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Abstract 

A contribution to the understanding of the complex behaviour of the cathode in molten carbonate fuel cells, focussing on the oxygen 
reduction mechanism and the lilhiatioa process, is presented in this paper, As a first step, the thermodynamic stability ranges of oxygen and 
nickel species are established, The electrochemical behaviour of superoxide and oxide species, unstable in the carbonate melt but locally 
created in the diffusion layer, is investigated according to the acidity conditions. Nickel recovered in situ by nickel oxide is analysed by 
X-ray diffraction and vohammetric techniques. The lithiatinn and dissolution of nickel oxide are more particularly described. 
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1. I n t r o d u c t i o n  

The improvement of the lifetime of molten carbonate fue i 
cells (MCFCs) requires a better understanding of two impor- 
tant aspects occurring at the cathode: (i) the oxygen reduc- 
tion mechanism, and (it) the corrosion of the state-of-the-art 
nickel cathode recovered by nickel oxide. 

Although it is well known that the reduction process 
involves reduced oxygen species, such as O2-,  O~. 2 (or 
O - ) ,  there are several controversial interpretations in the 
literature, see Refs. [ 1,2]. On the one hand, we have postu- 
lated that this complexity could be due to the fact that, under 
the acidic MCFC conditions (high pCO2), these species do 
not exist quantitatively in the bulk of the molten eutectie 
because of their thermodynamic instability. On the other 
hand, we have characterized in most of the carbonate eutectics 
the redox systems relative to these species in basic conditions 
under very low pCOv 

The electrochemical behaviour of the NiO/Ni cathode has 
been investigated by different authors, mostly in Li2CO3- 
K2CO 3 melts [3-7] ,  in L i z C O 3 - N a 2 C O  ~ [8,9], and in 
Li~CO3-Na2CO~-K2CO3 in the authors' laboratery [ I01. 
Nevertheless, the determination by electrochemical tech- 
niques of the s i n  solubility and a precise description of the 
lithiation phenomenon have not yet been achieved in Li2COa- 
K.~CO~ eutectie. 
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Our principal aim in this work was to establish, in the acidic 
MCFC conditions, a general frame for the study of the two 
mentioned aspects affecting the cathode behaviour in 
Li2CO3-K2CO3 eutectic. Different methods have been used: 
(i) thermodynamic predictions of  the stability domains of 
oxygen and nickel species; (it) voltammetric studies of the 
redox systems relative to oxygen reduction and lithiated 
nickel species, and Off) X-ray diffraction analysis in order 
to give experimental evidence for the tbrmation of  lithiated 
nickel oxide. 

2. Thermodynamic predictions 

Thermuchemical data for oxygen and nickel species were 
extracted from the literature [ 11-14|.  Stability domains of 
oxygen and nickel species were established as a function of 
the acidity of Li~CO~-K2CO3 eutectic, as described in pre- 
vious papers [ 1, I 0]. As no data were found concerning lith- 
ium-nickel and potassium-nickel compounds, they were not 
considered in the pob:ntial-acidity diagrams. 

Fig. 1 shows a potemial-acidity diagram of  the binary 
eutectic at 650 *(2, The limits reported arc: oxidation (02, 
022 orOz- formation),basicity (LizOsaturation) andacid- 
ity (pCO2 at I arm). The reduction limit was omitted. Under 
standard conditions, molecular oxygen (pO.~ = I arm) is sta- 
bilized under high pCO2 (acidic media) and O2 2- ( activity: 
I ) under very Iow,o(20., (basic media). At pCO2 0. I arm, in 
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Fig. I. Electrochemicvl stability domain of oxygen species in molten 
Li2CO~-K:CO3 (42.';-57.3 tool%) at 650 °C calculated from thermo- 
chemical data [ 11.12]. 

the usual conditions of MCFCs, neither peroxide nor supe- 
roxide species can be stabilized even for activities as low as 
10 -+. Nevertheless, these species could be present at very 
low activity values: ]0 -5 for peroxide and 10 -7 for 
superoxide. 

Fig. 2 represents the stability domains of nickel species, 
excluding the lithiated compounds. Although NiO is stable 
whatever the acidity level, a small dissolution can be observed 
in acidic media (NiCO3 at an activity of about 10-6). 

3, Experimental 

Lithium-potassium molten carbonates (42.7-57.3 m/o, or 
62-38 m/o),  lithium oxide and potassium superoxide were 
prepared from Merck reagents of analytical purity ( > 98% ). 
Nickel carbonate was a Strum Chemicals Inc. reagent. Elec- 
trochemical measurements were performed with an Electro 
Kemat potentiostatic system ( E.K. E390 Model) controlled 
by an IBM/PS2. X-ray diffraction was carried out with a 
CGR type Tlt6ta 60 diffractometer using a Co Ka radiation 
(A= 1.789/~). The working microelectrodes were gold pla- 
nar discs with a diameter between I and 1.6 mm or a nickel 
wire with a diameter I mm. Gold ultramicroelectredes with 
a diameter 200 ~m were described in Ref. [ 15]. The refer- 
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Fig. 2. Electrochemical st abilily domain of nickel species in molten Li,CO~- 
K2CO+ (62-38 tool%) at 650 °C calculaled from thermochemical data 
111-14]. 

ence electrode was a silver wire dipped into an Ag2SO4 ( 10 - 
tool kg ~) eutectic melt. Electrochemical cell and experi- 
mental procedures were fully described in Refs. [ I, 101. 

4. Electrochemical characterization of oxygen systems 

In Fig. 3, voltammogmms are reported in Li2CO3-K2CO3 
(62-38), under pCO2 = I a tm  for different start potentials. 
The reduction current at about -O.I to 0.1 V versus Ag+/  
Ag is related to the anodic limit d u e  to the carbonate oxida- 
tion. When the start poteutial is lower than 0 V, no reduction 
current was observed. On the contra;y, lh~ :ummt increases 
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Fig. 3, Cyclic voltammograms at a gold uRramicroelectrode (surface area 
(St = 1.26X 10 -'~ cm*') ill molten Li.,CO1-K:CO~ (62-38 mol%) at 650 
~C and pCO, = I atm for diffexent start potentials: (a) 0.15 V; (b): 0.10 V; 
(c )  0.05 V,  and (d )  0.O0 V vs. Ag*  l A g ) ;  u = 0 . l  V s -  =. 
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Table I 
Standard potentials E*( V ) of o~ygen syslcms at 656 ~C calculated from thermochemical data [ } I .I 2 I. Reference Li~OiO~ 

OJLi~O LiO,/[ !.O Li.O./Li:O LiO;/Li~O~ LizCO JLiO.~ Li_-CO~/Li_,O_~ Li_~COdO, 

0.00 0.280 - 0.080 1.000 0694 0.~60 0.42-I 

300 . . . , . . . , . . . , . . . , .  

too : . 

.2%:, L ' " L  0 o'2 
E(V I Ag * I A s) 

Fig. 4. Development of cycl ic voltammograms at a gold clcclrode 
(S=2.01 x 10 ~'cm ~1 in mollen LieCO~K2CO~ (42.7-57 3 tool%) at650 
°C and pCO_~ = 0. t aim 4-pO: = 0.9 atm for scan rates, i,. of 0.2.0.8 and 16 
V s-  i: start polenlial = 0. I S V vs. Ag ~/Ag. 

wi th  increas ing va lues  o f  the start potential .  T h i s  tends to 

prove  that the reduced species  proceeds  f rom selvent  oxida-  

t ion and d o  not  exist  s ignif icant ly in the bulk  of  the molten 
euteetic.  It ha:; been sugges ted  in the literature I I I that the 
species  respons ib le  for  this  reduct ion current  is ei ther  a supc- 
rox ide  or  a peroxide  species ,  probably  created in the diffusion 

layer by  the reaction be tween  molecu la r  oxygen,  p rodaced  at 

the anodic  l imit ,  and carbonate  ions. T h e  same behaviour  was  
observed  under  p C O : = O . I  a t m + p O 2 = 0 . 9  arm and in 

Li2CO3-K2CO3 ( 4 2 . 7 - 5 7 . 3 ) .  
The  deve lopmen t  of  cycl ic  v o f t a m m o g r a m s  in the last men-  

t ioned eutectic fi)r di f ferent  scan rates is reported in Fig. 4. 
The  plot  o f  the reduct ion current  with  ~u  is linear, indicat ing 

that it is d i f fus ion  control led.  Accord ing  to the calculated 

the rmodynamic  s tandard potent ia ls  g iven  in Table  I and to 

the fact that addi t ion  of  po tass ium supevoxide in the mel t  
increased th,~s current ,  it should  be attr ibuted to superoxide 

species.  
Th e  value  of  the ha l f  reduct ion peak wid th  for a non-uni t  

order  sys tem ( O x  + ne ",~ 2Red )  [ I ] is in agreement  with  the 

hypothes is  o f  a three-electron revers ible  process.  Therefore ,  

the reduct ion can be descr ibed  as: 

O2 -  + 3e - "~ 2 0  2 - ( 1 ) 

fo l lowed by  the s low neutral izat ion of  oxide  ions: 

O ' - -  + C O  '= 'CO3 z ( the  rate constant  o f th i s  reaction is low 

enough  to cons ide r  that C O ,  doc:i not  participate in the reduc- 

tion m e c h a n i s m  [ I I ). 
Fig.  5 represents  the deve lopmen t  of  cyclic  vo l t ammo-  

g r ams  in LizCO~-KoCO3 ( 4 2 . 7 - 5 7 , 3 )  after addit ion of  
5 × I 0 -  s mol  o f  NazO2. An e lect rochemical  sys tem appears 

wi th  a reduct ion peak current  at - 0 . 3 9  V versus  A g  ~ / A g  
and an oxidat ion peak current  at - 0 .26  V versus  A g  ~ / A g .  
The  reduct ion current  was  attributed to the peroxide species,  
which  is in accordance with results  in basic media ,  see Rel:  
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Fig. 5. Development of cyclic vohammograms at a gold electrode 
I S = 2.01 × 10 - ~ cmz ) in molten Li:CO~- K:CO, ( 42.7 57.3 tool% ) at 650 
°C and pCO,=0.1 atm+pO,=0.9 aim after addition of 5× 10 -~ tool 
NazO:: (a) 4 rain: [ b) 6 min, and to) 8 min: slarl potential = 0 V vs. Ag* / 
Ag. 

[ I ] .  T h i s  current  decreased wi th  the s low neutral izat ion 
(5 × 10 " mol  s -  h ) o f  peroxide  species  wi th  CO_~. Ana lys i s  

o f  the redox sys tem is in agreement  with  a reversible  second-  

order  non-uni t  reaction: 

0 2  z -  + 2 e -  " ,~20" -  ( 2 )  

fo l lowed by the s low neutral izat ion of  ox ide  ions.  

5.  E l e c t r o c h e m i c a l  c h a r a c t e r i z a t i o n  o f  n i c k e l  s p e c i e s  

Fig.  6 represents  the ripen-circuit  potential  ( O C P )  of  a 

nickel  foil d ipped  in LizCO3-K2CO3 ( 6 2 - 3 8  ) at 650  °C under  
pCO2 = O. I alto + pO., = 0.9 arm. The  potent ia l  was  init ial ly 

about  - 0 . 9 0  V,  which  may  cor respond to the N i O / N i  sys- 

tem.  Then  the nickel surface was  recovered wi th  N iO  and the 
potential  increased, probably  because of  the influence o f  a 

lid,i~:Con process  [ 3 ,10] .  The  potential  reached a s table value 
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Fig. 6. Open-circuit polenUa! of an nickel eleclrode in molten [.i~CO~- 
K.~CO¢ t62-3g tool%) at 650 °C andpCO:-O I a t m + p O : = O 9 a l m .  
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Fig, 7. X-ray diffraction pollen1 of an nickel foil after treatment in mollcn 
Li2CO~K:CO~ ( 62-38 mot% ) at 650 °C under pCO, - 0. I arm + pO2 - 0.9 
atm: ( A ) general diffraction patlern, and t B) delail 

after 32 rain which means, according to Nishina et al. [ 3], 
that the lithium insertion in the NiO latdcc should be totally 
achieved. After this OCP treatment, the nickel foil was 
removed from the molten carbonate, air-cooled, rinsed [ 16] 
and characterized by X-ray diffraction. Ni and NiO lines arc 
reported in Fig. 7(a). Three other lines (102), (110) and 
( 220). identified in the X-ray pattern, correspond to the lith- 
luted compound: Li~Ni~ _ ~O [ 17,18 ]. Line ( 104 ), relative to 
the lithiated compound, is partially masked by line Ni( 11 | ), 
as shown in Fig. 7(b). 

The electrochemical behavioar of a nickel electrode in the 
same eutectic, under the same conditions, is shown in Fig. 8. 
A complex reduction current is observed with the principal 
component at - 1.22 V. The associa;ed oxidation current. 
also complex, is located at about - 1.02 V. The principal 
reduction and oxidation peak currents were plotted as a func- 
tion of the scan rate. These plots are linear versus u when 

< I V s-  t (homogeneous difusion) and linear versus ~/v 
when v > 2 V s-  J ~ semi-infinite diffusion). Th,s behaviour 
is characteristic for an intercalation process, according to 
Armand et al. [ 19]. The electrochemical system involved 
could be probably described as: 

Li3Ni~_~O+zLi* + z e -  ~Li,+~Ni~ _,O (3) 

~0 " ' ' ' ' ' J ' ' " t~  " ' ' ' ' ' " ' ' 
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E ( v l ~ ' ~ ^ g }  

Fig. 8. Cyclic voltammogram at a nickel electrode in molten Li:COj-K .~CO~ 
(62-38 mol%) at 650 ~C and pCO2 = 0.1 atm +pO~ = 0.9 aim; ~, =0.05 V 
s t; start potential = - 0.6 V vs. Ag +/Ag. 
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Fig. 9. Cyclic voltammogram at a gold electrode (S: 2.01 X 10 - :  cm z ) in 
molten LizCO~-K2CO ~ t42.7-57.3 tool%) at 650 °C under pCO, = I arm 
after dipping an nickel foil for 24 h; J, = 0.8 V s - i; start potential = - 0,3 V 
vs Ag* lAg. 

with an electrochemical intercalation-deintcrcalation proc- 
ess. Further voltammetric, impedance spectroscopy and 
structural studies are necessary to confirm this hypothesis. 

Another system, at higher potentials, was observed with a 
gold electrode, as shown in Fig. 9, when a nickel foil was 
previously dipped during 24 h under pCO2 = I atm in 
Li:CO3-K:CO 3 (42.7-57.3). The reduction peak current 
occurred at - 0.59 V and the oxidation peak current at - 0.46 
V. The same reductio- current appeared at a gold electrode 
when a Ni(ll)  salt was added. The plot of me reduction 
current versus ~/v is linear indicating that the reduction proc- 
ess is diffusion controlled. The peak potentials are constant 
whatever the scan rate, showing that the redox system 
involved is reversible. The value of the hall" reduction peak 
width (Ep - Ee/2 = 0.175 In  at 650 °C [ 201 ) is in accordance 
with a two-electron reversible process. As wc have demon- 
strated in Li2CO~-Na2CO3-K2CO~ eutcctic [ 10] this system 
is relative to Ni: +/Ni. The NiO solubility was determined at 
saturation of the melt from the slope of lp versus ,,/~. The 
value obtained is 1.02x l0 -3 tool kg t. This result is very 
close to that obtained in the same melt by atomic absorption: 
1.13×10 3molkg t [21] .  

6. Conclusions 

A first approach has been made to understanding the com- 
plex behaviour of the oxygen reduction mechanism and 
nickel species in Li2CO3-K~CO3 at 650 °C. 
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In the acidic  condi t ions  used  in M C F C s ,  we have shown 
that the reduced oxygen  species  are thermodynamica l ly  
unstable  but  they m a y  be present  in the di f fus ion layer. A 
three-electron revers ible  reduct ion o f  superoxide  into oxide  

species,  fo l lowed  by  a s tow neutra l izat ion wi th  CO2.  has  been 

proposed  as the mos t  p laus ib le  mechan i sm.  
Li thiat ion o f  nickel  ox ide  has  been c~aracterized by spec-  

t roscopic and  e lec t rochemica l  techniques  under  p ( C O 2 )  = 
O. I arm + p ( O 2 )  = 0 .9  a tm.  A hypothas is  has  been formula ted  
based on the e lec t rochemica l  reduct ion  o f  the Li~Ni I _ ~O. T h e  

solubi l i ty  o f  N i O  has  been de te rmined  under  pCO.~ = I arm. 
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