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Abstract 

The pressure-composition isotherms and electrochemical characteristics of titanium-based hydrogen storage alloys have been 
studied for various compositions. In the Ti-Zr-V-Mn-Ni system, Tio 2Zro osVo 4Mno 35_xNi x (x = 0.1-0.25) alloys were found to 
have a large hydrogen storage capacity (greater than 1.75 wt.% g-i alloy) and high discharge capacity (350-440 mA h g-l). 
Their structure was confirmed to be multi-phase and composed of an AB2-type C14 Laves phase matrix and V-rich b.c.c, second 
phase by using X-ray diffraction, scanning electron microscope and electron microprobe analyses. In order to identify the 
contribution of each phase to the high discharge capacity of multi-phase alloys, these two phases were prepared separately and 
their hydrogen storage capacities were investigated. It was found that the V-rich b.c.c, second phase was hardly hydrogenated in 
KOH electrolyte, though its theoretical hydrogen storage capacity was as high as 1.93 wt.% H g I alloy as determined from the 
pressure-composition isotherms in the solid-gas reaction. Its potential hydrogen storage capacity was able to be utilized by the 
presence of a C14 matrix phase which had a catalytic activity for the charge-transfer reaction in KOH electrolyte. 
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1. Introduction 

The nickel-metal hydride (Ni-MH) battery has 
several advantages, such as high energy density, more 
tolerance to overcharge and overdischarge, high-rate 
capability and non-toxic materials in comparison with 
the conventional lead-acid and/or nickel-cadmium 
batteries [1-3]. The small size Ni -MH batteries (AA 
size) have been commercialized for portable electronic 
appliances while the large size Ni -MH batteries are 
under development for electric vehicles. The Ni -MH 
batteries for electric vehicles require higher energy 
density and power density. It is especially required to 
increase the energy density above 60-70 W h kg -1 
which is the energy density of the commercialized 
Ni -MH batteries [4,5]. The energy density of the 
Ni -MH battery depends on the discharge capacities of 
both the electrodes (NiOOH and MH) and the con- 
struction of the cell. However, it is difficult to increase 
the discharge capacity of the nickel electrode sig- 
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nificantly because its charge-discharge efficiency has 
been improved as high as 90% and its theoretical 
discharge capacity is limited to 290 mA h g-I [6,7 ]. In 
contrast to the positive nickel electrode, there remains 
more room for improvement of the discharge capacity 
of the negative MH electrode because the hydrogen 
storage capacity of the metal hydride can be increased 
by developing light high-capacity alloys. 

Two major requirements should be satisfied to 
develop a high capacity MH electrode material. First- 
ly, in order to improve the theoretical capacity, the 
reversible hydrogen storage capacity of the metal 
hydride should be high in the solid-gas reaction, 
maintaining the desorption pressure in the range of 
0.01-1 atm at room temperature [8]. Secondly, in 
order to utilize the theoretical capacity efficiently, the 
metal hydride should have a high catalytic activity on 
the charge transfer reaction for the electrochemical 
hydrogenation in KOH electrolyte. The electrochemi- 
cal hydrogenation is composed of three consecutive 
steps which are the hydrogen diffusion in the MH 
bulk, the hydrogen transfer between absorbed and 
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adsorbed states and the electrochemical oxidation/ 
reduction of hydrogen at the interface between the 
alloy surface and the electrolyte [9]. The last step is 
known to be a charge transfer reaction and it can be 
improved by a catalyst, such as nickel, contained in the 
MH as an alloying element. 

So far, several metal hydride systems have been 
developed as negative electrode materials and major 
consideration has been given to Ti-Ni [10,11], Zr-V-  
Ni [12,13], ZrMn 2 [14], Zr-Cr-Ni [15] and MmNi s 
[16-18] systems. However, the electrochemical dis- 
charge capacities of those alloy systems are less than 
400 mA h g-1 because reversible hydrogen storage 
capacities are lower than 1.5 wt.% H g 1 alloy at room 
temperature in the gas-solid reaction, as verified by 
the P - C  isotherms (P-C isotherms). Recently, 
titanium-based alloy systems such as TiCr 2 and TiMn~ 
have been of great interest as promising candidates for 
the high capacity electrode materials. The structures of 
those AB2-type alloys are C15 or C14 Laves phases. In 
the alloy development of both systems, it is very 
important to keep the Laves phase structure. The 
TiMn2-based intermetallic compounds have a wider 
compositional range of phase homogeneity than 
TiCr2-based intermetallic compounds, and its gas- 
solid hydrogenation characteristics deteriorate less on 
substitution of alloying elements. So, many researchers 
were devoted to development of TiMn2-based com- 
pounds for hydrogen storage alloys [19-21]. However, 
TiMnz-based compounds have not been investigated 
for the electrode materials so far, because those 
researches have been focused on improving gaseous 
hydrogenation characteristics for the application of 
hydrogen storage systems which require equilibrium 
hydrogen desorption pressures of 5-10 atm at room 
temperature. 

In this study, TiMn2-based C14-type Laves phase 
intermetallic compound was modified by substituting 
alloying elements such as Zr, V and Ni in order to 
develop a high capacity MH electrode material, and its 
gaseous and electrochemical hydrogenation charac- 
teristics were investigated. 

2. Experimental details 

The Ti-Mn-based hydrogen storage alloys used in 
this study were prepared by arc-melting in an argon 
atmosphere and were remelted several times in order 
to ensure homogeneity. These alloys were crushed and 
mechanically ground into powders in air and sieved 
t o -  325 mesh. To investigate the gaseous hydrogena- 
tion characteristics in the gas-solid reaction, the P - C  
isotherms for hydrogen desorption were measured by 
an automatic Sieverts-type apparatus. Also, in order to 
identify the crystal structure and the phases of the 

hydrogen storage alloy, X-ray diffraction (XRD) mea- 
surements and scanning electron microscope (SEM) 
analysis were performed respectively. 

To prepare MH negative electrodes, 0.2-0.3 g of 
alloy powders were mixed with 10 wt.% of nickel 
powders as a current collector and 10 wt.% of poly- 
tetrafluoroethylene (PTFE) powders as a binder, and 
then pressed at 5 ton cm -2 into a pellet of 10 mm 
diameter and about 1 mm thickness. A half-cell was 
constructed using a platinum wire as a counter elec- 
trode and mercury/mercury oxide (Hg/HgO) as a 
reference electrode in 30 wt.% KOH electrolyte. The 
electrodes were charged for 10 h and discharged to 
- 0 . 7  V (vs. Hg/HgO) at a current density of 50 mA 

1 g 

3. Results and discussion 

3.I. The gaseous hydrogenation characteristics of  the 
T i -Mn-M (34 = Al, Cu, Cr, Fe, Ni, V)system 

In the Ti-Mn binary system, there are various 
phases such as /3-Ti solid solution of b.c.c, structure, 
a-Ti solid solution of hexagonal structure, TiMn 2 
intermetallic compound of MgZn2-type hexagonal C14 
Laves phase, TiMn3, TiMn 4 intermetallic compounds 
and ce-,/3-, y-, 8-Mn solid solutions [22]. Among these 
phases, solid solution-type phases are not suitable for 
the starting system in the development of MH elec- 
trode materials because a and /3-Ti solid solutions 
form too stable a hydride, and Mn-based solid solu- 
tions do not absorb hydrogen. In contrast, TiMn 2 
Laves phase is a favorable starting system for the MH 
electrode material because its gaseous hydrogenation 
reaction is very fast and its reversible hydrogen stor- 
age capacity is high [19]. However, its equilibrium 
desorption pressure should be decreased because the 
equilibrium pressure is as high as 30 atm [23]. The 
equilibrium pressure can be decreased to 7 atm at 
room temperature by increasing the titanium content 
to Tio.4Mn0. 6. However, the equilibrium pressure 
should be decreased below 1 atm by substituting 
alloying elements. The effects of the alloying elements 
were investigated by measuring P - C  isotherms of 
Ti0.4Mn0.4X0. 2 (X = AI, Cr, Cu, Ni, Fe) alloys at 30°C 
as shown in Fig. 1. Although hydrogen absorption 
capacity increased considerably, the reversible hydro- 
gen capacity decreased greatly, especially for the P - C  
isotherms of Ti04Mn0.aX0. 2 (X= Al, Cu, Ni) alloys. 
The reversible capacities of Ti0.4Mn0.4Cro 2 and 
Ti0.4Mn0.4Fe0. 2 were only 0.5 H/M when maintaining 
almost the same equilibrium pressure. The XRD 
patterns of these alloys are shown in Fig. 2. It was 
found that the crystal structure of Ti0.4Mn0. 6 was 
mainly C14 Laves phase and those of Ti0.aMn04X02 
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the hydrogen storage capacity considerably. Desorp- 
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and Tio.3Vo.aMno. 3 alloys, 
which were mainly composed of a Ti-based b.c.c. 
structure, had less reversible hydrogen capacity than 

Fig. 1. Desorption P-C isotherms of Tio4Mn o4Xo2 (X = Mn, AI, 
Cu, Cr, Fe, Ni) alloys at 30°C. 
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Fig. 2. XRD patterns of Tio 4Mno 4X o 2 (X = Mn, AI, Cu, Cr, Fe, Ni) 
alloys. 

(X = AI, Cu, Ni) alloys were mainly b.c.c., whilst those 
of Tio.4MnoACro. 2 and Tio.aMno.,Feo. 2 alloys were 
b.c.c, containing some C14 Laves phase. It was found 
that the reversible hydrogen storage capacity was 
correlated with the existence of the C14 Laves phase; 
however, the reversible hydrogen storage capacity was 
not improved by substituting AI, Cu, Cr, Fe or Ni for 
Mn because the B-Ti phase of the Tio.4Mno.6 alloy was 
stabilized by the substitution of transition elements. 
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Fig. 4. XRD patterns of Ti-V-Mn alloys. 



66 H.-H. Lee et al. / Journal of Alloys and Compounds 239 (1996) 63-70 

Tio.eW0.4Mno.4 and Ti0.4W0.2Mno. 4 alloys, which were 
mainly composed of C14 Laves structure. So, it seems 
that Ti0.2Wo.aMno. 4 and Ti0.4Vo.2Mno. 4 alloys have suit- 
able gaseous hydrogenation characteristics for the 
negative electrode material because the equilibrium 
desorption pressure is between 0.01 and 1 atm and the 
reversible hydrogen storage capacity is above 1.44 
wt.% H g-~ alloy. 

3.2. The electrochemical characteristics of the Ti-V- 
Mn-Ni  system 

Although Ti0.nV0.2Mno. 4 and Ti0.4V0.2Mno.4 alloys 
had good hydrogenation properties in the solid-gas 
reaction, these alloys could not electrochemically ab- 
sorb hydrogen in KOH electrolyte. Fig. 5 shows 
charging-discharging curves of Tio.4Vo.2Mno4 alloy 
after several cycles and Tio.aVo.2Mno.2Nio.2 alloy after 
the first cycle. In the case of Ti0.4Vo.2Mno. 4 alloy, the 
electrode potential exceeded-  0.932 V (vs. Hg/HgO) 
of the hydrogen evolution potential during the charg- 
ing period, and dropped drastically b e l o w -  0.7 V as 
soon as the electrode was discharged, as shown in Fig. 
5. During the charging period of the Ti0.4V0.2Mno.4 
alloy, only the hydrogen gas evolution reaction pro- 
ceeded instead of the electrochemical hydrogen ab- 
sorption reaction. It was supposed that this behavior 
was due to the existence of passive films and the lack 
of an electrochemical catalytic phase on the surface. In 
this work, for the Tio.4Vo.2Mn0. 4 alloys, manganese was 
partially substituted by nickel, which had a catalytic 
activity for electrochemical hydrogenation. In charg- 
ing-discharging curves of Ti0.4Vo.2Mno.2Nio. 2 alloy 
after the first cycle, as shown in Fig. 5, the electrode 
potential decreased below the hydrogen evolution 
potential within 2 h and remained below the hydrogen 
evolution potential for hours; it then increased above 
the hydrogen evolution potential after full charging. 
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The Tio.4V0.2Mno.2Ni0. 2 electrode was discharged for 
about 4 h at a current density of 50 mA g 1 In 
contrast to the Tio.4Vo.2Mno. 4 alloy, which did not 
contain nickel, the Ti0.4Vo.zMn0.2Ni0.2 alloy could be 
charged and discharged, and after the first cycle in 
KOH electrolyte showed an initial discharge capacity 
of 206 mA h g-J at a current density of 50 mA g-~. In 
order to investigate the electrocatalytic activity of 
nickel in the Ti -V-Mn-Ni  alloy system, the exchange 
current density was evaluated by a linear polarization 
method. In Fig. 6, the exchange current densities are 
shown as a function of nickel atomic concentration in 
the Ti0.4V0.2Mno.4 ~Ni~ alloys. The exchange current 
density increased with increasing nickel concentration 
and that of Tio.4Vo.2Mno.2Nio. 2 alloy was about ten 
times that of the Ti0.4V0.2Mno. 4 alloy. In the Ti-V-  
Mn-Ni system, it was found that the electrocatalytic 
activity increased as the nickel concentration in- 
creased, and the Tio.4Vo.2Mno.2Nio. 2 alloy was able to 
be hydrogenated electrochemically in KOH electrolyte 
because its exchange current density was much higher 
than that of the Ti-V-Mn alloy. 

3.3. T i -Zr -V -Mn-Ni  system 

In spite of the improved electrochemical hydro- 
genation properties of the Ti -V-Mn-Ni  alloys, their 
gaseous hydrogenation characteristics deteriorated. 
The reversible hydrogen storage capacity decreased 
and the equilibrium desorption pressure in creased 
above 1 atm, as shown in Fig. 7. Accordingly, in order 
to increase reversible hydrogen storage capacity as 
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Fig. 5. Charging and discharging curves of Ti,~4V, eMn. 4 and Fig. 6. Exchange current  density of  Tio4Wo2Mno4 xNix as a function 
Ti.  4V~ 2Mno2Nio 2 at 30°C. of  Ni concentration. 
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well as to adjust the equilibrium pressure to lower 
than 1 atm at room temperature, a small amount of 
zirconium was added to the Ti -V-Mn-Ni  system 
because it has a higher affinity for hydrogen ( - 188 kJ 
mo1-1) than other elements (Ti : -  137 kJ mo1-1, V: 
- 37 kJ mo1-1, Mn: - 25 kJ mol-1). As shown in Fig. 7, 
the reversible hydrogen storage capacity of T i - Z r - V -  
Mn-Ni alloy increased without changing the equilib- 
rium pressure compared with Ti-V-Mn alloy. Fig. 8 
shows XRD patterns of Tio.4Vo.2Mno. 4, 
Ti0.4Vo.2Mno.2Nio. 2 and Tio.aZro.05V0.2Mn0.2Ni0. 2 alloys. 
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Fig. 8. X R D  pa t te rns  of  Ti0.4Vo.2Mno.4_xNi x alloys. 

It was found that the peak intensity of the V-rich b.c.c. 
phase decreased by the addition of zirconium, whilst it 
increased by the addition of nickel. The unit cell 
volumes of the C14 Laves phase alloys remained 
almost the same for additions of nickel or zirconium 
compared with Ti0.aW0.2Mn0. 4 alloy. It is thought that 
the change of the equilibrium pressure is attributed to 
the change of the chemical affinity between hydrogen 
and alloys rather than the change of the size of the 
interstitial site for hydrogen; the increased reversible 
gaseous hydrogenation capacity of 
Tio.aZro.o5Vo.2Mno.2Ni0.2 alloy compared with 
Tio.4Vo.2Mn0. 4 alloy is thought to be attributed to an 
increase in the high capacity C14 phase and a decrease 
in the V-rich b.c.c, phase. So, it is proposed that 
zirconium is suitable for the fifth element for improv- 
ing hydrogenation characteristics of Ti -V-Mn-Ni  
alloys. Fig. 9 shows electrochemical discharge curves 
of the various T i -Zr -V-Mn-Ni  alloys at 30°C. In the 
T i -Zr -V-Mn-Ni  system, it was found that 
Tio.2Zro.05Vo.4Mno.2Nio.15 alloy showed the highest 
electrochemical discharge capacity of 440 mA h g-1 at 
a current density of 50 mA g-l,  and it seemed to be a 
promising candidate for the high capacity negative 
electrode material for Ni-MH battery. 

In order to investigate why Tio.2Zro.05Vo.4Mno.2Nio.15 
alloy has considerably higher discharge capacity, SEM, 
EDAX analyses and XRD measurements were carried 
out. From the SEM results shown in Fig. 10, it was 
found that Tio.2Zro.05Vo.4Mno.2Nio.15 alloy was a mix- 
ture of the matrix phase and a second phase, The 
composition of each phase was. characterized by 
EDAX and both phases were prepared separately in 
order to investigate their structures and hydrogenation 
properties. It was found tnat the matrix phase was 
Ti-based Tio.26Zro.oTVo.24Mno.2Nio.23 alloy which had 
an AB2-type C14 Laves phase structure, and the 
second phase was characterized as V-rich 
Tio.llVo.66Mno.23 which had a b.c.c, structure. The SEM 
micrograph is shown in Fig. 10 and the XRD patterns 
are shown in Fig. 11. Fig. 12 shows desorption P - C  
isotherms of the original alloy and its C14 matrix 
phase and V-rich b.c.c, second phase measured at 
50°C. The desorption plateau pressure of the matrix 
phase is in the range of 1-10 atm and that of the V-rich 
b.c.c, phase is 1 atm at 50°C. In the P - C  isotherm of 
the b.c.c, phase there exists a low pressure plateau; this 
is thought to be related to the irreversible hydrogen 
absorption, such as the lower plateau in the vana- 
dium-hydrogen system. The theoretical discharge 
capacity related to the reversible gaseous hydrogen 
storage capacity as follows: 

Cth .... ti¢~l =(96500 × wt.% H g - 1  alloy)/3600 

mA h g-1 (1) 
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Fig. 9. Discharging curves of Ti-Zr-V-Mn-Ni alloys. 

Fig. 10. Microstructure of Tio2Zr~,osVo4Mno2Ni o i~ alloy (white gray: 
matrix phase Ti,26 Zroo7V,24Mn,2Ni~2~, dark black: second phase 
Tio ,~ V, 66Mn02~). 

The theoretical discharge capacities of the original 
alloy and its matrix phase alloy and second phase alloy 
were calculated from Eq. (1), and the values were 454 
mA h g-l,  386mA h g-1 and 541 mA h g t respec- 
tively. The experimental electrochemical discharge 
capacity of the matrix phase alloy containing nickel 
was 360 mA h g-l; however, the second phase alloy 
containing no nickel could not be hydrogenated in 
KOH electrolyte, as shown in Fig. 13. From the 
experimental results, it is suggested that the 
Tio.2Zro.osVo.4Mno.2Nio.15 alloy composed of C14 and 
b.c.c, phases has a large discharge capacity because the 
V-rich b.c.c, phase, which has larger theoretical dis- 
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Fig. ll. XRD patterns of the Tio2ZroosV~)4Mno2Ni~,15 alloy, 
Ti. ~, V~ ~Mn, 2:~ alloy (second phase) and Tio26Zr.:V~.24Mn~.2Ni~ 27 
alloys (matrix phase). 

charge capacity than its original alloy but cannot be 
electrochemically hydrogenated alone, can be hydro- 
genated in KOH electrolyte owing to the catalytic 
effect of the matrix phase which has smaller theoret- 
ical discharge capacity and contains electrocatalytic 
nickel as an alloying element. Even though the initial 
discharge capacity of this Ti-based alloy was very high, 
it was found that the cyclic property was poor. More 
work is necessary to understand the degradation 



H.-H. Lee et al. / Journal of Alloys and Compounds 239 (1996) 63-70 69 

t... 
~q 

t.. 
gL  

e~ 
QJ 

o t_  
" o  

= 

100 

10 

0.1 

• i , i • 1 , i • i , i , i , i • [ , i i 

50°C desorpt ion TIL 2Zr~Vo.4Mno.zNio.I s 
original alloy 

{5 l second phase(BCC) 

0 . 0 l  , I I , I , | i I • I , I • I , I , I • 

0.0 0.2 0.4 0.6 0,8 1.0 1,2 1.4 1,6 1.8 2.0 2,2 

H / M  

Fig. 12. Desorption P-C isotherms of the original alloy, the matrix 
phase alloy and the second phase alloy. 

1.3 

1.2 

= 
1.0 

0.9 

~t 0.8 . ~  
< . )  

~a 
• ~ 0.7 o 

• I ' ' '  I ' • • I ' ' '  I ' '  • I ' • • I ' '  • I , • • I ' '  ' I ,  • • I • • ' I ' '  • 

300C, 12hours charging, charging-discharging current = 50mA/g 

Hydrogen gas evolution ll-ialiVit~Matz ~ 
second plu== (aCC) 

/ ' / x  T i l ~ , Z r l . l ~ V t ~ l M n l . ~ N i l . ~  

Dischargtng capacity : 363mAh/g 
0 . 6  . l l l , l , , .  1 , 1 ,  1 . 1  1 1 , . , I . , 1 1 ' ' ' l ' l  J l ' ' ' l ' • ' l ' ' '  

0 2 4 6 8 l0 12 14 16 18 20 22 

Time ( h ) 

Fig. 13. Charging and discharging curves of the matrix phase and the 
second phase in Tio 2Zr)05V04Mn02Ni0. 5 alloy. 

mechanism of this system in order to improve the 
cycle life. 

4. Conclusions 

The gaseous hydrogenation characteristics of Ti-Mn 
binary alloys were investigated by substituting V for Ti 
or Mn. It was found that Ni should be included in the 
Ti -V-Mn alloy in order to hydrogenate it electro- 
chemically in KOH electrolyte; this is because Ni has a 
high catalytic activity for the charge transfer reaction 
in the electrochemical hydrogenation of the MH 
negative electrode• In confirmation, it was found that 

the exchange current density of the Tio 4Vo.2Mno.2Nio 2 
alloy was about ten times that of the Ti0.4Vo.2Mn0. 4 
alloy. Also, zirconium was able to increase the revers- 
ible hydrogen storage capacity of Ti -V-Mn-Ni  alloys, 
maintaining the equilibrium hydrogen desorption pres- 
sure below 1 atm at room temperature• The electro- 
chemical discharge capacity of the T i -Zr -V-Mn-Ni  
system was in the range 100-440 mA h g-l; of the 
alloys in this system, Ti02Zr005Vo4Mn02Nio 15 showed 
the highest electrochemical discharge capacity of 440 
mA h g-l. This alloy was composed of the AB2-type 
C14 Laves phase containing nickel and the V-rich b.c.c. 
phase which contained no nickel. The respective 
theoretical and experimental discharge capacities were 
386 mA h g-] and 360 mA h g-~ for the Laves phase 
and 541 mA h g- ~ and 0 mA h g- ~ for the V-rich b.c.c. 
phase• 

It was suggested that the large discharge capacity of 
the Ti02Zro.osV0.aMn0.2Nio.15 alloy was attributed to 
the catalytic activity of the C14 matrix phase which 
utilized the large hydrogen capacity of the V-rich b,c.c. 
second phase. It was also found that more work is 
necessary to investigate the poor cyclic property of this 
system in order to improve the electrode properties. 
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