 ( 22 ) . Signi f icantly , the range of oxygen pressures at w h i c h 

1.0 

.20.5 
Figure 1. Schematic show
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18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 323 

conduct i on is p redominant ly i on i c can, for a g iven A i / h a n d Δ ί ί β , b e 
w i d e n e d b y increas ing [ V o " ] w i t h chemica l dop ing . 

S c h m a l z r i e d (23) has def ined p h * a n d p e * as the oxygen p a r t i a l 
pressures at w h i c h ah = σ 0 a n d σ β = σ 0 ( i .e. t0 = 0.5) . T h e n 

a n d i t is sufficient to k n o w p h * a n d p e * to calculate t0 at any g iven oxygen 
p a r t i a l pressure. Converse ly , p h * a n d p e ° can be obta ined f r o m conduc 
t iv i ty measurements that g ive t0 under a f ew different oxygen p a r t i a l 
pressures (24, 2 5 ) . Schmalzr ied 's (23, 26) o r i g ina l equat ion to estimate 
these parameters is based o n the emf of an oxygen concentrat ion c e l l : 

w h e r e F is Faraday ' s constant a n d ρ θ 2 ' , P o 2 " are, respect ively , the oxygen 
p a r t i a l pressures at the anode a n d cathode ( p o 2 " > Ρο 2 ' ) · I f the i on i c 
defects are f u l l y i on i zed , as is general ly the case at e levated temperatures 

T h e "e lectro lyt ic d o m a i n " is def ined as the d o m a i n of oxygen p a r t i a l 
pressures i n w h i c h to is greater t h a n some specif ied va lue such as 0.99 
(27, 28). M o s t 0 2 " - i o n conductors have a n 0 2 " : 2 p e va lence b a n d a n d 
hence a large &Hh. I n these cases i t is p rac t i ca l l y more important to 
determine the va lue of p e * i n order to check the su i tab i l i ty of a m a t e r i a l 
for a fue l / e lec tro lys is c e l l or an oxygen sensor (29, 30, 31). 

I n add i t i on to c h e m i c a l s tabi l i ty against o x i d i z i n g a n d r e d u c i n g 
atmopsheres ( large AHh a n d Δ Η β ) a n d a large in tr ins i c e lectronic energy 
gap Eg , a l l to m i n i m i z e any e lectronic c ontr ibut i on to the conduct iv i ty , a 
good 0 2 " - i o n electrolyte must have a h i g h μ0, a n d hence a l o w act ivat ion 
energy E a for i on i c m o b i l i t y . Extens ive studies on 0 2 " - i o n electrolytes 
have s h o w n that the 0 2 ' - i o n mobi l i t ies m a y v a r y greatly w i t h crysta l 
structure. A l t h o u g h l i t t l e attention has been g iven to l e a r n i n g w h y certa in 
crystal structures are more favorable than others for h i g h i on i c m o b i l i t y , 
i t has b e e n f o u n d e m p i r i c a l l y that most of the good 0 2 " - i o n conductors 
k n o w n crystal l ize i n the fluorite, perovskite , or pyroch lore structures. 
T h e B i 2 0 3 a n d C - t y p e lanthanide structures, w h i c h are re lated to fluorite 
w i t h V 0 " i n an ordered array, are also good host structures. I n w h a t 
fo l lows, representative so l id electrolytes f r om each s tructura l g roup are 
discussed i n some deta i l . 

F l u o r i t e s . S T R U C T U R E . T h e c u b i c fluorite structure corresponds to 
c h e m i c a l f o r m u l a M X 2 . It consists of a face-centered-cubic array of 
cations M w i t h anions X o c c u p y i n g a l l of the tetrahedral interstices. T h e 

to = {1 + ( P o 2 / P h * ) 1 / 4 + W P e * ) " 1 7 4 } - 1 (16) 

(17) 

( 2 0 ) , η — y 4 . 
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324 S O L I D S T A T E C H E M I S T R Y 

octahedral sites are empty ; they represent interst i t ia l positions for the 
anions. In t roduc t i on of vacancies into the tetrahedral sites permits an ion 
m o b i l i t y , a n d the most probab le j u m p p a t h is v i a a n octahedral site that 
shares c o m m o n faces w i t h the two ne ighbor ing tetrahedral sites. T h e 
ac t ivat ion energy E a increases as the energy r e q u i r e d to p lace a n an ion 
into a n adjacent interst i t ia l site increases. 

T h e C - t y p e lanthanide structure ( M 2 X 3 ) contains 2 5 % an ion v a c a n 
cies that are ordered a m o n g the tetrahedral sites. I n such a n ordered 
structure the tetrahedral-site vacancies are not crysta l lographica l ly equ iv 
alent a n d must be cons idered interst i t ia l positions. 

D O P E D Z R 0 2 . P u r e Z r 0 2 has two crysta l lographic modif icat ions: i t 
is m o n o c l i n i c at l o w temperatures a n d tetragonal at h i g h temperatures 
(32, 33, 3 4 ) . Intr ins i c e lectronic conduct iv i ty competes w i t h intr ins i c 
i o n i c conduct iv i ty , a n d the electronic mobi l i t ies are m u c h greater t h a n 
the i on i c mobi l i t i es . E l e c t r o n i c conduct iv i ty dominates the m o n o c l i n i c 
phase (35, 36, 3 7 ) ; the tetragonal modi f i cat ion shows a m i x e d i o n i c / 
e lectronic c onduc t i on of comparab le magni tude ( 3 8 ) . F i g u r e 2 shows 
the i on i c a n d electronic conduct iv i t ies of p u r e Z r 0 2 as a func t i on of the 
p a r t i a l pressure of oxygen p o 2 for two temperatures, 600°C a n d 900°C. 
A t h igher p 0 2 , interst i t ia l oxygen ions O i 2 " are in t roduced ; these are the 
m o b i l e i on i c species. A t l ower po 2 , oxygen vacancies V o " are in t roduced , 
a n d the normal -s i te O 2 " ions are mobi le . A t intermediate p o 2 b o t h the 
i o n i c a n d electronic conduct iv i t ies are intr ins ic . 

O n the other h a n d , i on i c conduct iv i ty dominates i n cat ion-subst ituted 
Z r 0 2 , even i n the m o n o c l i n i c phase. F o r example, 0 . 0 1 Y 2 O 3 0 . 9 9 Z r O 2 has 
a transference n u m b e r t0 > 0.9 at 600°C a n d a tota l c onduct iv i ty near ly 
three orders of magni tude larger than that of p u r e Z r 0 2 ( 3 7 ) . 

0 - 4 - 8 - 1 2 - 1 6 - 2 0 - 2 4 - 2 8 

Figure 2. Electronic and ionic partial conduc
tivity isotherms for pure Zr02. Adapted from 

Ref. 37. 
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Figure 3. Comparison of directly measured diffusion constants 
with a line calculated from electrical conductivity and the 

Nernst-Einstein relation. Adapted from Ref. 20. 

K i n g e r y et a l . (20) have demonstrated that the h i g h 0 2 ~ - i o n con 
duc t i v i ty i n Z r o . s 5 C a o . 1 5 O 1 . 8 5 is caused b y normal-s i te Ό 2 " ions h o p p i n g to 
d o u b l y i o n i z e d oxygen vacancies [ V o " ] . T h e y measured the oxygen 
m o b i l i t y at 7 0 0 ° - 1 1 0 0 ° C b y i n t r o d u c i n g O 1 8 v i a i o n exchange a n d 
e m p l o y i n g mass-spectrometer analysis. T h e y also measured the to ta l 
e lectr i ca l conduct iv i ty a n d compared i t w i t h the ion ic conduct iv i ty c a l c u 
la ted f r o m the measured ionic m o b i l i t y a n d E q u a t i o n 3. T h e compar ison 
is s h o w n i n F i g u r e 3. W i t h i n exper imental error, the entire e lectr ica l 
conduct iv i ty can be at tr ibuted to an extrinsic i on i c conduct iv i ty i n w h i c h 
the i on i c m o b i l i t y is propor t i ona l to the concentrat ion of d o u b l y i o n i z e d 
vacancies , [ V 0 " ] . S impson a n d C a r t e r (18) ob ta ined s imi lar results w i t h 
s ingle-crystal a n d po lycrysta l l ine Zr 0.858Ca 0.i42Oi.858. 
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W i t h larger cat ion substitutions a c u b i c fluorite structure is s tab i l i zed 
re lat ive to the monoc l in i c a n d tetragonal modif ications of p u r e Z r 0 2 . T h e 
anion-defic ient fluorite structure has a signif icantly larger O ^ - i o n conduc 
t i v i ty , a n d i t is this phase that is of interest for so l id electrolytes. I n the 
system Ca a .Zri . a ? 0 2 . a . , the cub i c phase is s tab i l i zed above 1700°C for χ > 
0.12, above 1300°C for χ > 0.16 (39 ) . M a x i m u m conduct iv i t ies are 
observed i n the range 0.13 > χ > 0.15 (40). T h e systems M 2 a ; Z r i . 2 a . 0 2 . a r , 
where M is a tr ivalent cat ion of comparable size ( M = Se, Y , N d , S m , 
G d . . .) have also been extensively invest igated (41). F i g u r e 4 shows 
conduct iv i ty vs. dopant concentrat ion at 800°C for several of these sys
tems (42). I n most cases the conduct iv i ty m a x i m u m occurs at the 
m i n i m u m dopant level needed to stabi l ize the cub i c phase. T h i s observa
t i o n seems to indicate that the magni tude of the m o b i l i t y is not obta ined 
b y o p t i m i z i n g the produc t [ V o " ] ( 1— [ V 0 " ] ) w i t h the s impl i f i ed assump
t i o n of r a n d o m oxygen vacancies i n the fluorite structure (43, 44). I n 
C a o . 1 5 Z r o . 8 5 O 1 . g 5 , for example, the oxygen-vacancy concentrat ion is [ V o " ] 
= 0 .15/2 = 0.075. A t the large vacancy concentrations r e q u i r e d for 
s tab i l i zat ion of the c u b i c phase, the d i lute -so lut ion approx imat ion , w h i c h 
neglects interactions between the vacancies, m a y not h o l d . 

I n d e e d i t has been suggested that a c u b i c phase w i t h d isordered 
oxygen vacancies is not stable b e l o w about 1000°C (45, 46, 47, 48, 49). 
B a u k a l (50) f o u n d that a decrease w i t h t ime i n the conduct iv i ty of 
( Z r 0 2 ) 0 . 9 1 ( Y 2 0 3 ) 0 . 0 9 on l o w e r i n g the temperature to 800°C c o u l d be 
descr ibed b y first-order kinet ics a n d that the act ivat ion energy E& for 
i o n i c conduct i on r e m a i n e d unchanged d u r i n g the ag ing process. T h i s 
result provides clear evidence for some k i n d of o rder ing of the oxygen 
vacancies , a n d this inference has been par t ia l l y conf irmed b y direct 
observation f r o m x-ray a n d neutron-di f fract ion studies for the aged 
specimens (40, 48, 4 9 ) . T h i s ag ing effect, observed for m a n y systems, 
appears b e l o w a c r i t i ca l temperature but has a cutoff at l o w temperatures 
w h e r e the i on i c m o b i l i t y becomes too l o w for ag ing to take place . I n the 
system CSLXZT1.x02.X, o rder ing occurs more read i ly at h igher values of 
χ (47, 48, 51, 52); i t has a m a x i m u m rate of 1000°C ( 5 3 ) , i t does not 
occur for Τ > 1250°C, a n d i t is too s low to be observable for Τ < 
650°C (54 ) . 

F o r a g iven dopant concentrat ion the i on i c m o b i l i t y is dependant 
u p o n the latt ice parameter a n d hence on the i on i c radius . T a b l e I s u m 
marizes the conduct iv i t ies of several M 2 a . Z r i . 2 a . 0 2 . a ? systems at 1000°C for 
several dopant concentrations (12). T h e ion ic r a d i i of the dopants 
decrease ver t i ca l ly i n the table , a n d i t is apparent that the i on i c con
d u c t i v i t y increases w i t h decreasing radius of the dopant i on . P r e s u m a b l y 
the difference i n tetrahedral vs. oc tahedral site-preferenoe energy de
creases w i t h decreasing latt ice parameter. M a x i m u m conduct iv i t ies occur 
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18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 327 

Mol. % M 2 0 3 

Figure 4. Conductivities of the ZrOg-Mfls system at 800°C. 
Adapted from Ref. 42. 

i n S c 2 0 3 - d o p e d Z r 0 2 , w h e r e act ivat ion energies as l o w as E a — 0.8 e V 
have been obta ined . 

F i g u r e 5 summarizes measurements of p e * for the system CaJZjCi.a02.w 
F o r a g iven p 0 2 , a p lot of l o g p e * vs. 1 / Γ is theoret ical ly a straight l ine . 
A l t h o u g h the values measured b y different workers (55-60) are scattered, 
they f a l l i n the range - 30 < l o g p e * < - 23 a t m at 1000°C, w h i c h 
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328 S O L I D S T A T E C H E M I S T R Y 

Table I. Ionic Conductivities ( ( f i c m ) ' 1 Χ 10 2 ) f o r Z r 0 2 - M 2 0 3 
Electrolytes at 1000 °C" 

Composition (mol % MntOs)5 

8 9 10 15 Ref. 

N d 2 0 3 0.60 54a 
1.7 64b 
1.4 (24.9) 54c 

S m 2 0 3 5.8 (22.0) 2.3 (26.1) 54d 
G d 2 0 3 11 11 3.1 54e 
Y b 2 0 3 15 3.2 54a 

8.8 (17.3) 11 (19.6) 3.9 (26.1) 54d 
4.9 54e 

L u 2 0 3 1.5 1.2 54f 
S c 2 0 3 24 13 54a 

2.5 25 (14.9) 15 (15.8) 54d 
1.1 0.84 541 

a Adapted from Ref. 12. 
* Activation energies (kcal/mol) are in parentheses. 

- 1 0 

Ι Ο 3 · ! " 1 (K~1) 

Figure 5. The P e * values for CaO-stabilized 
ZrOg's. Curves 1-5 are adapted from Refs. 

55 ,51 , 57, 58, and 59, respectively. 
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18. O B A Y A S H i A N D K U D O High-T'emperature Electrolysis/Fuel Cells 329 

guarantees a n acceptably h i g h t0 for high-temperature appl icat ions as a 
so l id electrolyte (61, 3 1 ) . 

D O P E D C E 0 2 . P u r e C e 0 2 a l ready crystall izes i n the fluorite structure. 
I n this c o m p o u n d , a l o ca l i zed 4f* l eve l lies i n the energy gap be tween 
the 0 2 " : 2 p e valence b a n d a n d the b r o a d C e 4 + : 5 d , 6s conduct i on b a n d . 
Consequent ly , i t is re lat ive ly easy to reduce C e 0 2 w i t h the in t roduc t i on 
of l o ca l i zed 4Î 1 electrons to f o r m C e 3 + ions. These electrons are mob i l e , 
b u t the transit ion t ime for an e lectron transfer C e 3 + + C e 4 + -> C e 4 + + C e 3 + 

is l o n g compared w i t h the p e r i o d of a n opt ica l -mode latt ice v i b r a t i o n ; 
therefore the electrons become t r a p p e d at i n d i v i d u a l cations b y a l o c a l 
lat t i ce re laxat ion. T h e electron a n d its l o ca l latt ice de format ion is ca l l ed 
a s m a l l po laron . Since the latt ice deformation introduces a n ac t ivat ion 
energy E p for electron transfer, the m o b i l i t y of the s m a l l po laron is 
descr ibed b y dif fusion theory. 

σ ρ — (Ne2/kT)[p](l - [ p ] ) a 2 v o p e x p ( A S p / f c ) e x p ( - E9/kT) (18) 

w h e r e [p ] is the concentrat ion of smal l polarons. T h i s expression is 
d i rec t ly comparable w i t h that for a 0 ( e x t ) obta ined f r om E q u a t i o n s 1-4. 
Because C e 0 2 is r ead i ly reduced , " p u r e " C e 0 2 exhibits η-type electronic 
( smal l -po laron ) conduct ion . 

Investigations (62, 63, 64) of the conduct ion mechanisms i n C e 0 2 

have g iven conf l ict ing results, w h i c h is not surpr i s ing i n v i e w of the 
sensit iv ity of the oxygen content to p 0 2 . K e v a n e et a l . (65) measured the 
e lec tr i ca l conduct iv i ty as a func t i on of temperature ( 2 5 0 ° - l 5 0 0 ° C ) a n d 
oxygen pressure ( ρ θ 2 = 1 - 1 0 4 a t m ) ; they reported m i x e d e l e c t r o n i c / 
i o n i c conduct ion . N o d d a k a n d W a l c h ( 6 6 ) , R u d o l p h ( 6 7 ) , Greener et a l . 
( 6 8 ) , a n d B l u m e n t h a l a n d P i n z (69) f o u n d no evidence of i on i c c o n 
d u c t i v i t y i n the ir measurements. T h e lack of any measurable i on i c 
c onduc t iv i ty impl ies no V o " i n these samples, a n d i n d e e d interst i t ia l C e 
ions have been ident i f ied as nat ive defects i n pure a n d nônstoichiometric 
C e 0 2 (70, 71 ) . B l u m e n t h a l a n d H o f m a i e r (72) showed that their values 
of l o g σ vs. 1 / Γ for several values of χ i n C e 0 2 . e (see F i g u r e 6 ) c o u l d be 
w e l l interpreted b y a σ oc χ exp( — Ep/kT), w h i c h agrees w i t h E q u a t i o n 
18 for s m a l l χ α [ ρ ] . 

O n the other h a n d , d iva lent or tr ivalent dopant cations i n cat ion-
subst i tuted C e 0 2 introduce oxygen vacancies V 0 " just as i n d o p e d Z r 0 2 . 
W i t h the in t roduc t i on of a finite [ V 0 " ] , the O ^ - i o n conduct i on becomes 
signif icant, a n d transference numbers t0 > 0.8 are obta ined . 

T h e system L a 2 a ? C e i . 2 a . 0 2 . i P has been s tudied b y Croat to a n d M a y e r 
( 7 3 ) , T a k a h a s h i et a l . (8, 74, 75 ) , a n d S ingman ( 7 6 ) . F i g u r e 7 shows 
t y p i c a l conduct iv i ty isotherms vs. x. A l l the specimens were s intered i n 
a i r at 1600°C, a n d the oxygen transference numbers were to > 0.8 over 
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-2 

V 1 

: 

i 

ι ι 1 1—;— 
OB 10 12 1A 1-6 1.8 

1 0 3 · Τ 1 (Κ" 1 ) 

Figure 6. Conductivities of nônstoichio
metric CeOs.x for several values of x. 

Adapted from Ref. 72. 

the temperature range 600° -800°C for χ > 0.1. I n the compos i t ion range 
χ < 0.1, t0 increases sensit ively w i t h x. 

Figures 8 ( a ) a n d 8 ( b ) show curves of resist iv ity vs. r e c iproca l 
temperature for the systems L n ^ C e i - ^ O ^ , x = 0.15, w h e r e L n is a 
t r iva lent rare-earth i o n ( 7 7 ) . A l l specimens were , i n this case, s intered 
at 1800°C for three hours, a n d the transference numbers were t0 > 0.95 
at Γ > 700°C for L n = N d , S m , G d , D y , a n d E r , as can be seen f r o m 
F i g u r e 9. I n fact, for L n = E r a n d G d a £ 0 — 1 was ach ieved at t empera 
tures t > 600°C. T h e change i n resist ivity w i t h χ is i l lustrated i n F i g u r e 
10 for L n = G d . T h e smallest resist ivity occurred for χ — 0.115; at 750°C 
the va lue is comparable w i t h the best s tab i l i zed z i r c o n i a at 1000°C. 

Studies of other dopants i n c l u d e C a O (78, 79 ) , Y 2 0 8 ( 8 0 ) , B e O , 
M g O , S r O , a n d B a O (81). F i g u r e 11 compares the conduct iv i t ies vs. 
r e c iproca l temperature of C a O - d o p e d Z r 0 2 a n d C e 0 2 doped w i t h C a O 
a n d Y 2 0 8 . T u l l e r a n d N o w i c k (80) measured the dependence of tota l 
c onduct iv i ty o n p 0 2 for ( C e 0 2 ) o . 9 5 ( Y 2 0 3 ) o . o 5 over the temperature range 
635° -1150°C. T h e y also measured the i o n i c transference numbers , f r o m 
w h i c h they obta ined the plots of constant t0 as a func t i on of p o 2 a n d 1 / T 
s h o w n i n F i g u r e 12. T h e curve for t0 = V i gives p e * . K u d o a n d O b a y a s h i 
(82) used emf measurements to obta in p e * f rom E q u a t i o n 17 for the 
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Τ Γ—Τ 1 1 1 1 1 Γ 

Contint of L a 2 0 3 (2X) 

Figure 7. Conductivity isotherms for (CeOg)lm9x (LatOs)x as 
a function of x. Adapted from Ref. 75. 

system C e i . 2 a . G d 2 a . 0 2 a , (0.05 < χ < 0.25), also s h o w n i n F i g u r e 12. 
C o m p a r i s o n of F igures 5 a n d 12 shows that the doped C e 0 2 systems are 
less resistive to r e d u c i n g atmospheres than the Z r 0 2 systems, as must be 
expected w i t h the ava i lab i l i t y of a 4Î 1 acceptor l e v e l at the c e r i u m . 
H o w e v e r , as p o i n t e d out b y T u l l e r a n d N o w i c k (80) a n d K u d o a n d 
O b a y a s h i (77, 8 2 ) , the compounds c o u l d b e used as electrolytes for 
p r a c t i c a l appl icat ions p r o v i d e d sufficient o x i d i z i n g condit ions are m a i n 
ta ined . T h i s shortcoming of the ceria-based compounds m a y be w e l l 
compensated b y the m u c h h igher i on i c conduct iv i t ies . 
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332 S O L I D S T A T E C H E M I S T R Y 

Figure 8a. Resistivities for Celmix Lntx Ot.x fx — 0.15). Lines 
1-5 represent Ln = Ύ, La, Na, Sm, ana Eu. Filled circles 
represent rising temperature; open circles represent falling 

temperature. 

T a k a h a s h i et a l . (8, 83) have ana lyzed the re lat ion be tween conduc 
t i v i t y , to, a n d the performance of a h igh- temperature f u e l c e l l . T h e 
dependence of the fue l - ce l l energy efficiency η o n output current i is 
g iven b y 
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18. O B A Y A s m A N D K U D O High-J'emperature Electrolysis/Fuel Cells 333 

reciprocal temperature x1(r ( K' 1 ) 

Figure 8b. Resistivities for Cet_ i x L n i x O e . x fx = 0.15). Lines 
1-5 represent Ln = Gd, Dy, Ho, Er, and Yb. 

where σ is the tota l conduct iv i ty a n d E0 is a thermodynamica l l y c a l c u 
la ted emf. W i t h t0 as a parameter a n d a fixed σΕ0, op t imiza t i on of η w i t h 
respect to i gives 

- [1 - ( 1 - ί θ ) 1 / 2 ] / [ 1 + (1 - ί θ ) 1 / 2 ] (20) 

at the o p t i m u m current 

» ( * » . ) = σ £ 0 [ ( 1 - to)1'2 - (1 - ί ο ) ] (21) 
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Figure 10. Resistivities for Ce1.2xGd2l02_T. Lines 
1-6 represent 2x = 0.1, 0.2, 0.25, 0.3, 0.4, and 0.5. 
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TEMPERATURE C O 

s 

I 
* io° K 

Figure 11. Conductivity for CeO% doped with 5 mol % Y20s and with 10 mol 
% CaO at p 0 f = 1 atm. Adapted from Ref 80 for (CeO2)0m95(Y2Os)0.05. 

TEMPERATURE C O 

'200 OOP 800 600 450 400 

0.6 07 0.8 0.9 I JO I 

Figure 12. Parameters 
p e as a function of tem
perature for (CeO2)09S 

i.2 i3 i.4 i3 (Y2Os)0.0*andCe0m8Gd02 

Ot 90. Adapted from Ref. 
80. 
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Current output f 
conductivities. 

N o . »<>*· a 
1 1-00 <r. 
2 0-98 <*· 3 0-98 1-5 <r, 
4 0-98 2 0 ff, 
5 0-98 3 0 σ, 

Figure 13. The effect of increasing electrolyte conductivity on the 
optimum current output of a high-temperature cell. Adapted from 

Ref. 83. 

a n d i/max depends on ly o n f 0 , b e c o m i n g u n i t y for t0 = 1. H o w e v e r the 
dependence of i ^ a x ) o n σ shows that the m a x i m u m p o w e r efficiency 
m a y occur for a smal ler t0 a n d a larger σ. Therefore , the cer ia-based 
electrolytes m a y prove compet i t ive i n h igh-temperature fue l / e lec t ro lys i s 
cel ls . 

D O P E D T H 0 2 . P u r e thor ia has the c u b i c fluorite structure a n d is a 
m i x e d 0 2 " - i o n / e l e c t r o n i c conductor at h igher temperatures (60, 84, 85). 
F i g u r e 14 shows the ac (1592 H z ) conduct iv i ty as measured b y C h o u d -
h u r y a n d Patterson ( 8 6 ) . A t h i g h p 0 2 ( > 1 0 ' 5 a t m ) , inters t i t ia l O 2 " ions 
are in t roduced , a n d the e lectronic conduct i on is p - type ; at l ower p02 

( < 10" 2 8 a t m at 9 0 0 ° C ) oxygen vacancies are i n t r o d u c e d a n d the elec
t ron i c conduct i on is η-type. A t intermediate p a r t i a l pressures of oxygen 
the conduc t iv i ty is intr ins i c . T h e conduct iv i ty of p u r e T h 0 2 is m o r e than 
one order of m a g n i t u d e smal ler t h a n that of pure Z r 0 2 (see F i g u r e 2). 

Subst i tut ion of C a , Y , or L n for T h introduces a [ V o " L a n d the 
0 2 " - i o n conduct iv i ty increases sharp ly (87, 88). F i g u r e 15 shows the 
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18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 337 

p a r t i a l conduct iv i t ies for Tho.geYo.14O1.93 as a func t i on of p o 2 as meas
u r e d b y E t s e l l ( 89 ) . D a t a for pure T h 0 2 ( dashed l ine i n F i g u r e 15) is 
taken f r o m F i g u r e 14. A s c a n be seen, the i on i c conduct iv i ty at 1000°C 
is increased b y near ly four orders of magni tude , a n d the e lectro lyt ic 
reg ion ( large t0) is w i d e n e d . T h e shift of the p - n trans i t ion a n d of p e * 
to h igher p 0 2 w i t h increas ing temperature is caused b y the stronger t e m 
perature dependence of the η-type conduct iv i ty . F i g u r e 16 compares the 
p e * a n d p h ° values of some Y 2 0 3 - d o p e d T h 0 2 samples w i t h those for 
p u r e T h O z (86,90-94). 

O t h e r systems s tud ied i n c l u d e M ^ T h i ^ O * where M — B a , Sr , M g , B e 
(90, 91, 92). T h e re lat ive ly poor i on i c c onduc t iv i ty of the thor ia -based 
systems w i l l restrict their use as so l id electrolytes to oxygen sensors i n 
atmospheres that are too r e d u c i n g for Z r 0 2 - b a s e d electrolytes to have 
a h i g h t0. 

D O P E D B I 2 0 3 . T h e c o m p o u n d B i 2 O a has three crysta l lographic m o d i 
fications: m o n o c l i n i c ( a ) , tetragonal (β), a n d c u b i c (γ) (95). T h e 
<χ-*β t ransi t ion at 710°C is not d i sputed , b u t the existence of a b . c c . γ 
phase is open to quest ion. I f B i 2 0 3 is fused for a l o n g t ime i n a por ce la in 
c ruc ib le , the s imple - cub i c structure of F i g u r e 17a is s tab i l i zed b y a s m a l l 
amount of i m p u r i t y ( 95 ) . T h e v o l u m e of the tetragonal β phase (a = 
10.93 A a n d c = 5.67 A ) is four t imes that of the s imple - cub i c structure 

• 40 -36 - 32 - 2 8 - 24 - 2 0 - 16 - 12 - 8 - 4 
L O G Ρ 

°2 

Figure 14. The ac conductivity isotherms for pure Th02. Adapted from Ref. 86. 
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(a = 5.5 A ) , a n d the atoms are on ly s l ight ly d i sp laced f r o m the ir posit ions 
i n the i d e a l i z e d c u b i c structure. A s can be seen f r o m F i g u r e 17b, the 
i d e a l i z e d c u b i c structure of B i 2 0 3 is f o r m e d f r o m the fluorite structure b y 
r e m o v i n g one-quarter of the O 2 " ions i n a n ordered manner . T h u s the 
tetragonal β phase also corresponds to a n ordered-vacancy fluorite s truc
ture , w i t h cooperative displacements of the atoms about the vacancies 
l o w e r i n g the symmetry f r om c u b i c to tetragonal . S u c h a structure is a 
p r o m i s i n g candidate for 0 2 " - i o n conduct ion . 

T a k a h a s h i et a l . (96, 97, 98) have invest igated the conduct iv i t ies of 
B i 2 0 3 a n d d o p e d B i 2 0 3 . T h e tetragonal phase has a re lat ive ly h i g h 
conduct iv i ty i n the temperature in te rva l 400 < Τ < 800°C, as i l lus t rated 
i n F i g u r e 18 for S r O - d o p e d B i 2 0 3 ( 96 ) . T h e h igh- temperature reg ion , 
w h i c h has a h i g h conduct iv i ty a n d l o w act ivat ion energy, corresponds to 
the tetragonal β phase. Specimens w i t h a S r O content be tween 20 a n d 
40 m o l % showed the highest conduct iv i t ies over the entire temperature 
range s tud ied ; at these concentrations the structure is r h o m b o h e d r a l at 
l o w e r temperatures. A concentrat ion c e l l u t i l i z i n g S r O - d o p e d B i 2 0 3 as 
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18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 339 

the electrolyte gave a near ly theoret ical emf a n d a stable current flow, 
i n d i c a t i n g that the conduct iv i ty is caused p r i m a r i l y b y m o b i l e O 2 " ions. 

T a k a h a s h i a n d I w a h a r a (97) a t tempted to stabi l ize the tetragonal β 
phase to l ower temperatures b y d o p i n g w i t h Y 2 0 3 , N b 2 0 5 , or T a 2 0 5 . 
T h e conduct iv i t ies of representative samples are s h o w n i n F i g u r e 19; 
the ac t ivat ion energy increases w i t h dopant concentrat ion, b u t the οςβ 
phase trans i t ion is suppressed. T h e l o w e r act ivat ion energies associated 
w i t h B i 3 + ions appear to be caused b y the po lar i zab i l i t y of the 6s 2 core. 
Unfor tunate ly , the B i 3 + ions are not sufficiently basic ( large electron 
aff inity) to be resistive to r educ t i on at l o w e r oxygen pressures. N e v e r 
theless, the B i 2 0 3 - b a s e d systems d o p e d w i t h C d O or a trans i t ion-metal 
monox ide seem to be potent ia l cathode materials ( 9 8 ) . 

1600 HOP 1200 
T C C ) 

1000 800 

Figure 16. The parameters ph* and p e * for Th02 and 
ThOt-Y2Os. Lines 1-5 are adapted from Refs. 89, 86, 94, 

93, and 92, respectively. 
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340 S O L I D S T A T E C H E M I S T R Y 

to (b) 

Figure 17. Relation between (a) the Bi9Os and (b) 
the fluorite structures. Note that dotted circles (oxy
gen ions) in (b) are missing in BiMOs. Adapted from 

Ref. 95. 

Τ ( °C ) 
800 600 400 

-1 

Γ 
Ε 
υ 

ά 

TO - 2 
ο 

-3 

1.0 1.2 1Α 

1 0 3 Τ " 1 ( Κ " 1 ) 

Figure 18. The conductivities of SrO-doped 
BigOs. Adapted from Ref. 96. 

Perovsk i tes . Oxides w i t h the perovskite structure correspond to the 
c h e m i c a l f o r m u l a A B 0 3 , w h e r e Β is a n octahedral-site cat ion a n d A is a 
larger cat ion. Exce l l en t reviews b y G o o d e n o u g h a n d L o n g o (99) a n d 
Galasso (100) summar i ze the e lectr ica l , magnet ic , s t ructura l , a n d re la ted 
data o n the large n u m b e r of oxides w i t h perovskite structure that h a d 
been invest igated u p to 1972. 
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800 T ( C ) GOO 500 

0 
U 
Ε u 
ά - ι 

b 

cn-2 
ο 

-3 

09 IX) 1.1 1.2 13 
I O 3 - T "UK - I ) 

Figure 19. The conductivities of doped 
Bi9Os. (a) (Bi9Os)0.95 (YtOs)0.05; (b) 
(Bi2Os)0.75 (Y909)9M; (c) (BiaO9)9m70 

O W . . , . ; (d) (Bi909)99s (Nb9Oe)9mli; 
(e) (Bi9Os)0.80 (Τα909)9Λ9. Adapted 

from Ref. 97. 

I n general , perovskites consist of c lose-packed A X 3 layers, where X 
represents the an ion , w i t h Β cations o c c u p y i n g octahedral interstices of 
X ions. " C u b i c " perovskites have cub i c s tacking of the A X 3 layers; hex
agonal perovskites ( C s N i C l 3 s tructure) have hexagonal s tack ing of these 
layers. Perovski te po lytypes h a v i n g different sequences of c u b i c a n d 
hexagonal s tacking are also k n o w n . O f par t i cu lar interest for 0 2 " - i o n 
conductors are oxygen-deficient " c u b i c " perovskites w i t h c h e m i c a l for
m u l a ΑΒ0 3_δ. T h e " c u b i c " perovskites conta in a r i g i d A B network , w h i c h 
has a C s C l - t y p e configuration, w i t h O 2 " ions at the sites b o u n d e d b y two 
Β cations a n d four A cations. T h e tetragonal octahedra o c c u p i e d b y O 2 " 
ions f o r m a face-shared network, so that a n O 2 ' i o n can j u m p d i rec t ly 
to a V 0 " v i a a c o m m o n octahedral-site face. L i k e the fluorites, the oxygen-
deficient perovskites conta in a r i g i d cat ion network, a n d 0 2 " - i o n conduc 
t i on occurs v i a the [ V 0 " ] . 

T a k a h a s h i et a l . ( 101, 102, 103) have s h o w n that 0 2 " - i o n conduct i on 
i n " c u b i c " perovskites is strongly enhanced b y subst i tut ing cations of 
l ower f o rmal valence for the A or Β cations so as to introduce a finite 
[ V o " ] . F i g u r e 20 il lustrates t y p i c a l curves of conduct iv i ty vs. rec iproca l 
temperature for some " c u b i c " perovskites. T a k a h a s h i et a l . (152) meas
u r e d the transference numbers t0 i n two types of cel ls : 

[ I ] 0 2 ( a i r ) , P t / s p e c i m e n e l e c t r o l y t e / P t , 0 2 ( 1 atm) 

[ I I ] H 2 + H 2 0 , P t / s p e c i m e n e l e c t r o l y t e / P t , 0 2 (1 atm) 
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1 0 0 0 / Τ ( Κ 1 ) 
Reciprocal of ft* absolute tsmpsrafurt 

Figure 20. Conductivities of some perovskite oxides with nominal compo
sitions. (1) LaAlOs; (2) CaTiOs; (3) SrTiOs; (4) La0 7Ca0 sAlOs; (5) 
La0 9Ba01AlOs; (6) SrTi0.9Al0AOs; (7) CaTi0,95Mg00SOs; (8) CaTi05Os; (9) 

CaTi0 7Al0 sOs. Adapted from Ref. 152. 
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18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 343 

T h e larger the p02, the smal ler t0, i n d i c a t i n g that the electronic c o m 
ponent of the conduct iv i ty is caused b y m o b i l e holes. Presumab ly the 
concentrat ion of oxygen vacancies [ V 0 " ] tends to be r e d u c e d b y a po2. 
T h e type - I I cells showed transference numbers t0 > 0.9. T h e c o n d u c t i v i 
ties of n o m i n a l CaTio .7Alo.3O2.e5 a n d CaTio .95Mgo.05O2.95 are comparable 
w i t h those of Z r 0 2 s tab i l i zed i n the fluorite structure, b u t i n each case to 
is re lat ive ly l ow. Lao . 7 C a o . 3 A l O 2 . g 5 , o n the other h a n d , has a h i g h t0 a n d a 
re lat ive ly l o w conduct iv i ty . T h e n o m i n a l compounds BaZro.9Bio.1O2.95, 

BaCeo.9Bio.1O2.95, a n d BaTho.95Lao.05O2.975 show h i g h i on i c conduct iv i ty , 
b u t are reactive w i t h the electrode materials . 

M a t s u o a n d Sasaki (104) measured P b T i 0 3 - L a 2 / 3 T i 0 3 ceramics 
a n d suggested that 0 2 " - i o n conduc t i on takes p lace i n this system v i a the 
Α-cation vacancies (s ince there is no [ V o " ] where the e lectronic con
d u c t i v i t y is s m a l l ) , b u t details of these experiments are not avai lable . 

S c h w a r z a n d A n d e r s o n (105) have measured on s ingle -crystal S r T i O a 
an oxygen dif fusion constant D 0 = 10" 5 — 10~ 4 cm 2 / sec over the tempera
ture range 700° < Τ < 975°C at p 0 2 — 1 0 - 3 a tm. Unfor tunate ly the i on i c 
conduct iv i ty of this spec imen was not measured. 

Stephenson a n d F l a n a g a n (106) have reported ev idence for some 
0 2 " - i o n conduct i on f r o m emf measurements of the c e l l P t , P b , P b 0 2 / 
P b Z r o . 5 3 T i o . 4 7 O 3 / C u , C u 0 2 , P t . T h i s result c o u l d reflect the existence of 
some P b 4 + ions on the Β sublatt ice , w h i c h w o u l d create oxygen a n d A - s i t e 
vacancies. 

Pyroch lores . T h e cub i c pyroch lore structure, corresponding to 
chemica l f o r m u l a A 2 B 2 X e X / , m a y be der ived f r o m the fluorite structure 
b y an order ing of A a n d Β cations w i t h i n the cat ion array a n d of an ion 
vacancies w i t h i n the an ion array. Cooperat ive atomic displacements 
accompany the o rder ing ( J 07 ,108) . 

T h i s structure has not been s tud ied extensively for i on i c conduct ion . 
M a z e l s k y a n d K r a m e r ( J 0 9 ) report a n i on i c transference n u m b e r t0 = 
0.57 for C d 2 N b 2 0 7 i n a ir at 850°C, t y p i c a l of a m i x e d e l e c t r o n i c / i o n i c 
intr ins i c conductor . O n the other h a n d , they f o u n d the conduct iv i ty of 
Pb i . 5 Nb 2 O e . { s to be almost exclusively electronic. 

C - t y p e L n 2 0 3 . L i k e tetratgonal B i 2 0 3 , the c u b i c structure of C - t y p e 
rare-earth sesquioxides can be d e r i v e d f rom the fluorite structure b y a 
cooperative o rder ing of one-quarter oxygen vacancies, but i n the manner 
i l lustrated i n F i g u r e 21 (110). T h i s has suggested to several workers 
the poss ib i l i ty of good 0 2 " - i o n conduct ion . 

T a r e a n d S c h a m l z r i e d (26) have s tud ied ion ic conduct i on i n G d 2 0 3 , 
D y 3 0 3 , S m 2 0 3 , a n d Y 2 0 3 over the temperatiure range 650° -900°C a n d 
pressure range 1 < p02 < 10" 2 a tm. B y measur ing the emf of a n oxygen 
concentrat ion ce l l , they used E q u a t i o n 17 to evaluate Ph* a n d p e * . T h e i r 
results are g iven i n T a b l e I I . 
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344 SOLID STATE CHEMISTRY 

Figure 21. Relation between (a) the fluorite and (b) the C-type Ln2Oi 

structures. Adapted from Ref. 95. 

Etsell and Flengas (111) measured the conductivities of compo
sitions in the L a 2 0 3 - C a O system as a function of temperature and oxygen 
partial pressure. At a p 0 2 < 10~7 atm, 0 2~-ion conduction was found; at 
higher p02 a p-type conductivity varying as p o 2

1 / 4 w a s observed. The 
0 2~-ion conduction increases by over two orders of magnitude with the 
first several mol % C a O but changes only marginally thereafter up to 
50 mol % CaO. Although its 0 2 " - ion conduction is relatively poor, this 
system is extremely resistant to reduction and may therefore be useful 
for measuring the thermodynamic properties of systems exerting very low 
oxygen potentials. 

Electrodes and Inter connect ors 

Cathodes. Besides the solid electrolyte, the cathode is the most 
significant materials limitation to the development of high-temperature 
fuel/electrolysis cells. For laboratory-scale evaluation of high-tempera
ture cells, the noble metals Pt, Pd, or A g have been used. However, 
these are too expensive for commercial purposes. 

According to Tedmon et al. (112) four classes of criteria must be 
satisfied before a potential cathode material can be considered for 
practical fuel cells : chemical, electrochemical, mechanical, and economic. 

(1) The chemical requirements, which must allow for the severe 
oxidizing environment in which the cathode operates, include: 

(a) chemical stability (against oxidation or nitrification) in 
air at and above 700 °C 

( b ) phase stability over the temperature range of operation 
(c) low vapor pressure, to minimize volatilization loss that 

would increase the electrical resistance 
(d) chemical inertness with respect to the electrolyte and lead 
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18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 345 

wires w h i l e m a i n t a i n i n g adherence to the electrolyte over the 
temperature range of operat ion. 
(2 ) T h e e lectrochemical requirements i n c l u d e : 

( a ) s m a l l back dif fusion a n d overpotentiajs so that the reduc 
t i o n / o x i d a t i o n of gaseous oxygen t o / f r o m ionic oxygen occurs 
smoothly a n d r a p i d l y ; a n d 

( b ) good e lectr ica l conduct iv i ty to m i n i m i z e ohmic loss at the 
electrode. 
(3 ) T h e m e c h a n i c a l requirements are: 

( a ) maintenance of any porosity r e q u i r e d for oxygen transport 
to the electrolyte; a n d 

( b ) maintenance of good e lectr ica l a n d p h y s i c a l contact be 
t w e e n the electrolyte a n d the l e a d w i re , w h i c h means good m a t c h i n g 
of the t h e r m a l expansions of electrode a n d electrolyte. ( M i s m a t c h 
of the thermal expansions m a y cause c rack ing of the ceramic electro
ly te as w e l l as p e a l i n g of the electrode. 
( 4 ) T h e economic requirement is s tra ight forward. A l t h o u g h the 

use of noble metals such as A g or P t i n electrodes or l ead wires m a y be 
justi f ied on the basis of h igher ce l l per formance (113) for some specialty 
appl i cat ions , i t m a y not be possible to bear the resul t ing increase i n the 
cost of the system. 

T h e w i d e var iety of materials that have been proposed a n d tested for 
cathodes m a y be grouped into three classes: metals, composites, a n d 
meta l l i c oxides. 

O n l y the noble metals can be used i n the h i g h l y o x i d i z i n g cathodic 
environment (114, 115, 116), a n d economic constraints l i m i t the i r use. 
Moreover , A u a n d A g are further l i m i t e d b y their h i g h vo la t i l i ty at 
e levated temperatures (117, 118, 119). Since composite systems, such 
as porous s tab i l i zed z i r con ia over a P t g r i d , must also use a nob le -meta l 
current collector, they too are considered i m p r a c t i c a l (112). A s imi lar 
judgment w o u l d u n d o u b t e d l y be made o n a cermet ( c e r a m i c / m e t a l 
m i x e d system ) electrode. Therefore , the most p r o m i s i n g class of cathode 

Table II. Parameters P h * and P e * for C-type L n 2 0 3 at 
Several Temperatures 

Compound Τ (Κ) log Ph*(atm) log Pe*(atm) 

1121 —4.1 —19.2 
S m 2 0 3 1059 —3.8 —21 

945 —2.6 —23 
1203 —3.7 < — 2 0 

G d 2 0 3 1078 —2.0 < — 2 0 
1003 —1.5 < — 2 0 
1133 —8.3 < — 2 0 

D y 2 0 3 1041 - 9 . 1 < — 2 0 D y 2 0 3 

940 —9.1 < — 2 0 
Y 2 0 3 1098 —4.2 —21.5 

β Adapted from Ref. 26. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

18



346 S O L I D S T A T E C H E M I S T R Y 
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Figure 22. Resistance change of a lithiated nickel oxide film showing 
the effect of Li evaporation at 1140°C. Adapted from Ref. 112. 

materials is the meta l l i c oxides. G o o d e n o u g h (120) has g iven a n i m p o r 
tant survey of the meta l l i c oxides, a l though not w i t h the cathodic a p p l i c a 
t i o n i n v i e w . 

T h e large n u m b e r of presently k n o w n meta l l i c oxides have yet to be 
adequate ly exp lored for use as cathode materials . T h e e lectronica l ly 
c onduc t ing oxides that have been s tud ied i n c l u d e L i - d o p e d N i O (112, 
121, 122), d o p e d Z n O (123, 124), S n 0 2 d o p e d w i t h Sb or T e (125), 
nonsto ichiometr ic perovskites such as P r C o 0 8 (112,126,127), a n d l n 2 0 3 

d o p e d w i t h S n , Sb , or T e (13,128). 
T h e system L i - p N i i ^ O contains χ holes per mo lecu le i n the N i 2 + : 3 d 8 

valence b a n d of the rocksalt structure. A t h i g h temperatures the holes 
are i o n i z e d f r o m the L i + acceptor centers. T h e y are l o w - m o b i l i t y , i t inerant 
holes (120, 129), not m o b i l e s m a l l polarons associated w i t h d i s t ingu ish 
ab le N i 8 + ions. U n f o r t u n a t e l y this system suffers f r o m the vo la t i l i za t i on of 
l i t h i u m at h i g h temperatures. T e d m o n et a l . (112) have observed a 
t r i p l i n g of the resistance of a porous Lio.1Nio.9O film after 150 h r at 
1 1 4 0 ° C i n a i r ( F i g u r e 2 2 ) . 

T a k a h a s h i et a l . (124) have demonstrated excel lent cathodic proper 
ties of the Z n O - b a s e d materials ( Z n O ) 0 .97 ( A 1 2 0 3 ) 0 .03 a n d (ZnO)0.95-
(ZrO 2 ) 0 . 05 . E l e c t r i c a l conduct iv i t ies of 1-10 ( Q c m ) ' 1 were f o u n d i n the 
temperature range 700° -1100°C , w h i l e the adhes iv i ty to C a O - s t a b i l i z e d 
Z r 0 2 , u n l i k e that of pure Z n O , is excellent; i t is also nonreact ive to the 
electrolyte. F i g u r e 23 shows the po lar i za t i on characteristics of the ca th -
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0.1 

Current density (mA / c m 2 ) 

Figure 23. The IR-free cathodic pohrization of doped ZnO cathode 
materials: (ZrOt)08S (CaO)0 l s electrolyte and pure oxygen as cathode 

gas. Adapted from Ref. 124. 

ode, w i t h the resistance overpotentials subtracted out. These data i n d i 
cate that (ZnO)o.97 (A1 2 0 3 )o.o3 a n d ( Ζ η Ο ) ι ^ ( Ζ Γ θ 2 ) Λ c a n replace P t as 
stable cathode materials i n the temperature range 800° -1000°C. 

B o h m a n d K le inschmager (125) a n d S v e r d r u p et a l . (13,128) have 
invest igated porous films of S n 0 2 a n d Sb -doped S n 0 2 vapor-desposi ted 
o n s tab i l i zed Z r 0 2 . S u c h films have been u s e d as transparent conductors . 
T h e conduc t iv i ty of S n 0 2 at 1000°C i n a i r is 1 0 8 ( O c n i ) " 1 . F i g u r e 24 
shows the vo l tage - current re lat ionship of a c e l l ( 125 ) . 
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Figure 24. The voltage-current relation of a cell: Ut -f- 3% Η,Ο 
(Ni) / doped ZrOt / (SnO, - 8.9 at % Sb), Ot. Adapted from Ref. 

125. 
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H 2 + 3 % H 2 0 ( N i ) / Z r 0 2 ( d o p e d ) / ( S n 0 2 - 8.9 a t . % S b ) 0 2 

where the electrode materials appear i n parentheses. Unfor tunate ly a 
m i s m a t c h of thermal -expansion coefficients ( a Z r o 2 — 11 Χ 10~6 a n d a S n o 2 

— 4.5 X l O - ^ C " 1 ) , a l though shght ly reheved b y Sb d o p i n g ( 1 3 ) , places 
this cathode mater ia l at a serious disadvantage. 

T e d m o n et a l . (112) have eva luated the perovskite electrodes 
L a C o O s a n d P r C o 0 3 ob ta ined f r om a s lurry a n d s intered i n s i tu as the 
ce l l was heated to operat ing temperatures. W i t h H 2 as the f u e l a n d an
as the oxidant , p o w e r densities of 300 m W / c m 2 at 1000°C a n d 600 
m W / c m 2 at 1100° C were obta ined for periods i n excess of 5000 hr . 

2h 

1 χ io"41 I I I 1 1 ' 
0 1.0 2.0 3.0 4.0 5.0 6.0 

Mole* [M/(M • In)] in Starting Solution 

Figure 25. Effect of doping on the resistivity of In2Os. Adapted from 
Ref. 13. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

18



18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 349 

Unfor tunate ly , P r C o 0 3 reacts w i t h Z r 0 2 i n a complex manner , a n d a 
thermal -expansion mismatch ( a P r coo 3 / a z r 0 2 > 2.5) causes spa l l ing of the 
cathode d u r i n g coo l ing . 

S h i r a i et a l . (130) invest igated C e 0 2 d o p e d w i t h Y 2 0 3 , F e 2 0 3 , L a 2 0 3 , 
C r , C o , a n d N i as w e l l as L a 2 0 3 doped w i t h C r , C o , a n d N i . A 60 -40 
w t % L a 2 0 3 - C o sample h a d the lowest resist ivity , a n d adhesiveness to 
Z r 0 2 was m u c h i m p r o v e d b y subst i tut ing Y for L a i n the system 
L a 2 . a . Y ; c 0 3 - C o . T h e y c l a i m that a fue l ce l l e m p l o y i n g this cathode c o u l d 
be operated above 1000°C, b u t details were not g iven. It w o u l d appear 
that their compos i t ion contains L a C o 0 3 , i n w h i c h case react iv i ty w i t h 
the so l id w o u l d be a prob lem. 

Sverdrup et a l . ( 13, 128) f o u n d a resist ivity m i n i m u m near 1-2 m o l 
% Sn , Sb, or T e as a dopant i n l n 2 0 3 (see F i g u r e 25 ) . I n 2 0 3 is stable 
at 1000°C, a n d Sn-doped l n 2 0 3 is used as a transparent e lectronic con
ductor . It has the C - type L n 2 0 3 structure of F i g u r e 21, w h i c h is closely 
re lated to fluorite. A t 25 °C , its pseudofluorite latt ice parameter , a0 = 
5.06 A , matches w e l l that of Z r 0 2 (a0 = 5.10 A ) , a n d the t h e r m a l expan
sions of the two compounds are s imi lar (131), as seen i n F i g u r e 26. 
Moreover , l n 2 0 3 is essentially unreact ive w i t h Z r 0 2 at 1000°C. P o l a r i z a 
t i on losses at the electrode c a n be signif icantly r educed b y a s imple 
reverse-current treatment, as c a n be seen i n the vo l tage - current curves 
of F i g u r e 27 for a film of l n 2 0 3 deposited o n s tab i l i zed Z r 0 2 b y chemica l 
vapor transport. Po lar i za t i on losses were also reduced w i t h a composite 
electrode consist ing of a d o p e d - I n 2 0 3 current col lector covered b y a 

1 1 1 1 1 1 Γ 

Temperature, °C 

Figure 26. A comparison of the linear thermal expansion characteristics of IntOs 

and stabilized zirconia. Adapted from Ref. 13. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

18



350 S O L I D S T A T E C H E M I S T R Y 

'600 

î 

1400H 

1200 

> 
1000 

800 
1 
a. ι ι 
UJ 
o 600 

o 

ÛJ 400 

200 

1 Ί 
Test In 10 2 

Electrode weight: 21 mg/cm 
Operating ρ/δ -0.68Ω 
Τ • 1000°C 

NQ - 200cc/min (26eC, latm) 

Acuve electrode area.- 1.3 cm 2 

Total drop before treatmen Total drop 
following reverse 
current treatment 

Resistive drop 
following reverse 
current treatment 

R -0.67Q 

^ ^ ^ ^ Resistive drop prior to 
reverse current treatment 

200 400 600 800 
Electrode Current, ma 

1000 1200 

Figure 27. Voltage-current characteristic of InsOs air electrodes. "Re
verse-current" treatment reduces the potential drop. Adapted from Ref. 

13. 

porous layer of Z r 0 2 impregnated w i t h one of the " c u b i c " perovskites 
P r C o 0 3 , N d C o 0 3 , P r N i 0 3 , or N d N i 0 3 (13). F r o m these observations, 
d o p e d l n 2 0 3 is a p r o m i s i n g a i r electrode for h igh- temperature f u e l / 
electrolysis cells operat ing at about 1000°C. 

A n alternat ive to a porous electrode is a m i x e d e l e c t r o n i c / i o n i c 
conductor . A s i l lus trated i n F i g u r e 28 for a n anode ( a s imi lar argument 
appl ies to cathodes ) , T a k a h a s b i et a l . (124) have p o i n t e d out that w i t h 
such a nonporous electrode the electrode react ion takes p lace over the 
entire electrode surface; i t is not conf ined to the por t i on adjacent to the 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.c
h0

18



18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 351 

electrolyte. T h i s s i tuat ion has been demonstrated w i t h a m o l t e n A g 
cathode h a v i n g a dif fusion constant D 0 — 10~5 — 10" 4 c m 2 / s e c (117,118, 
119). I f the D 0 of the electrode is comparab le w i t h that of the electrolyte, 
0 2 " - i o n dif fusion t h r o u g h the electrode is not rate -determining , a n d 
increas ing the effective electrode area reduces the po lar i za t i on losses. 
Since d o p e d a n d nonsto ichiometr ic perovskites have been s h o w n to have 
h i g h 0 2 _ - i o n conduct iv i t ies (101, 102, 103) a n d P r C o 0 3 to be good 
cathode materials , i t is reasonable to suspect that " P r C o 0 3 " is a m i x e d 
e l e c t r o n i c / i o n i c conductor . 

K u d o et a l . (132) have s h o w n that e lectronical ly c onduc t ing 
Ndi^Sra-CoOa-e a n d s imi lar perovskite systems are good cathode materials 

Electrolyte Particle of the electronic 
conductor 

Electrolyte 

/H 2 ( b ) 
L - H 2 0 

Particle of the mixed 
conductor 

Figure 28. Models of the anodic reaction zone show
ing the superiority of a mixed conductor: (a) elec
tronic conductor, (b) mixed conductor. (The hatched 
parts indicate the active reaction zone.) A simihr 
model is applicable to the cathodic reaction. 

Adapted from Ref. 124. 
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352 S O L I D S T A T E C H E M I S T R Y 

for room-temperature , a lkal ine -so lut ion a ir batteries; a n d O b a y a s h i et a l . 
(133) have measured 0 2 M o n diffusivities at 25°C i n the range Î O ^ - I O - 1 1 

c m 2 / s e c , w h i c h are very m u c h larger than those of o rd inary oxides. 
S i m i l a r results have been obta ined for " L a C o 0 3 " (134). It is reasonable 
to assume that the 0 2 ~- i on conduct ion is h i g h enough at e levated t em
peratures to character ize these systems as m i x e d e l e c t r o n i c / i o n i c con
ductors. S c h w a r z a n d A n d e r s o n (105) have reported a D 0 = 10" 5 -10" 4 

c m 2 / s e c i n r e d u c e d rut i l e i n the in terva l 700° < Γ < 950 C (see above). 
O b a y a s h i a n d K u d o (135) have s h o w n that L a N i 0 3 loses oxygen 

stepwise on ra i s ing the temperature i n a reversible , very fast react ion, 
suggesting that this meta l l i c c o m p o u n d is also a m i x e d conductor . It 
has been successfully used at 800°C as the cathode of a flow-through 
oxygen meter u s i n g s tab i l i zed Z r 0 2 as the so l id electrolyte. F i g u r e 29 
compares the a g i n g of L a N i 0 3 a n d porous-Pt electrodes (136). T h e 
dev ia t i on w i t h t i m e of the measured f r o m the theoret ical emf at the 
porous-Pt electrodes is caused b y aggregation of the p l a t i n u m . N o n -
porous L a N i 0 3 cathodes can be used successfully for more than 10 4 hours. 

Anodes . T h e condit ions under w h i c h anode materials operate are 
m u c h less severe, a n d good per formance has been reported for various 
metals such as T i , M n , F e , N i , C u , a n d P t (137) as w e l l as several oxides 
such as N i O , C r 0 3 , C o O , F e 2 0 3 , r educed T i 0 2 ( J 3 8 ) , V 2 0 3 (138), a n d 
U 0 2 (139). T a k a h a s h i et a l . (140) a n d T e d m o n et a l . (138) have 
repor ted excellent depo lar izat ion i n the m i x e d e l e c t r o n i c / i o n i c con 
ductors C e 0 2 - L a 2 0 3 a n d C e 0 2 - Y 2 0 3 , as s h o w n i n F i g u r e 30. 

Interconnectors. I n pract ice , i n d i v i d u a l e l e c t ro lys i s / fue l cells must 
be connected i n series to m a k e a ce l l stack (8, 13). F i g u r e 31 i l lustrates 
one possible conf iguration (141). T h e mater ia l used to interconnect the 

0 , 

one year 
-201 ± 3 i 

1 0 102 
t i m e ( h ) 

1 0 3 1 0 * 

Figure 29. Comparison of a LaNiOs and a porous-
platinum cathode: deviation of observed emf s from the 
theoretical value of the cell p 0 . = 10'4 atm, (Pt)/Zr085 

Ca015Olm85/cathode, air. 
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0 6 

S 0 4 

g 0 2 

Φ 

è ο 

οι I 10 100 

Current density ( m A / c m 2 ) 

Electrode material 
(I) ( C e 0 2 W Y 0 , . 5 ) o 4 (2) ( C e 0 2 W L a 0 i 5>04 
(3)Pt (4)(Zr02)o«(YO,.5)o. ,8 

Figure 30. Anodic polarization characteristics of various elec
trode materials at 1000°C. Adapted from Ref. 124. 

air a n d fue l electrodes of adjacent cells must be a good electronic 
conductor stable at operat ing temperatures i n b o t h the r e d u c i n g atmos
phere of the anode a n d the o x i d i z i n g atmosphere of the cathode. I t 
must also be read i ly made non-porous, since nei ther f u e l nor a ir s h o u l d 
penetrate through i t . 

Sverdrup et a l . (13) have s tud ied the n o r m a l sp ine l C o C r 2 0 4 , 
w h i c h is stable at oxygen p a r t i a l pressures ρθ2 > 10" 1 5 a tm. A t h i g h p02 

i t becomes a p-type semiconductor ; at l o w p02 i t is an η-type semicon
ductor . F i g u r e 32 shows resist ivity isotherms at 1000°C as a func t i on of 
Po2 (141, 142). D o p i n g w i t h V or M n lowers the resist ivity one to two 
orders of magni tude , especial ly at l ower po2. A n irrevers ib le loss of V 
occurs for ρθ2 > 10~ 1 0 a tm v i a ox idat ion a n d vapor i zat i on , w h i c h raises 

1 interconnecter 
2 electrolyte F i g m e 3 1 F o ^ f c f e s e r i e s 

3 cathode connection of a high-tem-
4 anode perature cell. Adapted from 
5 support Ref 1 4 1 
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- Undoped CoC 
Cr/Co= 1 9; 

1 1 
r?04 

1000°C -

X Cr/( 
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:o=2.29 CoCr̂  
by Sc 

D4asRtporM . 
rimalzried 

• -

r -

-8 -12 -16 
l o g P Q 2 ( a t m . ) 

Figure 32. Comparison of resistivities of two types of cobalt chro-
mite. Adapted from Ref. 141. 

the resist ivity . O n the other h a n d , M n - d o p e d C o C r 2 0 4 ( 2 - 4 m o l % Μ η ) 
was stable for over 26 days i n the r e d u c i n g f u e l atmosphere, a n d its 
resist iv ity was independent of c y c l i n g to a n o x i d i z i n g atmosphere (see 
F i g u r e 33) (141). It appears that M n - d o p e d C o C r 2 0 4 has the c h e m i c a l 
s tabi l i ty a n d a near ly tolerable resist ivity at 1000°C for use as a n inter -
connector m a t e r i a l i n a h igh- temperature e l e c t ro lys i s / fue l ce l l . 

K l e i n s c h m a g e r a n d R e i c h (143) have invest igated the e lectronica l ly 
c o n d u c t i n g perovskites d o p e d a n d / o r r e d u c e d L a N i 0 3 a n d L a C r 0 3 as 
w e l l as the inter layer c o m p o u n d L a 2 N i 0 4 . A t 1000°C the resistivities 
of the n o m i n a l composit ions L a 0 . 8 S r 0 . 2 C r o . 8 N i o . 2 0 3 a n d L a i ^ N i 0 . 9 C o 0 . i O 3 . 6 
changed very l i t t le over the range of oxygen p a r t i a l pressures 10~ 1 7 < 
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18. OBAYAsm A N D K U D O High-Temperature Electrolysis/Fuel Cells 355 

0 10 2 0 30 
time (day ) 

Figure 33. Resistivity of 2 mol % Mn-doped CoCr2Ou as a function of 
testing time. Adapted from Ref. 141. 

P o 2 < 1 a tm. A stabi l i ty test for Lao.8Sro.2Cro.8Nio.2O3 is recorded i n 
F i g u r e 34. 

T h e r e are m a n y meta l l i c oxides that have yet to be invest igated. 

Cell Technology 

F u e l Ce l l s . Several types of fue l - ce l l designs have been considered. 
A m o n g the paper studies, B a l l a n d B h a d a (144) have evaluated a p l a n a r -
c e l l design, L e i b h a f s k y a n d C a i r n s (1) have discussed the inf luence of 
fue l - compos i t ion change o n c e l l voltage, K u d o a n d O b a y a s h i (145) have 
ca l cu la ted ce l l per formance as a func t i on of b o t h ce l l geometry a n d f u e l 
composi t ion . T h e technica l feas ib i l i ty of coal -react ing fue l - ce l l p o w e r 

1 
1 

_ M,/M, 

ν 1 Β J 

1 M,/Og 

*h 1 

» 3 0 ζ Ζ 5 
t +• IhJ 

Figure 34. Resistivity of doped LaCrOs at 1000° C as a function of testing 
time. Adapted from Ref. 143. 
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150 
> 

Ζ 100 ι 
g 50 

Figure 35. Performance of a 100-
W solid-electrolyte fuel-cell battery 
operated at 1020°C. Adapted from υ u.o IJU 

Ref. 13. C U R R E N T ( A ) 

systems have been evaluated b y West inghouse E l e c t r i c C o . on a 100-W 
scale (13 ,141) . 

T h e institutions where ce l l -performance studies have been carr i ed 
out i n c l u d e G e n e r a l E l e c t r i c C o . , West inghouse E l e c t r i c C o . , B r o w n -
B o v e r i C o . , Bat te l l e Laborator ies at F r a n k f u r t a n d G e n e v a , a n d A . E . R . E . 
H a r w e l l . W e select the f u e l cells fabr i cated b y West inghouse E l e c t r i c 
C o . a n d B r o w n - B o v e r i C o . to i l lustrate ce l l -performance data. 

T h e West inghouse un i t consisted of two c e l l stacks connected i n 
p a r a l l e l to supp ly p o w e r to a l oad . E a c h stack conta ined 200 series-
connected cells. F r o m the per formance data of F i g u r e 35, the open-
c i r cu i t voltage at 1020°C is 190 V , a n d the m a x i m u m power is 110 W . 

T h e B r o w n - B o v e r i C o . has deve loped b o t h p lanar a n d c y l i n d r i c a l 
f u e l cells, especial ly the latter. T h e cells use a s tab i l i zed z i r con ia electro
ly te ( Z r 0 2 — Y 2 0 3 — Y b 2 0 3 ) w i t h a N i anode a n d a complex-oxide 
cathode. F i g u r e 36 i l lustrates a c y l i n d r i c a l structure of 100 series-
connected cells (146, 147). A i r is i n t r o d u c e d to the inner s ide of the 
electrolyte tubes a n d p u r g e d at the top of the c e l l stack. F u e l gas, w h i c h 
is ox id i zed non-e lectrochemical ly , is in t roduced to the outer compartment . 
B o t h the in let a n d the f u e l gas are preheated i n a counter-f low heat 
exchanger b y the exhaust. F i g u r e 37 gives the ce l l characterist ic ; power 
densities of 105 m W / c m 2 decreased to 35 m W / c m 2 after 10 4 hours of 
operat ion. 

E lec t ro lys i s Ce l l s . O p e r a t i o n of a h igh- temperature electrolysis c e l l 
to obta in hydrogen f rom water is essentially the same as that of a fue l 
ce l l , b u t i n reverse. W a t e r vapor is i n t r o d u c e d into the " f u e l " compart 
ment , a n d an external voltage is a p p l i e d across the electrodes to give 
the f o l l o w i n g reactions. 

cathode: H 2 0 + 2 e - » H 2 + O 2 " 

anode: 0 2 ~-> \02 + 2 e 

S u c h cells have been demonstrated b y m a n y workers (148,149,150). 
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18. O B A Y A S H i A N D K U D O High-Temperature Electrolysis/Fuel Cells 357 

Figure 36. Structure of a stack containing 100 series-connected 
ceils developed by Brown-Boveri Co. (a) Mixing nozzle, (b) 
thermal isolation, (c) afterburning catalyst layer, (d) reforming 
catalyst layer, (e,h) current collector, (f) flue gas recycling, (g) 

fuel-cell module. 

B r o w a l l a n d H a n n e m a n (151) have used a m i x e d e l e c t r o n / 0 2 " - i o n 
conductor a n d a r e d u c i n g gas to produce hydrogen f r o m water w i t h o u t 
the need for electrodes. T h e y have n a m e d the process G E Z R O . T h e 
funct ion of the r e d u c i n g gas is to l ower the temperature at w h i c h w a t e r 
dissociates. W i t h C O , for example, the reactions 

Ins ide : H 2 0 + 2e -> H 2 + 0 2 " 

Outs ide : C O + Ο 2 " - » C 0 2 + 2e 

J 0 0 

160 

| A O 

I20 

0 J 
0 100 200 300 400 

current density ( m Acm"2 ) 

Figure 37. Performance of H2 + 
3% HJD/air high-temperature 
fuel cell using a Zr02-Y205-
Yb2Os solid electrolyte 0.8 mm 
thick operated at 830°C. Adapted 

from Ref. 147. 
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"CATHOOE" REACTION 

H20 + 2 Γ — H ^ O ' 2 

"ANOOE" REACTION 

0-2+C0—C0J+ 2f 

NET REACTION* HgO • CO—> H2 • C0 2 

Figure 38. Schematic of self-dnven mode of hydrogen 
production using an oxygen-ion/electron mixed con

ductor. Adapted from Ref. 151. 

proceed at 1000°C w i t h o u t any a p p h e d voltage. A schematic of such 
a " se l f -d r iven" ce l l is shown i n F i g u r e 38. O v e r a l l t h e r m a l efficiencies 
of 6 0 - 7 0 % are ant ic ipated . T h e o p t i m u m transference numbers for the 
m i x e d e l e c t r o n i c / 0 2 " - i o n conductor are t0 = U = 0.5, b u t l i t t le w o r k has 
been done to obta in a n o p t i m u m mater ia l . 

Summary 

R e a l i z a t i o n of c o m m e r c i a l h igh-temperature cells awaits the so lut ion 
of several materials problems. Idea l ly , h igh- temperature cells w o u l d b e 
used for electrolysis, med ium-temperature cells for p o w e r generat ion. 
D e v e l o p m e n t of a medium-temperature c e l l u t i l i z i n g a s o l i d electrolyte 
p r o b a b l y awaits the discovery a n d deve lopment of a suitable pro ton 
conductor , a p r o b l e m not discussed i n this paper. H o w e v e r , w i t h the 
r i s i n g cost of fossi l fuels, the mot ivat i on for deve lop ing a h igh - tempera 
ture electrolysis c e l l is strong, a n d such cells can prov ide a test -bed for 
o p t i m i z i n g c e l l designs. 

T h e 0 2 " - i o n conductors used as s o l i d electrolytes are not satisfactory 
at present. T h e most w i d e l y invest igated, the s tab i l i zed z irconias , have 
too h i g h a resist iv ity ( 1 0 - 2 0 Ω-cm at 1000°C) , a n d efforts to find 
alternate electrolytes of l ower resist iv ity have been on ly p a r t i a l l y suc
cessful. T h e d o p e d cerias such as C e i _ 2 a , G d 2 i P 0 2 _ , p ( x = 0.115) have better 
0 2 " - i o n conduct i on b u t are not sufficiently resistive to r e d u c i n g atmos
pheres. A satisfactory electrolyte must have the f o l l o w i n g propert ies : 

( a ) a n 0 2 " - i o n conduct i on at 700°C greater t h a n the best Cei . 2 « -
G d 2 a ; 0 2 . i p a n d w i t h an oxygen transference n u m b e r to-*1.0; 
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( b ) chemica l s tabi l i ty over a w i d e range of oxygen p a r t i a l pressures, 
ΙΟ" 3 0 £ P02 * 1 a t m ; 

( c ) m e c h a n i c a l s tabi l i ty , especial ly no crysta l lographic modi f i cat ion 
over a w i d e range of temperatures; 

( d ) c h e m i c a l inertness to f u e l a n d electrodes as w e l l as a t h e r m a l 
expansion m a t c h i n g that of the electrodes; a n d 

(e ) invar iance d u r i n g current transfer. 
T h e choice of electrode materials is in f luenced b y the electrolyte 

used. I n add i t i on to matched t h e r m a l expansions the electrodes must be 
chemica l ly stable a n d cata lyt i ca l ly reactive at the operat ing temperature 
of the ce l l . K n o w n electrode materials are acceptable for operat ing 
temperatures of 700°C, but at 1000°C their c h e m i c a l stabil it ies are 
inadequate . T h e most p r o m i s i n g cathode materials are e lectronical ly 
c onduc t ing oxides, a n d the m i x e d e l e c t r o n / 0 2 " - i o n conductors give excel 
lent depo lar izat ion . A search for more suitable m i x e d conductors s h o u l d 
be encouraged. 

Interconnectors must b e chemica l ly stable over a w i d e range of 
oxygen p a r t i a l pressures, a n d a search for acceptable materials has bare ly 
begun . T h e conduct iv i ty of d o p e d C o C r 2 0 4 is m u c h too l o w . A l t h o u g h 
several institutions have s tud ied fue l - ce l l per formance , c e l l des ign has 
not been o p t i m i z e d for heat transfer a n d m e c h a n i c a l strength. 

H i g h - t e m p e r a t u r e a n d med ium-temperature cells u t i l i z i n g so l id elec
trolytes offer great potent ia l for the economic manufac ture of synthet ic 
fuels a n d for more efficient p o w e r generation w i t h b u i l t - i n storage 
capac i ty for l o a d averaging. T h e r e q u i r e d materials research s h o u l d be 
supported . 
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chromium-nickel 229 
nickel-chromium 229 

Alumina 229 
0-Alumina layer structure, 

schematic of 192 
/3"-Alumina ceramic electrolyte . . . 207 
Aluminum oxide 226 
A N 214 
Anabena cylindrica 100 
Anaerobic fermentation of algae . . . 98 
Anion polarizability, effect on 

cation mobility 201 
Anisole 310 
Anodes 352 
Anodic current at η-type semicon

ductors, photoeffect on 44 
Anodic dissolution of photon 

absorber by TiOa coatings, 
prevention of 67 

Anti-Beevers-Ross sites 192 
Azobenzene 310 
AzoUa 100 

Β 
Bacteria, photosynthetic 98 
Bacteriochlorophyll 105 
Bacteriopheophytin 105 
Band gap 116,120 

energy 75 
Batteries, secondary, energy 

storage in 2 
Batteries, secondary, high-

specific-energy 179 
Batteries, sodium-sulfur high-

specific-energy 180 
Beevers-Ross sites 192 
Beta phase 259 
Bismuth 202 
Bismuth-containing oxides 202 
Born equation 43 
Bottleneck barrier 200 
Boudouard reaction 17 

Bronzes 
molybdenum 168 
oxides 165,167 
tungsten 167 
vanadium 169 

C 

Cadmium selenide 79 
-based photoelectrochemical cells, 

power conversion efficiency 
using 88 

photoelectrodes 71 
stabilization of 77 

Cadmium sulfide 77,79 
Calvin-Benson cycle 97 
Carbon, oxidation of 6 
Carbon monoxide 15 

hydrogénation 17 
oxidation of 6 

Catalyst(s) 
deactivation 23 
Fischer-Tropsch 19 
metal 17,24 
nickel 29 
nickel/alumina 19 
palladium 28 
Zeigler-Natta 298 

Cathodes 344 
Cation-exchange capacity 301 
Cation mobility, effect of anion 

polarizability on 201 
C.e.c 301 
Cell(s) 

electrolytic 179 
silicon solar 134 
solar, cost of 127 
technology 355 

Ceramic electrolyte 205 
/3"-alumina 207 

Cemegieite 182 
Chalcogenides, transition-metal . . . 304 
Chlorobenzene 310 
Chlorophyll, antenna 101 
Chlorophyll, light harvesting 101 
Chromium-nickel alloys 229 
Chromium oxide, attack by sodium 

sulfate 230 
Coal 1,15 

liquification 3 
Coatings, solar selective 162 
Coatings, T i O a prevention of anodic 

dissolution of photon absorber 
by 67 
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368 S O L I D S T A T E C H E M I S T R Y 

Collector, solar, flat-plate 150 
Conservation 284 
Cooling, solar 271,273 
Corrosion, hot 225 

definition 226 
phenomenology of 229 

Corrosive agents 227 
Cost of solar cells 127 
Crystallographic principles 180 
Current-voltage properties 81 
C V D 134 
Cyclododecatrienes 299 

D 

Data, ionic conductivity 196 
Deacon equilibrium 6 
Debye-Waller factor 184 
Decomposition of water by 

thermochemical cycles 5 
4,4'-Diamino-frans-stilbene 309 
Dibenzene titanium 299 
Dickite 301,304 
Dihydrides 285 
Diodes 

metal-insulator-semiconductor . 125 
Schottky barrier 124 
semiconductor 109 
as solar cells 113 

Diphenylethylene 309 
Double-jump transport process . . . . 193 

Ε 
Efficiency 

fuel-cell energy 332 
power conversion 86 
quantum 48 
storage, maximum theoretical . . . 75 

Electric generators, wind-powered . 94 
Electrode(s) 344 

reactions at a semiconductor-
solution interface, photo-
effect on 36 

Electrolysis cells 3,316,356 
Electrolyte(s) 

β"-alumina ceramic 207 
ceramic 205 
new solid 181 
0 2 + - ion solid 319 
polysulfide 77 
solid 242 

properties of 182 
stability of η-type photoelectrode 

in aqueous polysulfide 78 
Electrolytic cell(s) 2,179 
Electrolytic domain 323 
Energy 

band gap 75 
efficiency, fuel-cell 332 
farming 98 
requirements, future 33 
reserves in the United States . . . 94 

Energy (continued) 
solar 93 

calculated hydrogen production 
rate using photo-driven 
cells 54 

sources , 15 
storage in secondary batteries . . . 2 

Enthalpy 37 
Entropies of binary hydrides 291 
Epsilon phase 259 
Europium 285 
Evaporation 134 
Extractive metallurgy 230 

F 
Farming, energy 98 
Fermentation of algae, anaerobic . . 98 
Ferroelectrics 201 
Film, transparent heat mirror 150 
Films, heteroepitaxial 134 
Fischer-Tropsch catalysts 19 
Fischer-Tropsch synthesis 16 
Fluorite-related materials 240 

in energy-winning roles 242 
Fluorite-related ordered phases . . . 247 
Fluorite-related oxides for the 

nuclear industry 245 
Fluorites 323 
Fossil fuel( s ) 1,93 
Free energies of formation 290 
Fuel 

automotive, methanol for 13 
cells 316,355 

criteria for 344 
energy efficiency of 332 

conversion of organic waste, 
plants, and algae into 107 

fossil 1,93 
nuclear 1 

Fused oxides 230 

G 
Gallium phosphide 35 
Germanium 34 
Greenhouse effect 95 

H 
Halogenides 7 
Hatch-Slack pathway 97 
Heat engine 94 
Heat mirror(s) 

film, transparent 150 
thermal stability of 150 
transparent 152 

Heating, solar 94,95,271 
Helium 7 
Heterodiodes 124 
Heteroepitaxial films 134 
Hollandite structure 188 
Hot corrosion, definition 226 
Hybridization, ease of 202 
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I N D E X 369 

Hydride(s) 
entropies of binary 291 

iron-titanium 273,276,277 
new alloy 278 
solid metal 271 
stability 288 

Hydrocarbons, catalytic synthesis 
of 15 

Hydrogen 1,15 
cost 3 
distribution 9 
production 2,3 

in a photoelectrochemical cell . 36 
photosynthetic 98 
rate from solar energy using 

photo-driven cells 54 
safety problems 12 
storage 9 
uses 3 

Hydrogenase 99 
Hydrogénation, carbon monoxide . 17 
Hyoxanthine 307 
Hypothesis, acid-base 230 

I 
Intercalate, tetrahydrofuran 304 
Intercalates, sheet-silicate 301 
Interconnectors 344, 352 
Intermetallic compounds 285 
Ionic conductivity data 196 
Iota phase, calculated images of . . 255 
Iota phase, observed images of . . . 257 
Iron-titanium hydride 273,276,277 
Isostructural series 195 

Κ 
Kaolinite 301,304 

L 
Laser hosts 247 
Leucothionine 104,105 
Liquification of coal 3 
L P E 134 
Lutetium 285 

M 
Madelung energy 186 
Magnesium 

compounds 229 
sulfate 229 
vanadates 229 

Metal catalysts 17, 24 
Metal-hydrogen systems 289 
Metal-insulator-semiconductor 

diodes 125 
Metal titanates, photoelectro

chemical reactions on 65 
Metallurgy, extractive 230 
Methacrylonitrile 314 

Methanation 19 
Methanol for automotive fuel 13 
M g O / A u film 160 
Mirror, heat, thermal stability of . . 150 
Mirrors, transparent heat 152 
MIS 125 
Molybdenum bronzes 168 
Montmorillonite 301-313 
Montmorillonites, transition-metal 

exchanged 304 
Mullite 235 

Ν 
Naphtha 3,16 
Nemst glowers 242 
Nernst mass 319 
Network formed by linked 

octahedra 183,189 
Network formed by linked 

tetrahedra 182,189 
Nickel/alumina catalysts 19 
Nickel catalysts 29 
Nickel-chromium alloys 229 
Niobates 201 
Niobium 285 
Nitrogenase 99 
Nuclear 

control materials 247 
fuel 1 
industry, fluorite-related oxides 

for the 245 

Ο 
O z + - ion solid electrolytes 319 
Ocean thermal gradients 94,95 
Octahedra, linked, network formed 

by 183 
Octahedra and tetrahedra, linked, 

network formed by 189 
O H P 42 
Oil 1 
Oil shale 1,15 
O P E C 284 
Open circuit photopotential 81 
Optical Bom energy 42 
Ordered phases, fluorite-related . . . 247 
Organic waste, conversion into fuel 107 
Oxidation of carbon 6 
Oxidation of carbon monoxide 6 
Oxide bronzes 165 

structures of 167 
Oxides, bismuth-containing 202 

Ρ 
Peltier effect 135,146 
Perovskite(s) 340 

cubic 341 
structure 166 

Phase transformations 264 
Phenomenology of hot corrosion . . 229 
Phosphors 247 
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370 S O L I D S T A T E C H E M I S T R Y 

Photocurrent 122 
Photoeffect on the anodic current 

at η-type semiconductors . . . . 44 
Photoeffect on electrode reactions at 

a semiconductor-solution 
interface 36 

Photoelectric devices 94,102 
Photoelectrochemical 

cell(s) 72 
CdSe-based, power conversion 

efficiency using 88 
CdSe-based, quantum effi 

ciency for electron flow 
for 89 

hydrogénation production in . 36 
properties of TiO* film 62 
reaction on TiOa single crystal . 58 
reactions on metal titanates . . . . 65 

Photoelectrode, η-type, in aqueous 
polysulfide electrolytes 
stability 78 

Photoelectrodes, cadmium selenide 71 
Photoelectrolysis of water 71 
Photon absorber by TiO* coatings, 

prevention of anodic dissolu
tion of 67 

Photon absorption 38 
Photopotential, open circuit 81 
Photosynthesis 93 
Photosynthetic 

bacteria 98 
hydrogen production 94, 98 
systems 94 

Photovoltage 115 
Plants, conversion into fuel 107 
Polarizability 202 

anion effect on cation mobility . 201 
Polybutadiene 299 
Polysulfide electrolytes 77 

stability of η-type photoelectrode 
in aqueous 78 

Power conversion efficiency 86 
using CdSe-based photoelectro

chemical cells 88 
Power, solar 109 
Priderite 188 
Pseudophases, definition 249 
Pyrochlore(s) 343 

defect 186 
structure, ideal formula for . . . . 196 

Q 

Quantum efficiency 48 
for electron flow for CdSe-based 

photoelectrochemical cells 89 

R 

Radiation losses 149 
Raney nickel 19 
Rare earth oxides, texture in the 

binary 249 

Redox cycles 8 
Refining, zone 135 
Rule of reversed stability 279 

S 

Safety problems with hydrogen . . . 12 
Samarium 285 
Schottky barrier diodes 124 
Selective-black absorbers 151,159 
S E M 210 
Semiconductor ( s ) 

diodes 109 
investigated photoelectro-

chemically 34 
photoeffect on the anodic current 

at n-type 44 
-solution interface, photoeffect 

on electrode reactions at . . . 36 
p-type 38 

SiC 226 
SiaN* 226 
SiO a 226 
Silicate intercalates, sheet 301 
Silicates, sheet, structural 

characteristics of 301 
Silicon solar cells 134 
Sn-doped In 2O a film 156 
S N G 19 
Sodium 

chromate 235 
-sodium cell( s ) 209 

schematic of 208 
sulfate 227 

attack of chromium oxide by . 230 
-sulfur battery, application of . . 207 
-sulfur cell( s ) 212 

after testing, examination of . . 216 
materials costs estimate for . . 222 
schematic of 206 

-sulfur high-specific-energy 
batteries 180 

Solar 
cells 109 

cost of 127 
diodes operating as 113 
silicon 134 

collector, flat-plate 150 
cooling 271,273 
energy 93 

using photo-driven cells, 
calculated hydrogen 
production rate from 54 

heating 94,95,271 
power 109 
radiation, normalized 151 
selective coatings 162 

Solid electrolytes 181,242 
properties of 182 

Specific-energy secondary batteries, 
high- 179 

Spinach 100 
Sputtering 134 
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I N D E X 371 

Stability 
hydride 288 
reversed, rule of 279 
of η-type photoelectrode in 

aqueous polysulfide electro
lytes 78 

Stabilization of CdSe 77 
Steam-carbon process β 
Steel production 3 
Storage 

efficiency, maximum theoretical . 75 
energy, in secondary batteries . . 2 
of hydrogen 9 

Structure 249 
Sulfation attack, definition 226 
Sulfur electrode 205 
Synthesis of hydrocarbons, 

catalytic 15 

Τ 

Tantalates 201 
Tantalum 285 
Tar sands 15 
Tetrahedra, linked, network 

formed by 182 
Tetrahedra, network formed by 

linked octahedra and 189 
Tetrahydrofuran intercalate 304 
Texture in the binary rare earth 

oxides 249 
Thermal 

gradients, ocean 95 
stability of heat mirror 150 
storage 272 

Thermodynamic cycles, classifi
cations of 6 

Thermoelectric generation 177 
Thionine 104,105 
Thoria-rare earth oxide systems . . 244 
Titanates, metal, photoelectro

chemical reactions 65 
Titanium dioxide 34, 35 

coatings, prevention of anodic 
dissolution of photon 
absorber by 67 

film, photoelectrochemical 
properties 62 

single crystal, photoelectro
chemical reaction on 58 

T O T 301 

Transition-metal 
chalcogenides 304 
exchanged montmorillonites . . . . 304 
oxides 7 

Transparent heat mirrors 152 
Transport, alkali-ion 179,193 
Transport process, double-jump . . . 193 
Triphenylamine 309 
Tungsten bronzes 167 
Turbine, wind-powered 94 
p-Type semiconductor 38 

U 
United States, energy reserves in . . 94 
Uranium dioxide—rare earth oxide 

systems 245 

V 
Vanadium 285 

bronzes 169 
dihydride 276 

Vermiculite 301 
Vinylcyclohexenes 299 

W 
Water, decomposition by thermo-

chemical cycles 5 
Water photoelectrolysis 71 
Welsbach gas mantles 242 
Wigner-Seitz 288 
Wind 94,107 
Wind-powered electric generators . 94 
Wind-powered turbine 94 

Y 
Ytterbium 285 

Ζ 
Zeigler-Natta catalysts 298 
Zeta phase 259 
Zirconia(s) 4 

-Hafnia-based materials 242 
stabilized 320 
yttria-stabilized 319 

Zone refining 135 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
63

.ix
00

1




