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ABe| KACT 

T h e  use o f  hydrogen  as  a fu tu re  c o m p l e m e n t a r y  energy  vec tor  is essentially 
l inked  to  the  p r o b l e m  o f  its s to rage  a n d  t ranspor t .  A p a r t  f r o m  c o n v e n t i o n ~ l - t ~ h -  
nique% the  s torage  o f  hydrogen  in meta l  hydr ides  is cons ide red  o f  interest  fo r  a n u m b e r  
o f  applications_ T o  m a k e  a meta l  hyd r ide  a sui table  h y d r o g e n  s torage-m~tor /a l ,  it 
m u s t  exhibi t  cer ta in  characterist ics  conce rn ing  in par t icular :  (i) the  h y d r o g e n  s to rage  
o p a c i t y ,  (ii) the  di~eaaciation p r e s su re - t empe ra tu r e  re la t ionship,  (-fii) the  hea t  o f  
react ion,  a n d  (iv) the  kinetics o f  h y d r o g e n  abso rp t ion /deso rp t ion .  All  these  d a t a  can  
be  de t e rmined  us ing  a mic roba lance  capable  o f  ope ra t ing  a t  h igh  t empera tu re s  a n d  
pressures.  

T h e  pr incipal  i tem o f  the  t he rmograv ime t r i c  ins ta l la t ion deve loped  a t  Bat te l le-  
G e n e v a  consis ts  o f  a Sar tor ins  balance  type  4406 e q u i p p e d  ~ i t h  a heatable  au toc lave .  
T h e  a t t ached  pressure  a n d  t e m p e r a t u r e  con t ro l  sys tems a l low m e a s u r e m e n t s  under. 
cond i t i ons  o f  c o n s t a n t  pressure  ( 1 0 - s  T o r t  to  60 bar )  a n d  t empe ra tu r e  (15 to  600°C) ,  
as  well as the  execut ion  o f  pressure  a n d  t e m p e r a t u r e  cycl ing p r o g r a m s  a t  var ious  
scanning  speeds.  

T h e  pe r f o rm ance  a n d  versaU-lity o f  the  i n s t r u m e n t  is i l lus t ra ted by  measu r ing  
var ious  hyd rogen  so rp t ion  characterist ics  o f  the  know, an m a g n e s i u m  nickel  hydr ide  
a n d  i ron  t i t an ium hydr ide .  

Ilq'I'RODUCWION 

In  view o f  the  potent ia l  o f  hyd rogen  as  a non-po l lu t ing  fuel a n d  fu ture  comple -  
m e n t a r y  energy  vector ,  t h e . p r o b l e m  o f  its s t o r a g e - a n d  b u l k  t r a n s p o r t - h a s  recent ly  
f o u n d  m u c h  considerat ion_ A p a r t  f r o m  the  conven t iona l  tcchniquc~,-b-uch-a~ c o m -  
p r e s t o n  a n d  l iquefact ion,  t he  chemical_ s torage  o f  h y d r o g e n  in t he  f o r m - o f  meta l  
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hydr ides  ~. z cou ld  offer a so lu t ion  to  this p rob lem,  in par t icu la r  for  appl ica t ions  
requi r ing  relatively high s torage  densit ies and  safety. 

In  o r de r  to  enab le  t he  eva lua t ion  o f  a meta l  hydr ide  fo r  a specific h y d r o g e n  
s torage  appl ica t ion ,  knowledge  o f  several o f  its phys ico-chemical  p roper t i es  is 
essential .  This  concerns  in particular=. 

(i) the  m a ~ i c  hyd rogen  s torage  capaci ty  
(ii) the  equi l ib r ium p res su re - t empera tu re  re la t ionship  
(iii) the  hea t  o f  hydr ide  fo rmat ion /d i s soc ia t ion  
(iv) the  kinetics o f  hyd rogen  abso rp t i on /deso rp t i on  
(v) the  effect o f  repeated  abso rp t ion /deso rp t ion  cycl ing o n  the  hydr ide  per-  

formance .  
F o r  de te rmin ing  these da ta ,  several exper imenta l  m e t h o d s  cou ld  be envisaged.  

However ,  n o  i n s t rumen t  wou ld  be o f  s imilar  versatil i ty as a mic roba lance  which,  
fu r the rmore ,  a l lows easy a u t o m a t i o n  a n d  regis t rat ion o f  near ly  all o f  these  measure -  
ments .  A n  addi t iona l  advan tage  o f  the  ta-avimetric m e t h o d  in c o m p a r i s o n  to  vo lume-  
tr ic techniques  of ten  used in meta l  hydr ide  research has  to  be seen in the  fact  t ha t  any  
diffusion o f  hyd rogen  t h r o u g h  the  a p p a r a t u s  walls will r ema in  o f  n o  consequence  o n  
the  results ob ta ined .  

Since m o s t  meta ls  d o  n o t  react  with  h y d r o g e n  u n d e r  n o r m a l  cond i t ions  o f  
pressure  a n d  tempera ture ,  an  appa ra tu s  was des igned to  pe rmi t  m e a s u r e m e n t s  in the  
t empera tu re  range  o f  a b o u t  15 to  600°C and  in the  pressure  range  o f  I0 - s  Ton-  to  
60 bar .  These  values were chosen  in c o n f o r m i t y  with t he  ranges  o f  interest  for  a 
practical  hydr ide  appl ica t ion.  

BASIC CONSIDERATIONS OF METAL HYDRIDES 

T h e  s torage  o f  hydrogen  as  meta l  hydr ide  is based  o n  the  reversible react ion  o f  a 
metal  o r  a l loy (Me)  vdth  gaseous  hydrogen  fol lowing the  equa t ion :  

x M e  + y H  2 
f o rm a t ion  

dissocia t ion 
Mex Hzy -T- JdHi 

All hydr ides  sui table for  hyd rogen  s torage  purposes  are f o r m e d  by exo the rmic  
reac t ion:  the  m o r e  np.o~tive fhe  value o f  the  hea t  o f  f o r m a t i o n  (AH) ,  the  m o r e  s table 
is the  hydride.  Consequen t ly ,  the  dissociat ion o f  a hydr ide  is an  e n d o t h e r m i c  process  
a n d  requires  the  add i t i on  o f  heat .  

T h e  hyd rogen  weight  con ten t s  o f  a hydr ide  as  a func t ion  o f  t empe ra tu r e  and  
pressure  can be ob ta ined  f rom compos i t ion-pressure - i so therms  (CPF) for  the  corre-  
s p o n d i n g  m e t a l - h y d r o g e n  system. A t  a given t empera tu re ,  the  hydr ide  phase  is in 
equi l ibr ium with  a cer ta in hyd rogen  pressure.  F o r  the  two-phase  region meta l  
hydride.,, ind ica ted  by a p la teau  in the  CPI -d iag ram,  the  dependence  o f  the  eq'u--dibrium 
pressure  o n  the  t e mpe ra tu r e  is desert-bed by the  V a n  "t H o f f e q u a t i o n :  . . . .  
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A 
log  P . ~  - - - T -  ÷ B 

T h e  equa t i on  de te rmines  t he  the rma l  stabil i ty o f  a hydr ide ,  i.e., its _rea,I;ness to  
dissociate  i f  eithca- t he  t c m ~  is increased o r  the  pressure  decreased .  F r o m  the  
cons tan t s  A a n d  B in this  equa t ion ,  the  t h e r m o d y n u m i c  func t ions  can  be  ca lo , l u t ed  
acco rd ing  to :  

A =  AH°- ~ =  A ~  
4.57 ' 4.57 

Since, u n d e r  equi l ibr ium condi t ions ,  t he  a p p a r e n t  ra te  o f  h y d r o g e n  exchange  is zero,  
a measurab le  abso rp t i on /deso rp t i on  o f  h y d r o g e n  can  o c c u r  only  when  the  me ta l /  
hydr ide  is subjected to cer ta in  m i n i m u m  pressure  a n d  t e m p e r a t u r e  cond i t ions  of f  
equi l ibr ium.  A p a r t  f r o m  the  difference b e t w ~ n  ope ra t ing  a n d  equ i l ib r ium condi t ions ,  
the  chemical  na tu re  o f  the  meta l  a n d  the  surface proper t ies  g i l l  inf luence the  kinet ics  
o f  the  hydr ide  f o rm a t ion  and  dissociat ion.  
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D E S C R I P T I O N  O F  T H E  A P P A R A T U S  

A schemat ic  diam-am o f  the  the rmograv imc t r i c  instal la t ion is s h o w n  in Fig.  I.  
T h e  pr incipal  i t em o f  this se t -up is a Sar tor ius  e lectronic  h igh-pressure  mic roba lance  
(Type  4406) d~si~aed fo r  a m a x i m u m  opera t ing  pressure  o f  150 bar.  T h e  m a x i m u m  
weighing capci ty  is 25 g and  the  sensit ivity I pg.  

The  h a n g d o w n  tube  on  the  sample  side o f  the  balance  is equ ipped  with a 
heatable  au toc lave  designed a n d  built  a t  Battelle-Geneva_ T h e  au toc lave  is t u r n e d  ou t  
o f  one  piece o f  stainless-steel SS 316. Its cover  consists  o f  a Var ian  h igh -vacuum 
flange ~-h/ch is a t t ached  by six screws to the  autoclave.  Seat ing is p rov ided  by means  
o f  a gold-p la ted  c o p p e r  ~oasket. T h e  flange is welded to  the  lower  end  o f  the  tube  which  
in the  weld zone  is equ ipped  with a water-cool ing jacket .  

Six hea t ing  e lements  arc  fi t ted in to  the  au toc lave  wall;  an  e m b e d d e d  N i C r - N i  
t h e r m o c o u p l e  is used fo r  the  temperature regulal ion.  A L2a~ inlet  tube  wi th  a therrno-  
coup le  lead t h r o u g h  is welded  in to  the  base o f  the  autoclave.  T h e  in ter ior  t h e r m o -  
couple ,  being placed jus t  unde rnea th  the  quar tz  pan ,  measures  the  sample  t empera -  
ture.  A few windings  o f  stainless-steel t ub ing  for  water  c i rcula t ion a r o u n d  the  exter ior  
au toc lave  d iamete r  enable  fast coo l ing  rates even at  lower  tempera tures .  Wa te r  
cool ing  can  be s ~ t c h e d  on  and  off  au tomat ica l ly  by means  o f  an  e lec t romagnet ic  
valve at  any  preset  t empera tu re  below 250~C. 

T h e  t empera tu re  con t ro l  uni t  incorpora tes  a s t anda rd  p ropor t i ona l  cont ro l le r  
wi th  fast cycling a n d  a t r iac-switching e lemenL T h e  p r o g r a m m e r  consists  o f  a s tep- 
m o t o r  dr iven 10-turn Hel ipot .  T h e  m o t o r  speed is ad jus ted  by f requency con t ro l  o f  the  
s tepping  rate. T h e  heat ing o r  cool ing  rate  can  b¢ var ied between 10 and  240°C h - z .  
T h e  10-turn dial a t t ached  to  the  po t en t i om e te r  ~ v e s  a direct  reading  o f  the  t empera -  
ture .  U p p e r  a n d  lower  l imits o f  the  t empera tu re  cycle a re  set by two 10-turn po ten t io -  
meters,  a nd  whenever  one  o f  these l imits is reached the  di rect ion o f  the  p r o g r a m m i n g  
po ten t iome te r  is reversed. In  this way, a t r i angular  wave o f  very low f requency  can  be  
created.  I f  required,  o the r  t empera tu re  profiles m a y  be ob ta ined  by the  use  o f  a n  
external  genera tor .  A p a r t  f rom the  s tep  mo to r ,  the  whole  circui t  is sol id state. 

The  pressure-control  sys tem o f  the  appa ra tu s  incorpora tes  main ly  a pressure  
t ransducer ,  the  con t ro l  unit ,  a n d  two  e lec t romagnet ic  valves. A n  electronic  pressure  
t ransducer  o f  the  in tegra ted  circuit  type (LX 1440 A o f  Na t iona l  S e m i c o n d u c t o r s  
Corp . )  wi th  a pressure  range  o f  zero to  68 a t m  a n d  an  overall  precis ion o f  0.5 ~ is 
used.  Thig tran-,ducer offers a higJa o u t p u t  voltage,  10 V for  6g a tm,  a n d  has  a v a c u u m  
reference incorpora ted .  

The  pressure-control  uni t  consis ts  o f  the  var ious  p o w e r  suppl ies  a n d  a very 
stable reference voltage.  A 10-turn po t en t i ome te r  al lows the  set t ing o f  a vo l tage  
co r r e spond ing  to  the  d ~ r e d  pressure.  A n  electronic  circuit  o f  ext remely  h igh  sensitivi- 
ty permi t s  pressure  con t ro l  within _~. 0.1 ~ .  

A p a r t  f r o m  cons tan t -pressure  opera t ion ,  the  p r e s s u r e / n  the  ba lance  sys tem can  
also be p r o g r a m m e d  by means  o f  an  external  func t ion  genera tor .  I t  is for  ins tance 
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possible to impose l inear pressure cycling between preset  limits a t  var ious ~¢~-~nning 
speeds o r  to perform stepwis¢ pressure changes.  

Two  electromagnet ic  valves with on/off  control ,  installed in the vacuum and  
high-pressure hydrogen line, reg.lnte the systems pressure. In  o rde r  to  prevent  
pressure under-  o r  overshoot ,  a manua l ly  opera ted  needle valve limits the  ~ flow to 
and  from the apparatus .  The  vacuum line is  connec ted  to a ro tary  pump,  the h/gh- 
pressure line to  a ~ cyl inder  conta in ing  hydrogen o f  required purity.  

A safety circuit  automat ica l ly  shuts-off the high-pressure valve, whenever  the 
deviat ion o f  the system pressure f rom the set value exceeds 0.5 bar  which may  be due  
e.D to leakage. A by-pass to this safety device enables rapid  pressure increase in the 
balance as is needed,  for  example,  for  measurement  o f  the hydrogen absorpt ion  
kinetics. Fur thermore ,  a mechanical  safety relief valve is installed to prevent  any  
accidents and  damages  o f  the equipment .  

A permanent ly  installed precision Bourdon  m a n o m e t e r  is used for  the  calibra- 
t ion o f  the electronic pressure t ransducer  and  for  independent  pressure r e a d i n g .  

Moreover ,  the thermogravimetr ic  installation provides the possibility o f  high- 
vacuum opera t ion  (--- 10-5 Torr )  by means  o f  a separate  vacuum connect ion.  A 
low-pressure supply system permits measurements  in flowing hydrogen unde r  a tmos-  
pheric pressure. 

A three-channel  ana log  recorder  measures  sample  weight,  t empera ture  a n d  
pressure s imultaneously as a funct ion o f  time. The  use o f  an  X - Y  recorder  allows 
direct t racing o f  the weight c h a n ~  as a function o f  pressure o r  temperature ,  which is 
part icularly interesting for  the de terminat ion  o f  composit ion-pressure-isotherms.  

Effects o f  pressure and  tempera ture  on  the  balance indicat ions:  Since the prcc~nt 
installation incorporates  only one  heatable  autoclave on  the sample side, correct ions 
o f  the direct reading o f t h e  balance indicat ions are  n___,~essary_ They  are  made  by means  
o f  a reference manipula t ion  with an  inert  sample  under  the same condi t ions  o f  
pressure, t empera ture  and  weight. At  higher  pressures a n d  temperatures,  convect ion 
effects are  observed result ing in an  oscillating o f  the weight a n d  tempera ture  curves. 
In  order  to  el iminate o r  reduce convect ion effects a n d  weight corrections,  a sym- 
metrical  system where tare  a n d  sample are  always kept  at  the same tempera ture  will 
be used in future. 

A P P L I C A T I O N  O F  T H E  I . I ~ I ' R U M E - ~ ' T  

The  applicability and  versatility o f  this equ ipment  gi l l  be il lustrated by some 
measurements  o f  the hydrogen sorpt ion properties o f  the known magnes ium nickel 
hydr ide  3 and  i ron t i tanium hydride  4- 5. 

Experimental 
The  prepara t ion  a n d  act ivat ion (i.e., the  first hydr iding)  o f  the Mg2Ni  and  

FeTi base alloys wen:  made  with  reference to  the techniques described by Reil ly and  
Wiswall  3. 4. Start ing f rom high pur i ty  metals, the  alloys were  obta ined by induct ion 
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mel t ing  unde r  a rgon  and ,  thereafter ,  character ized by X-ray  analysis.  T h e  al loys were  
then  t ransferred to  a ~ o v e b o x  w~ith a rgon  a t m o s p h e r e  a n d  pulver ized to  a par t ic le  
size o f  0.5 to  1 m m  for  MgzNi ,  a n d  less t han  33 p m  for  FeTi .  

T h r e e - h u n d r e d  to  500 m g  al loy samples ,  accura te ly  weighed  to  ~ 0.I  mg,  were 
then  in t roduced  in to  the  balance  for  ac t iva t ion  a n d  measu remen t s .  F o r  act ivat ion,  t he  
FeTI  a n d  Mg2Ni  samples  were subjected to  an  a l te rnate  t r e a tmen t  in h igh  v a c u u m  a t  
350 a n d  450~C, respectively, a n d  in hyd rogen  u n d e r  a pressure  o f  50 bar  a t  25 a n d  
250~C, ~ v e t y .  T h e  ac t ivat ion p r o c e ~  a n d  its a d v a n c e m e n t  were  con t ro l l ed  by  
means  o f  weight,  t empera tu re  a n d  pressure  recordings ,  a n d  was general ly comple t e  
within five to  ten  cycles. 

F o r  b o t h  the  ac t ivat ion a n d  all the  measu remen t s  r epo r t ed  in  this paper ,  h igh  
pur i ty  hydrogen  (99.997~/o He)  was used.  

H)-drogen storage capacity 
T o  de te rmine  the  q - a n f i t y  o f  h y d r o g e n  exchanged  d u r i n g  the  abso rp t i on  o r  

d e s o r p d o n  process ,  t he  higjh-pressure mic roba lance  can  general ly  be used  in two  ways:  
(i) By pressure  var ia t ion a t  cons t an t  t empera ture ,  CP l -d i ag rmus  axe ob ta ined ;  

they  can  be t raced  directly by x -y  record ing  o f  the  weight  change  as a func t ion  o f  the  
hydrogen pressure. 

Cti) By t empera tu re  var ia t ion  a t  cons t an t  pressure,  abso rp t ion ]deso rp t ion  
isobars  axe ob ta ined ;  the  curves  can  be t raced ei ther  directly by  x - y  record ing  for  
s i n ~ e  cycle~, o r  indirect ly f rom the  weight  a n d  t empera tu re  var ia t ion  as  a func t ion  o f  
t ime  as  measu red  wi th  the  3-channel  recorder .  T h e  la t ter  m e t h o d  is especially useful  
for  invest igat ing the  long- t e rm abso rp t ion /deso rp t i on  cycl ing behav iou r  o f  hydr ides .  

(a)  Determination of  CPl-diagrams. The hydrogen  pressure  in the  ba lance  
sys tem can  be  decreased  o r  increased e i ther  con t inuous ly  o r  stepwise.  In  the  case o f  
c o n t i n u o u s  pressure  var ia t ion,  the  shape  o f  the  "k~otherm~ d e p e n d s  o n  the  pressure  
scann ing  speed  a n d  reflects t he  kinetics o f  h y d r o g e n  exchange.  This is s h o w n  in Fig.  2 
fo r  the  dissociat ion o f  MgzNiH~.  Wi th  increasing rate  o f  pressure  decrease,  t he  s lope  
o f  the  p la teau  in the  deso rp t ion  i so the rm becomes  s teeper  a n d  the  h y d r o g e n  deso rp t ion  
faster.  This  has  to  be expected,  since equif ibr ium cond i t ions  are  left  m o r e  rapid ly  

~ 5 

~ 3  

i, 
T - 3 2 5 " C  
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" "  0 ; 2 3 4; 5 

lqg. 2. ln f lucn~of  the pressure _v.-~,~p;qg speed on the shape of  the desorpton i s o ~ a t  325°C 
in d ~  Mgzl'li-H# ~ ~ - - 
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Fig. 3. Desorption i s o ~  for the Mg.~Ft-H... system at various temperatures. 

Fig. 4. Absorpdon i ~  for the MgzNi-Hz sy~em at various temperatures. 

6 

o 
0 O_S to  I s  2 0  

fi'l/Fe 1~1 

Fig. 5. Desorption isotherms for the FeTi-H= system at ~ temperatures. 

Fig. 6. Hystex~-~¢ in the FeT't-H2 system at 25eC_ 

too.  The  eqni l ibr ium dissociation pressure, given by the bend  in the isotherm, is 
much  less affected by the  ~ m n i n g  

Theref rom,  i t  becomes  apparen t  tha t  the  appropr ia te  pressure scanning spcz~l 
must  be chosen in accordance  wi th  the  kinetics o f  hydrogen  absorpt ion/desorpt ion 
and  the desired accuracy o f  the results to  be obtained.  F o r  quick screening tests o r  a 
first locat ion o f  the pla teau pressure region,  high scanning speeds axe preferred,  xince 
measurements  will require m u c h  l ~ s  t ime (factor  100 in Fig.  2). F o r  exact  de termina-  
t ion o f  the  CPI-d iagram,  the  interesting pressure zone  can then be rescreened at  a 
much  d o w e r  rat_ ¢, o r  by stepwise pressure changes.  

T h e  desorpt ion a n d  absorp t ion  isotherms for  the M g 2 N i - H 2  system at  .various 
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temperatures measured by the dynamic method axe presented in Figs. 3 and 4, 
respectively. From these ~ the plateau react ion/s  found to be 

MgzNiHo.z -I- 1.9 H z - - - - -  MgzNiH4 ( i )  

corresponding to a re~'ersible hydrogen content of  3.4 w t . - ~ .  The form of  the iso- 
therms-indicate that the solubility of  hydrogen in both the metal and hydride phase is 
very. low. Furthermore, a h~teresis  is observed in this system, the absorption isotherms 
being located at a higher pressure than the desorption isotherms for a given tempera- 
ture. But for the maximum hydrogen concentration of  the hydride, being reported as 
MgzNiH4.3, the results obtained axe in good agreement with those of  Reilly and 
Wiswall 3. 

For  the determination of  the C P I ~  for the Fe ' l ' i -H:  system, the method 
of  stepwise pressure increase/decrease was chosen, owing to the low rate of  hydrogen 
exchange. Some desorption isotherms are presented in F/g. 5, a complete absorption/ 
desorption cycle showing a hysteresis effect in Fig. 6. For  some of  the measuring 
points in the plateau region, more than 100 h were required to approach equilibrium. 

The isotherms exhibit two plateaus, the higher one not being very pronounced. 
The len~ah o f the  lower plateau seems to diminish as the temperature increases. Owing 
to pressure limitations of  the instrument, the second plateau could not be completely- 
obtained at higher temperatures. According to the isotherms at 25 °C, the two reactions 
and the corresponding reversibly-exchanged amounts of  hydrogen axe: 

FeTiHo. l -~- 0.53 H 2 = FeTiHI.16; 1.0 wt.-~o Hz (2) 

FeTiH, . ,6  ~- 0.36 H2 = FeTiH,.ss; 0.68 wt.-~o H 2 (3) 

(b) Determination of  absorption/desorption isobars. Similar to the effects o f  
pressure scannin~ the slope of  the absorption/desorption isobars is influenced by the 
rate of  temperature dccreasefincrease. Shown in Fig. 7 are the absorption and 
desorption isobars for the Mg2Ni-H z system obtained at different temperature 

i ° 

0 • 2 3 4. 

Fig. 7. Influence of the temlxeratuze ~-~,m;~g speed on the shape of the absorption and desorpti0n 
i x )ba r s  a t  5 b a r  in  t he  MgzN't--H:  system_ 
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F~g. 8; D e s m p t i o n  isobars for the Mg~N'r-H2 b-y~.em at various pressures. 

Fig. 9. Absorption i ~ b a r s  for the MgzNi-H± system at v ~ . o u s  
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Fig. 10. T h e m m l  cycling o f  FeTiHx at a rate o f  2°C rain -z under a hydrogen pre~-u~ o f  50 bar 
(weight o f  hydrogen-free ~ n p l e :  320 rag). 

Fig. 11. Eqtu'h~rium Dressure-te~perature rrl:~6on~hip for the Mg2~Ni-Hz 5yslem. 

scanning speeds. As can be seen, the difference between absorption and desorption 
temperature, i.e., the hysteresis, becomes smaller when the temperature ¢~'cling rate 
diminishes ( 4 T  ----- 80 and 35°C at 240 and 30°C h - t ,  respectively). Below a ~ L i n  
value, 30°C h -  x in this particular case, no further reduction o f  the hystereb-is C~curs. 
This can be explained by the fact that for a measurable hydrogen exchange to t:~ke 
place, a minimnm temperature deviation from the eqnilibrium temperature is neces- 
sary. It further indicates that the hysteresis is a kinetical phenomenon. 
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Several deso rp t ion  a n d  abso rp t ion  isobars  for  the  M g z N i - H 2  sys tem ob ta ined  
by a u t o m a t i c  t e mpe ra tu r e  cycling a t  a ra te  o f  60°C  h -  l a re  s h o w n  in Figs.  8 a n d  9, 
respectively. T h e  fo~ff~ o f  the  abso rp t ion  isobars,  in par t icu lar  tha t  a t  2 bar ,  indicates  
a s low rate  o f  hydr id ing  a t  lower  temperatures_ 

(e) Determination o f  the cycling behaviour. Figure 10 shows  a sect ion o f  the  
d i ag ram ob ta ined  du r ing  thermal  absorp t ion /de~3rp t ion  cycl ing o f  FeTiH~. T h e  
~ - i g h t  curve  exhibi ts  t he  two  p la teaus  in accordanc~ wi th  the  CPI -d iag ram.  O w i n g  to  
kinet ic  l imita) ions a t  the  chosen  cycling condi t ions ,  the  second  p la teau  reac t ion  is on ly  
incomple te  and ,  consequent ly ,  the  total ly exchanged  hydrogen  a m o u n t s  on ly  to  
1.54 wt-~/~,_ This  type  o f  d i ag ram allows easy de te rmina t ion  o f  the  reversible h y d r o g e n  
con ten t s  as a func t ion  o f  the  n u m b e r  o f  abso rp t ion /deso rp t ion  cycles pe r fo rmed .  
This  is o f  impor t ance  for  invest igat ing the  thermal  stabili ty o f  a hydr ide  a n d  the  
possible influence o f  the  hydrogen  pur i ty  on  its cycling lifetime. Moreover ,  the  
t empera tu re s  o f  hydr ide  fo rm a t ion  and  dissocia t ion a t  a ~ v e n  pressure  can  be d e d u c e d  
f r o m  the  d i a ~ a m .  

Pressure-temperature relationship and thermodynamic data 
T h e  pr_es_sure-temperature re la t ionship  for  the  pla teau r e ,  on  can be ob ta ined  

f rom bo th  i so thermal  and  isobaric  measurements .  A semi log  p lo t  o f  the  equi l ibr ium 
pressures vs. the  reciprocal  o f  the  abso lu te  t empera tu re  gives a s t ra ight  line which  
obeys the  equa t ion  log P~,, = ( - -  A/T)  -~- B. 

F o r  the  M g z N i - H  z system, the  d a t a  o f  F i~_  3, 4, g a n d  9 were  used to  establish 
the  four  lines in Fire 11. The re f rom,  the  values o f  the  cons tan t s  A a n d  B are  der ived  as 
s u m m a r i z e d  below: 

A B 

I so the rmal  abso rp t ion  
Isobar ic  abso rp t ion  
I so the rmal  deso rp t ion  
Isobar ic  deso rp t ion  

3096 6.037 
34.!$ 6.379 
3425 6.A.46 
3333 6.367 

F r o m  the  mean  values for  A = 339~ a n d  B = 6.307. t he  t h e r m o d y n a m i c  values fo r  
react ion (1) a re  ca lcula ted  to  be AH~ --~ -- 15.2 ~ '  1 kca l /mol  Hz;  AS~' r ---- -- 25.8 --.' 
2 ca l /K mol  H 2 ;  a n d  AG~ ~ - -  6.6 .--' 1 kca l /mol  H 2. 

In  Fig.  12 the  p re s su re - t empera tu re  re la t ionship  fo r  the  first platd--~u react ion in 
the  F e T i - H ~  sys tem is ~ v e n ,  based  o n  the  m e a s u r e m e n t s  r epo r t ed  in  Fig.  5. T h e  
cons tan t s  A a n d  B o f  the  e q n 8 6 o n  are  1370 a n d  5.23, respectively. Thus ,  t he  t h e r m o -  
d y n a m i c  d a t a  o f  d~s_-.odation for  reac t ion  (2) a re  AH~ ~ 6.3 ~-' 1 kca l /mol  H 2 ;  

A~.~4 ~ ~-3.9 _~_ 2 c a l / K  t o o l  H 2 ;  A G ~  ~ - -  0 . g  4 -  1 k c a l / m o l  H 2. T h e  ~ ~ c  

values ob t a ined  for  the  two  hydr ides  are  in g o o d  co r r e spondence  wi th  those  r epo r t~ i  
by  Reil ly a n d  Wisw~ll 3" 4 a n d  P ick  a n d  We-71 s. 
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Fig. 1 ~  F_.qui l ib~um ~ n  pressure-temperature relationship for the Fc'I-i-H-_ s~tem. 
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R e a c t i o n  k i n e t i c s  

Determinat ion o f  the rate o f  hydrogen  exchange is per formed on  a semi- 
au tomat ic  basis. This  means  that  the  measur ing condi t ions  in the balance system have 
to  be  manual ly  adjus ted while the absorp t ion /desorp t ion  process,  once  initiated, 
proceeds  u n d e r  a u t o m a t i c  cont ro l .  

Theoret ical ly ,  hydr id ing  a n d  dehyd r id ing  can  be i n d u c e d  by b o t h  t empe ra tu r e  
a n d  pressure  var ia t ion  as  s h o w n  before.  However ,  owing  to  the  hea t  capaci ty  o f  the  
autoclave,  on ly  the  pressure  var ia t ion  will lead to  sat isfactory results. A t  a given 
t e m p e r ~ u r e ,  the  sample  is subjec ted  to  a h y d r o g e n  pressure  unde r  which  the  meta l  o r  
hydr ide  phase  is stable. By rap id  pressure  increase o r  decrease to  the  requi red  value,  
by  man,_,a! opera t ion ,  an  uns table  s tate  is c rea ted  and ,  consequent ly ,  h y d r o g e n  
exchange  starts.  T h e  m a x i m u m  achievable  ra te  o f  pressure  change  is in the  o rde r  o f  

1. 

0 

t _ 
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I~_ 12. ]Kir~-¢ of d~l~dridJng M~NiH4 at vat.us pxcssmcs and 

F~ 14. K~n~s of hydxidi~ MgzNi to M ~ .  -- - - 



F&z 15. Kimics of&lqdz%ing TeTi& (~33 pm) at diikrent pressure at2Sand50eC 

Fig S6_ Kin&s of fwdridii FcTi t-z 33 pm) zcr different prrscrcr at 15 and ZYC 

20 bar per minute_ However, in view of the reaction r&es normally observed with 
metal hydrides, this source of error is n&igi&fc. Rapid hydrogen absq&on/de- 
sorption is aac4mpanied by a transient temperature increase/M Of the sample 

owing to the reaftion heat. Since the sample mass generally is only around MO mg, 
this effect should be of Secondary importance too. 

By according the weight variafion as a function of time, diagrams as presented 
in Figs. 13 and 14 for Ng#H, and in Egs. 15 and 16 for FcTix are obtained. The 
possibility of varying the paper ,$ransport speed of the khanael rezorder appkd 
between2cmh-’ aud60cmmin-L gMrantees a good reWhxtion and enables direct 

tracing of the also&ok and &sorption curves over a wi& range of reaction rates 

A therrttagrwimetric insta&tion for measnrements at high tempera& and 

preuurts aad for the execution of pressure and temperatt& cycling pr&gramS 

eq$aIly adapted zo tht peculiarities of metal hydrides has been built Theinstxumeut 
vmar~ce has been demonstrata by means of isothermal, isobaric and kioetical c 

&sorption/desorption measurements for the Mg,l%-and FeTiiydrcbgen systems 
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The most important physico-chemical properties of  MgzNiH4 and FeTiH~ z h~ve 
been determined_ With its range of  capabilities, this installation has to be considered 
a unique instrument for metal hydride research in particular and for the investigation 
of  gas-solid reactions in general. 
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