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In  an  effort  to reduce  raw  material  cost  and  improve  the  charge  retention  characteristic  of  nickel  metal
hydride  batteries,  the  Ti,  Zr,  and Ni-contents  in  vanadium-free  AB2 metal  hydride  alloys  were  optimized
according  to  their  capacity,  charge  retention,  activation,  high-rate  capability,  low-temperature  perfor-
mance,  and  cycle  stability.  A  multi-component  hypo-stoichiometric  AB2 alloy  with  a  composition  of
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Ti10Zr27Cr8Mn15Co5Ni35 was  identified  and  compared  to vanadium-containing  AB2 metal  hydride  alloys.
Vanadium-free  alloys  provided  better  charge  retention  performance  but  with  a trade-off  in  cycle  life.  The
gaseous  and  electrochemical  storage  properties  were  correlated  to both  the average  composition  and  the
stoichiometry  of  the  main  AB2 phases.

© 2011 Elsevier B.V. All rights reserved.

lectrochemical reactions

. Introduction

Laves phases based AB2 metal hydride (MH) alloys are important
andidates as negative electrode active materials in nickel–metal
ydride (Ni/MH) batteries for applications such as small portable
lectronic devices, hybrid and electrical vehicles, and station-
ry energy storages [1–4]. Other candidates include LaMgNiCo
5–8], Ti–V based BCC [9], and MmMgNiAl alloys [10]. In the
arge-scale stationary applications of solar and wind farm stor-
ge, round-trip energy storage efficiency has become one of the
ey factors to be considered when choosing the battery chem-
stry. Commercial-grade AB2 alloys have the advantage of relatively
mall pressure–concentration–temperature (PCT) hysteresis over
onventional AB5 alloys [11] through their flexible alloy composi-
ional design [12]. This smaller PCT hysteresis contributes to higher
ound-trip energy efficiency. However, the self discharge in typical
ommercial-grade AB2 alloys is higher compared to commercial-
rade AB5 alloys, which counteracts the PCT hysteresis advantage
nd can in turn lower the round-trip energy efficiency [13,14].

Vanadium, as a result of its high solubility in alkaline environ-
ent [11,15–17],  causes an increase in shuttle redox reactions often

ssociated with a lower charge retention [18]. Another disadvan-
age of the use of vanadium containing alloys is cost. The high cost

f vanadium, even in the less-expensive form of ferrovanadium,
ncourages the elimination of vanadium from the alloy formula.
owever, the use of vanadium contributes positively to many of the

∗ Corresponding author. Tel.: +1 248 293 7000; fax: +1 248 299 4520.
E-mail addresses: kyoung@ovonic.com, kwoyoung@yahoo.com (K. Young).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.08.091
alloy’s electrochemical properties, such as higher storage capacity
[19–24], easier activation [21], improved high-rate discharge abil-
ity (HRD) [25], and better cycle stability [26]. Therefore, a study
in the compositions of vanadium-free AB2 alloys is necessary to
improve the self discharge of AB2 alloys while maintaining all other
performance characteristics. The optimization of contents of three
key elements, Zr, Ti, and Ni, in the vanadium-free Laves phase AB2
alloys is covered in this study.

2. Experimental setup

Induction melting from elementary raw materials was  performed under
an argon atmosphere in a 25 kg induction melting furnace using a MgO  cru-
cible, an alumina tundish, and a steel cylindrical mold. The ingots were first
hydrided/dehydrided and mechanically crushed into −200 mesh powder. The chem-
ical  composition of each sample was examined by a Varian Liberty 100 inductively
coupled plasma (ICP) system. A Philips X‘Pert Pro X-ray diffractometer (XRD) was
used to study the microstructure, and a JOEL-JSM6320F scanning electron micro-
scope (SEM) with energy dispersive spectroscopy (EDS) capability was used to study
the  phase distribution and composition. PCT characteristics for each sample were
measured using a Suzuki-Shokan multi-channel PCT system. In the PCT analysis,
each sample was  first activated by a two-hour thermal cycle between 300 ◦C and
room temperature at 25 atm H2 pressure. The PCT isotherms at 30 ◦C and 60 ◦C were
then  measured. Details of both electrode and cell preparation methods, as well as
measurement methods, have been reported before [27–29].

3. Results and discussion

In our previous studies of vanadium-containing AB2 MH alloys

in NiMH battery applications, the AB2.0 stoichiometric alloy (B/A
ratio equals 2.0) was  selected [23,27,28,30–33,11,34,35] due to
a combination of high capacity and good high-rate performance
[36,37]. Vanadium is considered a hydride former as a result of

dx.doi.org/10.1016/j.jallcom.2011.08.091
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kyoung@ovonic.com
mailto:kwoyoung@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.08.091
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Table 1
Designed compositions (in bold) and ICP results in at.%. e/a is the average outer-shell electron density. B/A is the stoichiometry of the alloy.

Ti Zr Cr Mn Co Ni Fe e/a B/A

Ti9 Design 9.0 28.0 8.0 15.0 5.0 35.0 6.96 1.70
ICP 8.9  28.4 7.8 14.8 5.0 35.0 0.06 6.95 1.68

Ti10,  Ni35 Design 10.0 27.0 8.0 15.0 5.0 35.0 6.96 1.70
ICP  9.6 26.7 7.8 15.3 5.3 35.1 0.07 6.98 1.75

Ti11 Design 11.0 26.0 8.0 15.0 5.0 35.0 6.96 1.70
ICP  10.7 26.1 7.8 14.9 5.3 35.0 0.05 6.96 1.71

Ti12  Design 12.0 25.0 8.0 15.0 5.0 35.0 6.96 1.70
ICP  11.7 25.2 7.9 15.1 5.2 34.9 0.06 6.97 1.71

Ti13 Design 13.0 24.0 8.0 15.0 5.0 35.0 6.96 1.70
ICP  12.8 24.1 7.9 15.2 5.1 34.8 0.05 6.96 1.71

Ni34 Design 10.0 28.0 8.0 15.0 5.0 34.0 6.90 1.63
ICP  10.0 28.1 7.9 15.0 4.9 34.0 0.08 6.90 1.62

Ni36  Design 10.0 26.0 8.0 15.0 5.0 36.0 7.02 1.78
ICP  9.7 26.3 7.9 15.3 5.1 35.7 0.05 7.02 1.78

Ni37 Design 10.0 25.0 8.0 15.0 5.0 37.0 7.08 1.86
ICP 10.0  25.1 7.7 15.4 5.0 36.6 0.07 7.06 1.85
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Ni38  Design 10.0 24.0 8.0 

ICP 9.9  24.5 7.6 

ts ability to increase the metal–hydrogen bond strength in AB2
H  alloys [23,38,39].  Removing vanadium from the composition
ould require other means of increasing the metal–hydrogen bond

trength, and such can be achieved by either increasing the Zr/Ti
atio [27] or decreasing the B/A stoichiometric ratio [37]. Hence,
wo series of vanadium-free alloys were designed to address both
pproaches in this study: Ti-series, TixZr37−xCr8Mn15Co5Ni35 (x = 9,

0, 11, 12, and 13) and Ni-series, Ti10Zr62−xCr8Mn15Co5Nix (x = 34,
5, 36, 37, and 38). All compositions are designed to be hypo-
toichiometric to compensate for the reduction in capacity due to

ig. 1. XRD spectra using Cu-K� as the radiation source for alloys Ti9 (a), Ti10 (b),
i11  (c), Ti12 (d), and Ti13 (e). Vertical line is used to illustrate the shift of TiNi peak
nto higher angles.
5.0 5.0 38.0 7.14 1.94
5.0 5.0 37.8 0.07 7.12 1.90

the elimination of vanadium with a fixed and varied B/A ratios in
the Ti- and Ni-series, respectively.

In both series, changes in Ti and Ni are at the expense of Zr.
Composition Ti10 in the first series is the same as Ni35 in the sec-
ond series. The designed compositions are listed in Table 1. The
average electron density (e/a) for each alloy, calculated from the
average number of outer-shell electrons of the constituent ele-
ments, is listed in the same table. The e/a values in Ti-series are

the same since both Ti and Zr have four outer-shell electrons and
are near the lower border of C14/C15 threshold for stoichiomet-
ric AB2.0 alloys [40,41]. However, as shown in the literature, other

Fig. 2. XRD spectra using Cu-K� as the radiation source for alloys Ni34 (a), Ni35 (b),
Ni36 (c), Ni37 (d), and Ni38 (e). Vertical line is used to illustrate the shift of the TiNi
peak into higher angles.
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Fig. 3. The evolutions of lattice constants a and c for Ti- (a) and Ni-series (b) alloys
as  functions of compositional variation.
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which validates the prediction from e/a values. The peak at around

T
L
a

han stoichiometry [40], the Ti/Zr ratio [42] also moves the C14/C15
hreshold. Therefore, the final dominating phase cannot be pre-
icted by e/a value alone. The e/a values in Ni-series increase and
un across the C14/C15 threshold, and as a result, a shift from C14
ominating to C15 dominating structure is expected. The designed
/A stoichiometries are calculated and while the B/A ratio is fixed
t 1.70 in the Ti-series, the B/A ratio increases from 1.63 to 1.94
n the Ni-series. The ICP results of all nine alloys are also listed
n the same table. Minor deviation from the designed compo-
ition is observed in each sample, including a small Fe-pickup

rom the mold and a slight decrease in Ti due to the oxide slag
ormation.

able 2
attice constants a and c, a/c ratio, C14 lattice volume, full width at half of maximum of
bundances calculated from XRD analysis.

a (Å) c (Å) a/c VC14 (Å3) FWHM (degree) Crystallite si

Ti9 4.9881 8.1604 0.6113 175.8 0.168 871 

Ti10,  Ni35 4.9775 8.1369 0.6117 174.6 0.161 951 

Ti11  4.9818 8.1390 0.6121 174.9 0.148 >1000 

Ti12  4.9794 8.1271 0.6127 174.5 0.161 949 

Ti13  4.9749 8.1190 0.6127 174.0 0.155 >1000 

Ni34 4.9889 8.1695 0.6107 176.1 0.172 830 

Ni36  4.9805 8.1358 0.6122 174.8 0.169 859 

Ni37 4.9718 8.1288 0.6116 174.0 0.189 694 

Ni38  4.9606 8.1081 0.6118 172.8 0.147 >1000 
Fig. 4. Evolutions of a/c aspect ratio and C14 unit cell volume for Ti- (a) and Ni-series
(b)  alloys as functions of compositional variation.

3.1. XRD structure analysis

The XRD patterns of the five alloys in the Ti-series and the
fives alloys in the Ni-series are shown in Figs. 1 and 2, respec-
tively. Almost all peaks can be fitted to a hexagonal C14 (MgZn2)
structure with diffractions from a FCC C15 (Cu2Mg)  structure com-
pletely overlapping some of the C14 reflections. As the Ti-content
increases in the Ti-series, the intensities of C14-only diffraction
peaks increase. On the contrary, as the B/A ratio increases in the
Ni-series, the intensities of C14-only diffraction peaks decrease,
41.5◦ corresponds to a B2 structured TiNi secondary phase. This
phase is the precursor of a further solid-state transformation into

 (1 0 3) reflection peak (in degree of 2�), corresponding crystallite size, and phase

ze (Å) C14 abund. (%) C15 abund. (%) Zr7Ni10 abund. (%) TiNi abund. (%)

35 54 2.3 9
38 52 1.2 9
39 50 0.2 11
49 40 0.3 11
56 33 0.0 12
52 29 0.5 19
34 60 0.8 6
20 74 1.3 5

8.2 85 1.5 5
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ig. 5. Evolutions of C14 and C15 phase abundances for Ti- (a) and Ni-series (b)
lloys as functions of compositional variation.

rxNiy type secondary phases [43,44]. The relatively wide peak of
iNi phase reveals its small crystallite size, and the observed peak
osition shifts from lower to higher angle as the Ti/Zr ratio increases

n both series due to the increase in the amount of smaller sized Ti
33]. The alloys with lower Ti-content in the Ti-series and all alloys
n the Ni-series contain a small trace of Zr7Ni10 phase according to
heir XRD spectra, which is very common in the multi-element AB2

H  alloys [29,45–54].
All parameters obtained through the XRD analysis are listed in

able 2. The lattice constants a and c in the C14 structure for the
i- and Ni-series alloys as functions of compositional variation are
lotted in Fig. 3a and b, respectively. In the Ti-series, as the Ti-
ontent increases, both a and c decrease due to the smaller radius of
i with the exception of Ti10, which has an abnormally small lattice
nd does not follow the general trend. The same alloy, Ti10/Ni35
lso falls off the general decreasing trend of both a and c as Ni-
ontent increases in the Ni-series. The abnormal performance of
i10/Ni35 may  be attributed to its hyper-stoichiometric composi-
ion in the main AB2 phase and will be elaborated on in the SEM/EDS
ession. The a/c aspect ratio, which is closely related to the pul-
erization rate during cycling [55–57],  increases as the Ti-content
ncreases in the Ti-series (Fig. 4a). In the Ni-series, a/c aspect ratio
eaks at the mid  composition (Ni36) (Fig. 4b). In general (except

or Ti10/Ni35), the C14 unit cell volume decreases with higher Ti-
nd Ni-contents in the alloys. The crystallite size of each alloy was
stimated by the Scherrer equation using the full-width at half of
he maximum (FWHM) of the C14 (1 0 3) peak in the XRD pattern
Fig. 6. Evolutions of Zr7Ni10 and TiNi phase abundances for Ti- (a) and Ni-series (b)
alloys as functions of compositional variation.

[58] and is listed in Table 2. The general trend of crystallite size as
the Ti-content increases in the Ti-series is positive, while it is not
obvious in the Ni-series.

The phase abundances were calculated using JADE 9 software
and are listed in Table 2. The major phase abundances (C14 and C15)
for the Ti- and Ni-series alloys are plotted in Fig. 5a and b, respec-
tively. As the Ti-content increases in the Ti-series, the C14 phase
abundance increases with a threshold reached at approximately
11.5% Ti. The trend of change in C14/C15 abundances is opposite
in the Ni-series, where the C14 phase abundance decreases as the
Ni-content increases with a threshold reached at approximately
35.5% (e/a = 6.99). The abundances of secondary phases for the Ti-
and Ni-series alloys are plotted in Fig. 6a and b, respectively. The
abundance of Zr7Ni10 phase decreases in the Ti-series and increases
in the Ni-series as the Zr-content is reduced. The abundance of
TiNi phase increases monotonically with the increase in Ti-content
and decreases with the increase in Ni-content. Higher Ni-content
increases the B/A stoichiometric ratio in the Ni-series and favors
the formation of an AB2 phase as compared to a TiNi phase with a
B/A ratio of one.

3.2. SEM/EDS phase analysis
The microstructures for all alloys were studied by SEM and
the back-scattering electron images (BEI) are presented in Fig. 7.
The compositions in several areas, identified numerically in the
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Fig. 7. SEM backscattering electron images for alloys Ti9 (a), Ti10 (b), Ti11 (c), Ti12 (d), Ti13 (e), Ni34 (f), Ni36 (g), Ni37 (h), and Ni38 (i).

Fig. 8. PCT isotherms of Ti- (a) and Ni-series (b) alloys at 30 ◦C. Open and solid symbols are for absorption and desorption curves, respectively.



102 K. Young et al. / Journal of Alloys and Compounds 510 (2012) 97– 106

Table 3
Summary of EDS results. All compositions are in atomic percentages. The main phases are in bold.

Ti Zr Cr Mn Co Ni e/a B/A Phase

Ti9 Fig. 7a-1 13.2 30.9 0.6 3.4 4.2 47.8 7.20 1.27 TiNi/Zr7Ni10

Fig. 7a-2 8.6 25.1 7.3 18.3 6.1 34.7 7.09 1.97 AB2

Fig. 7a-3 3.2 86.3 0.0 1.0 0.0 9.4 4.59 0.12 ZrO2

Ti10, Fig. 7b-1 15.8 31.4 0.2 3.4 3.1 46.0 7.02 1.12 TiNi
Ni35  Fig. 7b-2 9.1 22.4 7.2 19.2 4.3 37.8 7.20 2.17 AB2

Fig. 7b-3 1.2 92.6 0.5 1.6 0.4 3.7 4.30 0.07 ZrO2

Ti11 Fig. 7c-1 17.2 29.8 0.4 3.6 3.7 45.3 7.02 1.13 TiNi
Fig.  7c-2 9.3 26.7 10.0 18.5 5.1 30.5 6.84 1.78 AB2

Fig. 7c-3 8.3 26.9 14.5 19.3 5.2 25.8 6.68 1.84 AB2

Fig. 7c-4 3.6 84.1 1.0 2.3 0.6 8.3 4.61 0.14 ZrO2

Ti12 Fig. 7d-1 19.3 26.7 0.4 3.8 3.8 46.0 7.07 1.17 TiNi
Fig.  7d-2 9.6 24.1 13.6 19.8 5.1 27.8 6.79 1.97 AB2

Fig. 7d-3 11.3 24.6 5.4 16.1 5.1 37.5 7.10 1.79 AB2

Fig. 7d-4 10.6 24.6 9.6 18.7 5.1 31.5 6.90 1.84 AB2

Fig. 7d-5 6.5 68.6 1.8 5.1 1.7 16.2 5.24 0.33 ZrO2

Ti13 Fig. 7e-1 18.3 26.7 0.4 4.0 3.6 47.0 7.13 1.22 TiNi
Fig.  7e-2 11.1 24.0 12.5 19.4 4.8 28.2 6.76 1.85 AB2

Fig. 7e-3 4.3 71.7 1.2 4.7 1.9 16.3 5.24 0.32 ZrO2

Ni34 Fig. 7f-1 13.3 32.7 0.2 3.7 2.9 47.3 7.10 1.18 TiNi
Fig.  7f-2 14.4 31.1 0.2 3.8 3.6 46.9 7.11 1.20 TiNi
Fig.  7f-3 6.9 25.9 18.6 21.6 5.1 21.9 6.59 2.05 AB2

Fig. 7f-4 7.0 69.1 0.2 2.0 1.3 20.3 5.34 0.31 ZrO2

Ni36 Fig. 7g-1 15.9 28.0 1.4 4.9 3.5 46.3 7.13 1.28 TiNi
Fig.  7g-2 8.1 25.5 10.0 19.4 5.4 31.5 6.94 1.97 AB2

Fig. 7g-3 10.5 25.8 6.6 14.1 4.3 38.7 7.09 1.75 AB2

Fig. 7g-4 0.5 96.5 0.3 0.5 0.1 2.0 4.14 0.03 ZrO2

Fig. 7g-5 0.4 96.5 0.3 0.5 0.1 2.2 4.16 0.03 ZrO2

Ni37 Fig. 7h-1 17.8 25.2 1.1 5.7 3.3 47.0 7.18 1.33 TiNi/Zr7Ni10

Fig. 7h-2 18.4 25.1 0.3 3.8 3.1 49.3 7.23 1.30 TiNi/Zr7Ni10

Fig. 7h-3 9.1 24.2 7.8 16.3 4.7 37.8 7.14 2.00 AB2

Fig. 7h-4 7.8 24.5 10.4 18.7 5.2 33.4 7.03 2.10 AB2

Fig. 7h-5 0.9 92.6 0.6 1.8 0.4 3.6 4.30 0.07 ZrO2

Fig. 7h-6 19.1 58.0 0.4 2.2 1.1 19.2 5.28 0.30 ZrO2

Ni38 Fig. 7i-1 11.7 29.3 0.1 2.0 1.1 55.7 7.46 1.44 Zr7Ni10

Fig. 7i-2 7.9 24.0 9.6 15.9 5.4 37.2 7.17 2.13 AB2

Fig. 7i-3 20.4 23.5 0.2 4.2 3.1 48.6 7.20 1.28 TiNi/Zr7Ni10

4.7 

m
e
a
r
1
i
i
a
d
t
s
A
c
t
(
s
a
T
t
I
Z
v
p
C
s
a
a
w
a

Fig. 7i-4 8.0 63.2 0.9 

icrographs, were studied by EDS and are listed in Table 3. The
/a and B/A (stoichiometric number) values were also calculated
nd are listed in the same table. In the Ti-series, the brightest
egions are TiNi/Zr7Ni10 phases with B/A ratio between 1.0 and
.42, the darkest regions are ZrO2 phase, and the regions with

n between shades are AB2 phases. Cr and Mn  mainly reside
n the AB2 phases. In general, as the Ti-content increases, the
bundance of TiNi/Zr7Ni10 phase increases and its average size
ecreases and those of ZrO2 phase remain unchanged. Although
he e/a values of the overall average composition in the Ti-
eries alloys are the same (6.96), the actual e/a values in the
B2 phases, as identified by EDS analysis, decrease monotoni-
ally from 7.09 to 6.76 with increasing Ti-content. This explains
he increase in C14 phase abundance found by XRD analysis
Table 2) as the Ti-content increases in the Ti-series. The B/A
toichiometric numbers in the main AB2 phases in the Ti-series
lloys are similar (1.84–1.97) with the exception of Ti10 (2.17).
he extremely hyper-stoichiometry in Ti10 AB2 phases decreases
he lattice constants, and this finding confirms the XRD result.
n the Ni-series, the abundance and size of TiNi/Zr7Ni10 and
rO2 phases decrease as the Ni-content increases. Both the e/a
alues from the average composition and from the main AB2
hases increase as the Ni-content increases, and therefore the
15 phase becomes more dominant as shown in the XRD analy-
is. The B/A stoichiometric numbers in the Ni-series do not show

ny clear trend (2.05, 2.17, 1.75, 2.00, and 2.13). Within the
lloys in this series, Ni35 shows the highest B/A stoichiometry,
hich explains the relatively small lattice constants found by XRD

nalysis.
1.3 22.0 5.55 0.41 ZrO2

3.3. Gaseous phase study

Gaseous phase hydrogen storage properties of the alloys were
studied by PCT. The resulting absorption and desorption isotherms,
measured at 30 ◦C, for the Ti- and Ni-series alloys are shown in
Fig. 8a and b, respectively. The information obtained from the PCT
study is summarized in Table 4. In the Ti-series, the plateau pres-
sure increases as the Ti-content increases with the exception of
Ti10. This result is in agreement with the general trend of reduc-
tion in lattice constants a and c as the Ti-content increases. The
relatively high plateau pressure of Ti10 is related to the high level
of hyper-stoichiometry in the main AB2 phases. In the Ni-series,
the desorption plateau pressure increases with the increased Ni-
content at the expense of Zr. The slope factor (SF), defined as the
ratio of the storage capacity between 76 and 3800 Torr to the total
capacity, can be used to determine the degree of disorder in the
alloy [28,33]. The SF value first increases and then decreases slightly
as the Ti-content increases in the Ti-series. Same value increases
monotonically as the Ni-content increases in the Ni-series. In the
Ni38 alloy, the plateau pressure is so high and cannot be covered
entirely by the PCT test range, therefore the SF of Ni38 cannot be
calculated.

The hysteresis of the PCT isotherm, listed in Table 4, is defined
as ln(Pa/Pd), where Pa and Pd are the absorption and desorption
equilibrium pressures, respectively. As the Ti-content increases in

the Ti-series, the PCT hysteresis increases monotonically with the
exception of Ti10 that shows an abnormally large hysteresis. In the
Ni-series, the hysteresis of the three alloys with lower Ni-content
are similar and larger than those of the two alloys with higher
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Fig. 9. Gas phase total and reversible hydrogen storage capacities of Ti- (a) and
Ni-series (b) alloys as functions of compositional variation.

Ni-content. Both the maximum and reversible hydrogen storage
capacities for the Ti- and Ni-series alloys are plotted in Fig. 9a and
b, respectively, as functions of compositional variation. In the Ti-
series, all alloys show similar results in both quantities despite
the large difference in the unit cell volumes. Alloy Ti10 has the
highest reversible hydrogen storage capacity in the Ti-series due
to the hyper-stoichiometry in its main AB2 phase. In the Ni-series,
both capacities first increase and then decrease with increasing Ni-
content. The highest maximum and reversible hydrogen storage
capacities in the Ni-series are observed in the mid composition,
Ni36. Desorption equilibrium pressures at 0.75% storage capac-
ity, measured at 30 and 60 ◦C, were used to calculate changes in
enthalpy (�H) and entropy (�S) using the equation

�G  = �H  − T�S  = RT ln P (1)

where R is the ideal gas constant and T is the absolute temperature.
The results of these calculations are listed in Table 4. �H values
have similar trends to desorption plateau pressure for both alloy
series. �S  values are about the same for all alloys in both series,
which is close to the �S  between hydrogen in gas and in solid [59].

3.4. Electrochemical measurement
The discharge capacity of each alloy was measured in a
flooded-cell configuration against a partially pre-charged sintered
positive electrode. Before the half-cell measurement, each MH  elec-
trode was pre-activated in a 30% KOH solution at 100 ◦C for 4 h.
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re-activated electrodes typically exhibit a small amount of ini-

ial discharge capacity before the first charge input. This initial
ischarge capacity is considered to be due to the hydrogen gener-
tion and absorption resulted from metal oxidation when exposed
o electrolyte at elevated temperatures and can be used to quantify

ig. 11. Cross-section SEM backscattering electron images of negative electrodes made 

rom  Ni/MH batteries at the end of cycle life.
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the ease of activation of the individual alloy [60]. A higher initial dis-
charge capacity can be correlated to an easier oxidation/activation
of the alloy. The amount of pre-charge in mAh/g for each alloy is
listed in Table 4. In the Ti-series, the amount of pre-charge capacity
increases with rising Ti-content with the exception of alloy Ti10.
Higher Ti-content replacing Zr allows easier surface activation of
the alloy [61]. The hyper-stoichiometry in the main AB2 phases may
be related to the corrosion resistance to KOH and requires further
investigation. In the Ni-series, the activation becomes easier with
higher Ni-content.

The first cycle discharge capacity after activation was mea-
sured at a relatively high rate, 50 mA/g, and the remaining capacity
was extracted at a lower rate, 5 mA/g. The ratio of the capacities
obtained from these two  rates is defined as the half-cell HRD. All
three quantities are listed in Table 4. The full discharge capacity and
HRD value are plotted against the chemical compositions in Fig. 10a
and b, respectively. In the Ti-series alloys, both the full discharge
capacity and HRD increase with increasing Ti-content with the
exception of Ti10. Alloy Ti10 exhibits both the highest full discharge
capacity and the lowest HRD among all Ti-series alloys, which is
contradictory to the largest gas phase reversible storage capacity
in Ti10. In the Ni-series alloys, both the full discharge capacity and
HRD first increase and then decrease with higher Ni-content. The
largest full discharge capacity and HRD occur at Ni35 and Ni37,
respectively. While in most of earlier studies, the electrochemi-
cal and gaseous phase storage capacities are closely related, in this
case of highly disordered vanadium-free AB2 alloys there is not
much correlation, and even contradicting results were sometimes
observed.

Four important NiMH technical parameters (cycle life, charge
retention, specific power, and low-temperature performance) for
the MH  electrode made from each alloy are listed in Table 4. The
number of cycles required to reach 70% of the original capacity
in both series, first increase and then decrease with reducing Zr-
content. The highest cycle life was  obtained from the Ti10/Ni35
alloy among all alloys in both series, which contradicts the predic-
tions from the a/c aspect ratio and PCT hysteresis. Therefore, the
failure mechanism of these vanadium-free AB2 alloys is not the
result of pulverization in the main phase. Further analysis of the
battery after the end of cycle life indicates that the difference in

plateau pressures of the constituent phases causes pulverization
among phases by wedge effect. As seen from a cross-section SEM-
BEI (Fig. 11a) of a negative electrode made of Ti10 alloy in a sealed
Ni/MH battery after 305 cycles (end of life), only large size grains

from vanadium-free Ti10 (a) and vanadium-containing V177 (b) MH alloys taken
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ther smaller grain phases broke into even smaller pieces. This is
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s not as severe. The typical failure mode of vanadium-containing
lloys is the dry-out of electrolyte due to cell venting during cycling.

The 30-day charge retention in the Ti-series decreases with
igher Ti-content, while charge retention first increases and then
ecreases in the Ni-series. The best charge retention was  obtained
rom alloy Ti9 among all alloys in both series. The specific power

easured at room temperature first decreases and then increases
ith increasing Ti-content in the Ti-series and decreases with

ncreasing Ni-content in the Ni-series. This result is not consistent
ith the half-cell HRD outcome. While in sealed cell, the amount

f electrolyte is limited, so the surface of the MH  alloy is semi-
tarved. Furthermore, the sealed cell pressure is much higher than
ne atmosphere. These conditions are very different from the com-
letely flooded configuration in the half-cell measurement. Similar
isagreement between high-rate performance measured in half-
ell and full-cell was reported in our studies of various modifiers
n AB2 MH  alloys [34,35,62].  Combining the results from all three
easurements, alloy Ti10 (Ni35) has the best high-rate and low-

emperature capability.

. Summary

An optimization of the Ti, Zr, and Ni-contents in vanadium-free
ypo-stoichiometric AB2 metal hydride alloys was performed.
hile alloys with low Ti-content (<10 at.%) have too strong
etal–hydrogen bond strength and consequently lower reversible

torage capacity, the bond strengths in alloys with higher Ti-
ontent (>10 at.%) are too weak and cause degradations in total
aseous phase and electrochemical discharge capacities. Vary-
ng Ni-content in the alloys has similar effect to changing the

etal–hydrogen bond strength. As a result, alloy Ti10/Ni35,
ith a composition of Ti10Zr27Cr8Mn15Co5Ni35, is identified

o be the most optimized in this study based on the high

apacity, good high-rate capability, low self-discharge, supe-
ior low-temperature performance, and excellent cycle stability
wing to its good balance in metal–hydrogen bond strength
nd the highly hyper-stoichiometric nature in its AB2 phases.
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Furthermore, in order to illustrate the fundamental difference
in NiMH battery performance between vanadium-containing
and vanadium-free AB2 Laves phase MH  alloys, four alloys were
compared in the radar graph (Fig. 12). Both the high-capacity V177
(Ti12Zr21.5V10Ni40.2Co1.5Cr8.5Mn5.6Al0.4Sn0.3) and the high-power
V190 (Ti12Zr21.5V10Ni40.2Co5.0Cr5.5Mn5.1Al0.4Sn0.3) vanadium-
containing stoichiometric alloys were from a comparison study
of C14 and C15 phases [11]. Alloy 140 (Ti5Zr30Cr9Mn19Co5Ni32)
is a high-capacity vanadium-free alloy used as the base alloy for
a hydrogen annealing study [62] and a modifier study [63]. From
the comparison, the main performance differences between alloys
with and without vanadium are identified in the areas of charge
retention and cycle life. Vanadium-free alloys have better charge
retention performance but inferior cycle life.
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