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Abstract 

We have investigated the Zr(V Ni ~ ~)~ alloy series in the range of 0 ~< x ~< 0.4 and observed very pronounced absorption and 
desorption properties in Zr(V~,.esNio.70 ~. We have shown previously that Zr(V~,.sNi,~7s)2 has a high reversible capacity of 364 
mA h g ' (C/30 rate) and a good electrochemical cycle stability (8%/100 cycles capacity loss, C/3 rate). However, large-scale 
production of this alloy seems to be difficult, and annealing deteriorates the high capacity and the good kinetics as well. In this 
study we have analyzed the microstructure of the alloy and the thermodynamics of hydride formation of the alloy electrodes. 
Two different phases were observed, ZrTNi 1 t l  and Zr(Vo 3~Ni,,.,,712 3; however, both of them are, as single phase alloys, not quite 
as good as their combination in Zr(V~,25Ni,, 75)2. 

Keywords: Metal hydride: Electrode; ABe-alloys: Crystallography: XPS 

1. Introduction 

In previous  work  [1] we have shown that  
Zr(V~l.25Nio.75)., - is the mos t  f avorab le  alloy for  use as a 
negat ive  e lec t rode  in the Zr(V~Ni~_~) 2 (0~<x~<0.6) 
system. This alloy showed  a m a x i m u m  revers ib le  
capaci ty  of  364 m A  h g-~ (10 m A  g~1 discharge 
current)  and very good  kinetics for  hydrogen  adsorp-  
t ion and desorp t ion  in the electrolyte ,  i.e. the high-rate  
dischargeabi l i ty  (capacity m e a s u r e d  in a 3 h discharge 
divided by the capaci ty  m e a s u r e d  in a 30 h discharge) 
is 82% [2]. The re  are only a very  few cor ros ion  
resis tant  meta l  hydr ide  alloys known  which show 
e lec t rochemica l ly  revers ib le  capaci t ies  higher  than  360 
m A  h g ~. Mor iwaki  et al. [3] obse rved  a discharge 
capaci ty  of 366 m A  h g -~ (value t aken  f rom figure) at a 
50 m A  g ~ discharge cur rent  on a 
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ZrMn0.sCr0.2V~lNil.  2 alloy (crystal s tructure:  C15, 
lattice constant  a = 7.067 A, not single phase)  and a 
capaci ty  of  405 m A  h g ~ (calculated f rom p-c-T 
i sotherms)  in the gas phase.  Sawa and W a k a o  [4] 
s tudied hyper -s to ich iomet r ic  alloys of  the compos i t ion  
Zr(V0.33Nil) .67)2+~ in the range  of 0 ~  < c ~  < 1. They  
obse rved  a slight increase of  the discharge capaci ty  in 
the range 0 ~< c~ <~ 0.4; however ,  the calculat ion of the 
n u m b e r  of  intersti t ial  sites as well as the expe r imen ta l  
data  showed a decrease  of  the hydrogen  capaci ty  with 
increasing c~ ~> 0.4. Measu red  discharge capacit ies  for  
Zr(V0.33Ni0.67):+, ~ were  297 m A  h g i for c~ = 0 and 
311 m A  h g i for  c~ = 0.4 respect ively.  Zr(Vii.33Ni~l.~,7)%~ 
(C15 Laves  phase)  has a lattice constant  of  7.048 A 
and AH ° =24 .89  kJ mol~  I and ~S  ~ =  - 6 9 . 3 9  J K 1 
moln l ,  while for Zr(V0ssNi0.(,7b - a lattice constant  of  
7.102 A and 2~H ° = 29.24 kJ mo1H 1 and ~S  ° = - 72.09 
J K 1 molii l  was observed.  W a k a o  et al. [5] also 
r epo r t ed  for Zr(Vo.ssNi~.sMn~ ~7)2 4 a discharge capaci-  
ty of  366 m A  h g i, and 2~H ~ = 2 6 . 6  kJ molH I and 
2xS ° =  - 7 0 . 4  J K i moli i i .  

This p a p e r  repor ts  the results of  an intensive s tudy 
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of the properties of Zr(V0.25Ni0.75)2 as an active elec- 
trode material with a very high reversible capacity. 
The relation between electrode performance and the 
bulk- and surface-structure of the alloy is shown. 

2. Experimental 

tion (Cu K a  A = 1.5406 A,). Channel width was set to 
2 0  = 0.1 ° and the angular resolution was found to be 
2 0  = 0.2 ° (FWHM). The count time was set to 1 min 
per channel, resulting in a maximum count rate of 
approximately 5000 counts for the main peak in the 
spectrum (1.5% error in the count rate). 

2.1. Alloy preparation 2.3. Electrochemical tests 

The Zr(V025Ni07s)2 alloy sample (6 g, ca. 1 cm 3, 
M =204.73 g mol -~) was prepared by r.f. levitation 
melting of the appropriate amounts of the elements, 
i.e. zirconium m ( Z r ) =  2.6735 g from Goodfel low UK, 
99.8% Zr, vanadium m(V) = 0.7465 g from Koch-Light 
UK, 99.7% V, and nickel m(Ni)=2.5800 g from 
Johnson Matthey UK, 99.99% Ni. Two other samples 
Zr(V0.25Ni0.75)2.3 and Zr7NiHI were prepared using the 
appropriate amounts of the elements. 

The elements were cut and cleaned of oxides with a 
file. The weight was adjusted on a single piece of every 
element by removing the relevant amount  with a file. 
The metals were then washed in acetone and sub- 
sequently introduced in the vacuum (10 7 mbar) of the 
r.f. levitation oven. A copper crucible was used to hold 
the metals together before power was applied and 
levitation occurred. The metals were initially heated 
up to 1480°C and they formed a homogeneous-looking 
round ball. The power was reduced and the sample 
was held at 1350°C for 5 min. Thereafter ,  the power 
was switched off and the sample was quenched in 
contact with the water-cooled crucible to room tem- 
perature within seconds. We estimate the cooling rate 
to be in the order of 100°C s '. Half of the sample was 
hit with a hammer and cracked into smaller pieces, the 
main reason for this procedure was to produce fresh 
surfaces. These pieces were immediately introduced 
into a stainless steel reactor. Subsequently, the latter 
was evacuated (10 2 mbar) and then floated with 
hydrogen gas at room temperature (20°C) and 40 bar. 
After approximately 10 min the pressure in the cylin- 
der started to decrease and the outer side of the 
cylinder became remarkably hot. The sample was left 
for about an hour for complete hydriding and then 
dehydrided under vacuum (10 2 mbar). The hydrid- 
ing-dehydriding procedure was repeated three times 
before the sample was completely dehydrided in 
vacuum (10 .-2 mbar) at approximately 100°C. 

Another  sample of the same alloy was made on a 
much larger scale (ca. 1 kg). A fraction of the alloy was 
annealed. These samples were cracked mechanically 
down to a grain size of ca. 500 / ,m .  

2.2. Alloy characterization 

X-ray diffraction was performed with copper radia- 

For the electrochemical measurements,  approxi- 
mately 25 mg of the alloy powder was mixed with 
copper powder (Merck p.a. less than 63 #m)  under the 
open atmosphere in the weight ratio of 1:3 and cold 
pressed (500 MPa) to a pellet (d = 7 mm). The pellets 
were fixed with a cylindrical Teflon-clip on a nickel 
holder. The electrodes were charged and discharged 
electrochemically in 6 M K O H  electrolyte in a cell 
open to the atmosphere. A nickel plate was used as 
counter  electrode and potentials were referred to a 
mercurylmercury oxide electrode. The discharge cut- 
off potential w a s - 0 . 6  V with respect to the 
HglHgOIOH reference electrode. The electrodes 
were tested in a half-cell experiment with constant 
charge (5 mA, i.e. 200 mA g t) and discharge (2.5 mA, 
i.e. 100 mA g-l)  current. The cycle life experiments 
were carried out at temperatures of 20 and 40°C. 
Every 10 cycles, an additional discharge at one-tenth 
of the normal discharge current (10 mA g ~) was 
carried out. The equilibrium potentials were measured 
in special cycles with charge and discharge pulses of 
approximately 8 mA h g 1 during the pause of the 
pulses (5 min). 

2.4. Gas-phase measurements 

During the activation procedure 2 g of the sample 
were hydrided and dehydrided with a constant hydro- 
gen gas flow of 1 cm 3 g-1 rain ~ in the pressure cell at 
temperatures of 40 and 80°C. The temperature was 
controlled with a water bath and the pressure was 
monitored every minute. 

2.5. X-ray photoelectron spectroscopy (XPS) 
measurements 

Copper-free pellets were prepared for XPS analysis 
by pressing only the alloy powder to a pellet. For the 
surface analysis, samples were rinsed with twice-dis- 
tilled water, dried in air and subsequently introduced 
in the ultra high vacuum (less than 10 ~ Pa base 
pressure, 10 7 Pa H 2 partial pressure after introducing 
the degassing samples) of the spectrometer. The sur- 
face concentration of the elements was analyzed with 
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XPS in a VG ESCALAB 5 spectrometer using Mg Ka 
radiation of 1253.6 eV (Au 4f7/2 at 84.0 eV, 1.7 eV 
FWHM), The measured surface composition is an 
average over an area of 0.2 cm 2 and a depth of 10-20 
A. The sputter depth profiles (Ar ~, 2 keV) were 
evaluated using a standard rate of 500 A cm 2 min 
mA ~ (4 /k rain i) and are therefore only to a factor of 
two precise in depth, owing to the element specific 
sputtering rate and the analyzing depth. The most 
significant differences in the depth profiles are ob- 
served wtthin the top 50-100 A. As the probing depth 
of XPS is ca. 3(), a, and the depth resolution upon 
sputtering is 20-30 ,~, the top layer cannot be probed 
in more detail. 

Table 1 
Peak position, intensity (relative peak height), Miller indices and d 
values of the Zr(V,,~Ni,,Ts) ~- sample (smalbscale) calculated from 
the X-ray diffraction pattern; the lattice constant for the cubic 
C15-Laves phase was found to be a 7.082 + 0.01)3 

20  (deg) Intensity h k l d l/k) 

35.7864 50 2 2 0 2.50713 
37.5614 16 
38.8402 9 
39.9681 16 
42.2597 100 3 I 1 2.13685 
44.2476 24 2 2 2 2.04535 
64.4455 12 4 2 2 1.44464 
68.8961 21) 5 1 1 1.36177 
76.0459 14 4 4 (I 1.25053 

3. Results and discussion 

3.1. X-ra ¢ dtffraction 

The X-ray diffraction pattern of the small-scale 
sample of Zr(V02sNio.75)2 is shown in Fig. l(a). Peak 
positions, intensities, and Miller indices for the cubic 
C15-Law:s phase (structure type: Cu2Mg; space group: 
Fd3m (227)) are listed in Table 1. Three minor peaks 
could no: be attributed to the C15-Laves phase. The 
lattice constant was found to be a = 7.082 _+ 0.003 A. 
The same value was found on the large-scale, as-cast 
sample (a = 7.09 _+ 0.01 ,~,). The diffraction patterns for 
the small- and the large-scale samples are, within the 
accuracy of the measurement, identical. The diffrac- 
tion pattern of the annealed large-scale sample showed 
a drastic decrease in the intensity of the three addi- 
tional peaks which do not belong to the C15-phase. 

The chemical analysis (inductive coupled plasma 
(ICP)) showed a slightly hyper-stoichiometric com- 
position for the small-scale sample Zr(g0.19Nio.s02.12 
and the nominal composition for the large-scale sam- 
ple (Zr(Vo.esNio.7~)~.,,~. 

3.2. Scanning electron microscope (SEM) and energy 
dispersive X-ray emission (EDX) analys'is 

Fig. 2 shows the SEM picture of a polished sample 
of Zr(V0.2sNio.vs)> The EDX analysis in Table 2 of the 
two different intense regions in the SEM picture shows 
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Fig. 1. X-ray diffraction pattern of (a) Zr(M, esNi. >)e sample (small- 
scale), (b) Zr:Ni>. and (c) Zr(V~ ~,Ni.,,7)e ~. 

Fig. 2. SEM picture of the Zr(V. esNi,~ 7s):~ sample (small-scale). The 
two different phases were identitied by EDX analysis; the dark 
phase is Zr(V, ~,NL,,7): , and the lighter phase is ZrTNi >. 

Table 2 
EDX analysis of the two different phases shown in Fig. 2 

Phase Etement At. % Composition 

Light gray Zr 30.41 
V 22.50 
Ni 47.09 

Zr(V, ~ Ni ~,~)e 

Dark Zr 39.73 
V 2.78 
Ni 57.49 

Zr~Nil ~ 
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Fig. 3. Optical microscnpy picturc of a polished and elchcd (10% 
HCI, 1 min) lump of the Zr(V~, ,,Ni, >)~ samplc. 

two d i f f e r en t  c o m p o s i t i o n s ,  Zr(V<33Ni0.¢,7)2. 3 for  the  
gray r e g i o n  a n d  ZrTNit~ ~ for  the  d a r k e r  reg ion .  Fig. 3 
shows an  opt ica l  m i c r o s c o p y  p i c tu re  of  a p o l i s h e d  a n d  

e t ched  (10% h y d r o c h l o r i c  acid,  1 min )  l u m p  of  the  

Zr(V0.25Nil~.75) 2 s ample .  T h e  two  iden t i f i ed  phases  were  
r e p r o d u c e d  as s ingle  phase  s a mp l e s  of  the  c o m p o s i t i o n  

ZrTNi  > a n d  Zr(V~ 33Ni0 ~,j, 3 wi th  the  a b o v e - d e s c r i b e d  

p r o c e d u r e .  X- r ay  d i f f r ac t ion  p a t t e r n s  of  these  two 

al loys ZrTNi ,o  a n d  Zr(V,.33Nio ~,7)2 3 are  s h o w n  in Figs. 
l (b)  a n d  l(c) respec t ive ly .  F o r  Z rTNi~  ~ two o r t h o -  

r h o m b i c  phases  are  d e s c r i b e d  in the  l i t e r a tu r e  [6] ,  the  
so-ca l led  s t o i c h i o m e t r i c  phase  (space g r o u p  Pbca  (611: 

a - 12.497(4) A,  b - 9.210(8) ,~, c - 9.325(2) A,; dens i ty ,  
D - 7.68 g c m  3) a n d  a so-ca l led  z i r c o n i u m - r i c h  phase  

(space g r o u p  A b a 2  (411: a = 9.211(51 ,~,, b = 9.156(81 ,~, 
c -  12.386(6) ,~: dens i ty ,  D = 7.78 g cm ~). T h e s e  da t a  

were  u sed  to ca lcu la te  [7] the  d i f f r ac t ion  p a t t e r n  
s h o w n  in T a b l e  3 for  the  s t o i c h i o m e t r i c  p h ase  of  

ZrTNi~0 a n d  in  T a b l e  4 for  the  z i r c o n i u m - r i c h  p hase  of  

ZrTNil0.  C o m p a r i n g  these  d a t a  wi th  the  d i f f r ac t ion  
p a t t e r n  s h o w n  in Fig. l (b)  a l lows  the  c o n c l u s i o n  tha t  

the  ZrTNi  m phase  f o u n d  in the  Zr(V0.25Ni0.:512 is 
m a i n l y  the  z i r c o n i u m - r i c h  phase  {space g r o u p  A h a 2  

{41)) of  Zr7Ni~0. T a b l e  5 c o n t a i n s  the  X - r a y  d i f f r ac t ion  

d a t a  for  the  Z r ( V 0 3 s N i o 6 j >  3 al loy,  wh ich  fo rms  the  
cub ic  C15 Laves  phase  wi th  a la t t ice  c o n s t a n t  of  a - 

7.150 ± 0.003 A.  

3.3. E lec t rochemica l  act ivat ion and  cyclic behav ior  

Table 3 
Calculated peak positions and intensities for the so-called stioch- 
iometric phase of ZrTNiL, ~ (space group Pbca (61): a = 12.497(41 /~. 
b = 9.210(8) A, c = 9.325(2) ,~; density D = 7.68 g/cm 

2~') (deg) d (A) h k / Intensity (%) 

15.30 6.1930 0 0 2 55 
24.08 3.6956 2 0 2 20 
24.18 3.6814 0 2 2 22 
28.83 3.0965 0 0 4 23 
31.10 2.8756 .~,~" 9 "~ 16 
31.57 2.8338 3 1 1 II 
34.91 2.5697 .~'~ 0 4 26 
37.81 2.379l 3 I 3 3(I 
37.94 2.3715 I 33 81 
38.91 2.3145 I ! 5 15 
39.12 2.3028 4 0 0 34 
39.36 2.2890 0 4 (1 3 I 
4(I.24 2.24(/8 2 2 4 l l)O 
41.1/7 2.1978 4 1 1 13 
4l .85 2.1584 4 (I 2 25 
42.08 2.147(I 0 4 2 3(I 
4~.. 33 I 18 ,.1. _2 
43.86 2.0643 (1 (16 15 
47.42 1.9171 3 3 3 1(I 
56.70 1.6234 4 4 (} 2(1 
63.10 1.4733 5 3 3 11 

Table 4 
Calculated peak positions and intensities for the so-called zir- 
conium-rich phase of ZrTNi,, (space group Aba2 (41): a = 9.211(51 
A, /)=9.156(81 /k. c 12.386(1) /k; density D =7.78g/cm ') 

28 (deg) d (,~) /7 k / Inlcnsity (%) 

23.81 3.7368 2 0 2 19 
34.56 2.5954 4 0 2 47 
37.39 2.4(148 3 1 3 96 
37.65 2.3889 3 3 1 100 
38.62 2.3312 0 0 4 43 
39.12 2.3(125 0 4 0 42 
39.87 2.261(I 4 2 2 92 
40.35 2.2354 0 4 I IS 
4(I.56 2.2239 I ! 4 21 
41.34 2.1842 2 (I 4 25 
41.35 2.1836 3 3 2 12 
41.81 2.1605 2 4 (1 29 
41.99 2.1516 I 33 42 
43.45 2.0828 6 (I 0 31 
45.71 1.9850 6 1 1 11 
46.32 1.96113 2 4 2 I 1 
46.97 1.9344 3 3 3 31 
47.83 1.9(117 6 0 2 13 
47.94 1.8977 6 2 0 1 (t 
56.14 1.6382 (14 4 27 

T h e  d i scharge  capac i t i es  m e a s u r e d  at l ow- ra t e  cur-  
r e n t  (10 m A  g ~) are s h o w n  in Fig. 4. T h e  

Zr (Vo>Niovs )2  smal l - sca le  s a m p l e  shows the  h ighes t  
m a x i m u m  capac i ty  of  340 m A  h g i a f te r  30 cycles.  

T h e  m a x i m u m  capac i ty  of  the  Zr(V~l.33Nilt.(,v)2.3 a l loy  
s a m p l e  is a p p r o x i m a t e l y  10% s m a l l e r  c o m p a r e d  wi th  

the  capac i ty  of  Zr(V.~sNi~751 ~. T h e  m e a s u r e d  maxi -  

1 
m u m  capac i ty  for the  Zr7Ni lo  phase  is 170 m A  h g 

O n  the  la rge-sca le  s amples  of  Zr(V~ 2~Ni o 75)2, a s lower  
ac t i va t i on  ra te  a n d  a s l ight ly sm a l l e r  capac i ty  was 
obse rved .  H o w e v e r ,  the  capac i ty  of  the  s a m p l e  tha t  
was no t  a n n e a l e d ,  was close to the  capac i ty  of  the  
smal l - sca le  sample .  T h e  cycle life p a r a m e t e r s  for the  
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Table 5 
Peak position, intensity (relative peak height). Miller indices and d 
values of the Zr(V~Ni, , , ,7) ,  ~ sample calculated from the X-ray 
diffraction 9anern: the lattice constant for the cubic C15-Laves 
phase was found to be a 7.150 +_ 0.003A 

Table 6 
Cyclc life parameters of the Zr(V,,>Ni,~ 7~)~, electrode at 20 °C and 
at 40 °C. C,< is the maximum discharge capacity of the electrode, C'.I 
is the initial discharge capacity (at cycle 0), a ~  is the activation 
constant, and A is the oxidation constant; the discharge current was 

2 tl Intensity h k 1 d(A) 100 mA g ' (C/3)  and the cut-off potential was scl to -0 .6  V vs. the 
HglHgO reference electrode 

35.4453 51 2 2 0 2.53047 
37.03(13 9 Temperature C .... (',~a /~ .... a,,, 
38.1856 4 (°C) ( m A h g  ') ( m A h g  ') (%/cyclc)  (%/cycle)  

39.3440 8 25 278 147 12.9 0.083 
41.8428 100 3 l l 2.15718 4(1 295 382 01 (t.27 
43.8091 29 2 2 2 2.(1648 
63.7662 11 4 2 2 1.45838 
68.1773 18 5 1 1 1.37437 
75.2534 14 4 4 0  1.26172 

Zr(Vo.25Ni0.75): electrode at 20°C and at 4I)°C are listed 
in Table 6. These parameters were calculated using 
our previously published cycle life model [8]. Increas- 
ing the cell temperature leads to a drastic increase of 
the oxidalion constant, which means that the electrode 
corrodes in a cell at 40°C almost four times faster 
(27%/10(/ cycles) compared with an electrode at 20°C 
(8.3% / 100 cycles). 

The high-rate dischargeability was taken as a mea- 
surement of the kinetics of the electrodes. High-rate 
dischargeability is, in our case, defined as the ratio of 
the capacity measured in a 30 h discharge divided by 
the capacity measured in a 3 h discharge. The high- 
rate dischargeabilities for the different samples are 
shown in Fig. 5. The Zr(V0 :sNio.75)2 small-scale sample 
shows the highest high-rate dischargeability of almost 
80%, while ZrTNit~ ~ shows the smallest at less than 

20%. Also, the Zr(Vii.33Ni0.~,712.3 alloy sample shows a 
lower rate capability than the Zr(V~25Ni0702 small- 
scale sample. 

The electrochemically-measured absorption and de- 
sorption equilibrium curve of the Zr(V~2sNi0.75)2 
small-scale sample is shown in Fig. 6. The absorption 
curve shows two flat regions, while the desorption 
curve consists only of one plateau. This is even more 
pronounced in the calculated density of states (DOS) 
curves, i.e. density of energy-states for hydrogen in the 
host metal [9], which shows two peaks for absorption 
but only one for desorption. This behavior was also 
observed at the elevated temperature (40°C). These 
two different adsorption peaks could be assigned to 
the two different phases. The fact, that there was only 
one discharge peak observed may be explained by the 
very bad kinetics of the Zr7Nil0 phase. Absorption 
occurs first on the sites with a higher binding energy 
and good kinetics, i.e. at a low pressure, followed by 
the occupation of the sites with a lower binding energy 

Capacity [mAh/g] 

400 

30 

90 

30 
Cycle number 

1 

Zr(Vo 25Ni0.75)2 
- .~ /g r (Vo .25Nio .75)2  large seal . . . . . . .  t 

~"-Zr(V0.25Ni0.75)2 large scale annealed 

Zr(Vo.33Nio.67)2.3 

ZrvNi Io 

Fig. 4. Discharge capacities as a function of cycle number measured at low-rate current (10 mA g ~) for the small-scale Zr(V,~,sNi¢~7~)2, 
large-scale a~-cast Zr(V~, ,~Ni,, 7,)2, large-scale annealed Zr(V, >Ni.  70> Zr(V, ~Ni~,,,7) _, ~ and ZrTNi,. samples. 
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Fig. 5. High-rate dischargeabilities as a function of cycle number for the small-scale Zr(V,~sNi, 7~)_,, large-scale as-cast Zr(V,~sNi, 7~) ~, 
large-scale annealed Zr(V,,~sNi, 7s),. Zr(V~, ~Ni, ~7)~ ; and Zr~Ni,, samples. 
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Fig. 6. Electrochemically-measured absorption and desorption equilibrium curve of the Zr(V~ ,,Ni ,7~)2 small-scale sample at 20°C (left-hand 
side) and the calculated DoS curve (right-hand side). 

and poor kinetics, i.e. at higher pressure. The desorp- 
tion initially occurs on the sites with a higher binding 
energy due to the poor kinetics of the sites with lower 
binding energy. This makes the discharge curve fuzzy 
and leads to a non-equilibrium measurement.  

3.4. Comparison of  electrochemical and gas-phase 
charge-discharge behavior 

A direct comparison of the electrochemically-mea- 
sured charge-discharge equilibrium curve with the 
gas-phase measurement is shown in Fig. 7. The 

measuring range is much larger in the electrochemical 
case. However,  in the common part of the curve, the 
electrochemical and the gas-phase data fit very well 
together. Furthermore, the electrochemical measure- 
ment of the equilibrium curve seems to be more 
sensitive and shows the details more sharply. In order 
to determine the equilibrium pressures and potentials, 
the position of the peaks were obtained from the DoS 
curves and are listed in Table 7. The reaction enthalpy 
and entropy were calculated from the results of the 
electrochemical equilibrium-measurements at 20°C 
and 40°C according to the following equation: 
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Fig. 7. Electrochemical (@) and gas-phase (©) absorption and 
desorption equilibrium curve of the Zr(Vo:sNi. Ts) ~ small-scale 
sample measured at a constant temperature of 40°C. 

Table 7 
Equilibriura potentials and pressures for absorption and desorption 
measured on the plateau (position of peak maximum in the DoS 
curve) of tae Zr(V, 2,Ni,,7,) sample at different temperatures 

Potential (mV) Pressure (bar) 

Temperature (°C) Absorption Desorption Absorption Desorption 

20 882.0 878.0 
905.5 

40 892.3 887.2 0.05 0.05 
920.6 - 1.3 - 

80 0.3 0.22 
4.5 

n F A E  ° =  A H -  TAS 

where  A E ° is the difference be tween  the potent ia l  of  
the metal  hydr ide  e lect rode and the potent ia l  of  the 
H g l H g O  reference electrode,  F is the Faraday  con- 
stant (96494 A s mol  ~), n is the n u m b e r  of  electrons 
( =  1), A H  is the react ion enthalpy,  AS the react ion 
en t ropy  and T the absolute tempera ture .  The  po- 
tential of  the H g l H g O  reference  e lect rode is t empera-  
ture dependen t  and given by the following equat ion  
[ l o ] :  

E ° n ~ n g o  = 1.18041 

- [4.4666 × 10 ~ - 6.936o6 × 10 % ( n ] r  

- 1.0788 × 10 6T2 + 4.512 × 10-"~T 3 

- 5.232T i 

The  absorpt ion  en tha lpy  was found  to be AH ° =  
22.8 kJ rno l .  ~ and the desorp t ion  entha lpy  is A H  ° =  
24.9 kJ molu  1, with AS ° =  - 6 6 . 4  J K 1 mol~l .  The  

enthalpy for the second absorpt ion  peak  is A H  ° = 20.3 
kJ mO1H ~ . 

The  discharge capacities were found  to be 360 m A  h 
1 1 g at 20°C and 380 m A  h g at 40°C. This is because 

of  the higher  equil ibrium potent ial  at 40°C, compared  
with 20°C, in combina t ion  with the constant  end of  
discharge potent ial  o f - 0 . 6  V. 

3.5. Surface composi t ion  

The Zr(V02sNi0.7s)2 electrode was analyzed in two 
different states of  the cycle life curve in order  to 
investigate the activation mechanism.  The surface 
composi t ion  of  the f reshly-prepared electrode for the 
metallic e lements  zirconium, vanad ium and nickel is 
shown in Fig. 8. The  top layer of  the alloy grains (30 
A) contains 75% zirconium oxide, 10% vanad ium 
oxide and 15% metallic nickel. Below 30 A the nickel 
concent ra t ion  increases quickly to 50% of the alloy 
bulk concentra t ion.  At  the same time, vanad ium and 
zirconium adjust to their bulk concent ra t ion  and 
become  almost  complete ly  metallic. 

Dur ing  the e lectrochemical  activation of  the elec- 
t rode (30 electrochemical  cycles) the concent ra t ion  of  
the e lements  in the surface changes drastically (Fig. 9). 
The  z i rconium oxide concent ra t ion  in the top layer (30 
A) decreased to 30%, while the nickel concent ra t ion  
increased to 70% and most  of  the nickel became 
oxidized. The concent ra t ion  of  vanad ium decreased to 
close to zero. The  d isappearance  of  vanad ium can be 
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Fig. 8. XPS depth profile of Zr, V and Ni for the as-cast 
Zr(V, >Ni.>), small-scale sample: (0) represent the total amount 
of the element (metallic and oxidized state); (©) represent the 
metallic constituents of the elements in terms of atoms/AB,, where 
AB~ stands for the sum of Zr + V + Ni. 
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small-scale sample after 30 electrochemical cycles: (O) represent the 
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exp la ined  by the high solubili ty of  v a n a d i u m  (0.4 g 14 t 
in pure  wa te r  [11] and even  higher  in alkal ine solu- 
tion) c o m p a r e d  with the o the r  e l emen t s  in the alloy. 
The  significant en r i chmen t  of  nickel  in the top  surface 
layer  c o m p a r e d  with the f r e sh ly -p repa red  e lec t rode ,  
c o m b i n e d  with the dissolut ion of  v a n a d i u m  oxide,  is 
respons ib le  for  the ac t ivat ion of the e lec t rode  [2]. 

4. Conc lus ions  

Zr(V0.25Ni0.75)2 is an in termeta l l ic  c o m p o u n d  with a 
high discharge capaci ty  ( approx ima te ly  360 m A  h g 1) 
and is a s imple  compos i t ion  of  only th ree  e lements .  
H o w e v e r ,  the meta l lu rgy  seems  to be  quite compl i -  

cared. The  two-phase  alloy has super ior  proper t ies ,  i.e. 
higher  discharge capaci ty  and be t t e r  kinetics, for  use 
as an e lec t rode  mater ia l  than  the co r respond ing  single- 
phase  alloy. The  two individual  phases  which could be  
identified, are,  individually,  bo th  infer ior  in their  
p roper t i e s  c o m p a r e d  with the combina t ion  of these 
phases  in Zr(V0.2~Ni0.75)2. The  posi t ive synergism of 
the two phases  m a y  be expla ined  in different  ways. 
Zr7Nilo is known to have  a high capaci ty  ( H / M  = 1, 
C = 3 7 2  m A  h g '). Howeve r ,  its hydr ide  is quite 
s table ( p ~ q ~ 4 ×  10 2 bar  at 25°C) [12] and the 
kinetics of  this phase  seems  to be very poor .  In 
contrast ,  Zr(V033Ni0~7)2. 3, with be t te r  kinetics, may  
assist the sys tem as a catalyst  for  hydrogen  absorp t ion  
and desorpt ion .  
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