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The structural, electrochemical, and gas phase hydrogen storage properties of predominantly C14 crys-
talline phase alloys with partial replacement by Co (up to 2.5 at%) are reported. Minor phases, including
C15 and cubic TiNi, were found by X-ray diffraction and contributed to the improved hydrogen diffusion
through the alloy. The optimal Co-content of between 1.0 and 1.5 at% provides easy activation, high gas
phase capacity, and a high discharge capacity. An optimized alloy formula also provided the smallest
metallic nickel cluster size embedded in the surface oxide and the largest number of nickel clusters. In
sealed cell studies, a Co-content of 1.5% gives the best performance in formation, cycle life, and charge
retention, but has worse specific power and low temperature performance than some other composi-
tions. The high-rate dischargeabilities at lower rates were found to be limited by surface reactions, not

Keywords:

Hydrogen absorbing materials
Transition metal alloys and compounds
Metal hydride

Electrochemical reactions bulk diffusion.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nickel-metal hydride (NiMH) batteries are the contemporary
energy storage media of choice for hybrid electrical vehicles due
to its proven excellence in both safety and endurance. In order to
remain competitive with other emerging battery technologies, the
capacity of NiMH batteries must be improved. One approach is to
replace the rare earth based AB5 metal hydride (MH) electrodes
currently used with a higher energy density transition metal based
AB2 material. Therefore, it is essential to fully understand the role
of each constituent element in the AB2 alloy. Previously, we have
investigated the structural and electrochemical properties of C14
based AB2 materials having various combinations of A site elements
(Ti and Zr) [1], and B site elements such as vanadium [2], tin [3],
manganese [4], aluminum [5], chromium [6,7], nickel [6], and iron
[8]. In this paper, we focus on the effects of Co-substitution on the
properties of the C14 based AB2 alloys.

Co was the first element substituted for Ni in LaNis to extend
its cycle life [9,10]. Studies of the interchange between Ni and Co
in La(Ni, Co)s date back to the early 1970s [11,12]. The general
effects of Co-substitution on the physical properties of the AB5 elec-
trode were previously reported as: increasing the unit cell volume
[11,13,14] but decreasing the volume expansion during hydriding
[15-17], decreasing the plateau pressure [11,18,19] and desorp-
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tion rate [19], reducing hardness [15,17], increasing the absolute
value of heat of formation (|AH|) [18], reducing the corrosion rate
[16], enhancing [20] or impeding hydrogen diffusivity [13], reduc-
ing discharge capacity [21] and high-rate dischargeability (HRD)
[13,21,22], prolonging the activation process [23], extending the
electrochemical cycle life with [21,24] or without [25] the forma-
tion of passive oxide on the surface, and promoting self-discharge
[26]. More recently, there have been a number of studies on the
effects of Co-substitution in the La-Mg-Ni based AB3 or A2B7 alloy
families [27-37]. Co-substitution was found to lead to expand-
ing unit cell volume [29], decreasing volume expansion during
hydriding [30], lowering equilibrium pressure [29], decreasing PCT
hysteresis [29], and increasing PCT slope [29], similar to the effects
found in the AB5 alloys. The effects of Co-substitution on the HRD
of A2B7 alloys are still under investigation. Reports of both an ini-
tial increase in HRD then decrease [30,32] and an initial decrease of
HRD followed by a subsequent increase [34] on substituting with Co
has appeared in the literature. Similarly, Co-substitution has been
reported to both improve [29,31,35,36,37] and degrade [34] cycle
stability.

Co-substitution has also been investigated extensively in AB2
alloys as a path to improving performance for both hydrogen
storage and battery applications [38-53]. The earliest studies were
done by Shaltiel et al. on Zr(CoxMi_yx)2 (M=V, Cr, Mn) alloys,
which found that as the Co-ontent increased, the PCT plateau
pressure increased and the absolute value of heat of formation
(|AH|) decreased [38]. Honda et al. substituted Co for Mn in C14
Zr(Mnj_xCoyx)Al; and found that as the cobalt content increased
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the plateau pressure/hydrogen absorption speed increased but
the storage capacity decreased [39]. Both C14 [44] and C15 [42]
Zrq_xTix(VNiMnM), alloys with M= Co, Fe, Mo or Cr were studied
by Nakano et al; these studies established correlations between the
average atomic radius with |AH| and unit cell volume. Electrodes
fabricated with Co substituted C14 ZrCrg gNiMmg g5Coq > showed a
higher equilibrium pressure and a higher discharge capacity at low
temperature (0°C) [40]. Song et al. reported an increase in capacity
by partially replacing Ni with Co in Zrg 5Tig5Mng4VggNigg5C00.15
[49]. The cycle durability was enhanced by substituting Co
in C15 TiggZrg2(Vo3NiggXp.1)2 alloys, as reported by Chen et
al. [42]. A double C14 phase Zr(CrgsMog2Cog3), exhibiting
two PCT absorption plateaus was reported by Bououdina et al.
[43]. Additionally, the same group observed increasing |AH|
as the Co-ontent increased in Zr(Vp,Crgg_xCox), alloys [45]. A
longer cycle life resulting from a reduced PCT hysteresis was
observed by Hagstrom for Tigg5Zrg05Cri2Mngg_xCox alloys
[46,47]. Equiaxial grains were found for C15 Zr(NiVMn);Cog
leading to an easy activation and higher capacity at the expense
of cycle life [48]. Zhu et al. found that by partially replac-
ing Mn with Co in C14 TiggZrg,V16Mngg_xCoxNigg alloy, the
cycle durability and high-rate dischargeability were slightly
improved [50]. Co was proven to promote the C15 phase in
Zr(Nig55Mng25Vo2-xCox)2 and  Zr(Nips5Mng2s5_xVo2Cox)2  in
studies by Zhang et al. [51]. Han et al. claimed that in C14
ZrogTig1Vo3Ni;.1Mng7Xp1 alloys, the electrode cycle durability
was improved but the charge retention deteriorated with X=Co
[52]. Co was found to promote C14 structure and improve the
cycle stability and self-discharge as in ZrCrg4Vg2Mng1CoxNij.3_x
alloys, as reported by Ji et al. [53]. Our previous study on
Cl14-dominated Tij3Zra15V10(NiCrMnSnCoAl)sg5s alloys indi-
cates that a higher Co-content increases the plateau pressure
and reduces both the gas phase and electrochemical stor-
age capacity [6]. Another report from us on Cl4-dominated
Ti1ng15.5V14Ni24.2_XCr10Mn17‘5Sng3CoxAlo.5 alloys shows the
addition of Co is beneficial for reducing PCT hysteresis and
improving the cycle life [7].

2. Experimental setup

Ingot samples were prepared either by arc melting in a water-cooled cop-
per hearth or by induction melting with a steel pancake-shape mold in an argon
atmosphere. The chemical composition of each sample was determined using a
Varian Liberty 100 inductively-coupled plasma (ICP) system. A Philips X'Pert Pro
X-ray diffractometer (XRD) is used to study each alloy’s microstructure, and a JOEL-
JSM6320F SEM with X-ray energy dispersive spectroscopy (EDS) capability is used to
study 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 is first activated by a 2-h thermal cycle between 300°C and room tem-
perature at 25 atm H; pressure. Details of both electrode and cell preparations as well
as measurement methods have been reported previously [2,3,6,54]. Magnetic sus-
ceptibility measurement was performed using a Quantum Design MPMS-5T SQUID
magnetometer on samples having masses of 30-35 mg.

3. Results and discussion

3.1. Structural properties

Six alloys, CA01-CAOQ6, were prepared by arc melting with the
target compositions listed in Table 1. The control alloy, CAO1 con-
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Fig. 1. XRD spectra using Cu K« as the radiation source for alloys CA01 (a) CA02 (b),
CAO3 (c), CA04 (d), CAO5 (e), and CAO6 (f).

taining no Co, is the same alloy used in our previous studies [6].
Co-ontent of alloys CA01-CAO06 differ by 0.5 at%, with CA06 having
2.5% Co. The Co-substitution occurs at the expense of Ni. Since Co
and Ni have similar atomic radii and electronegativity, the partial
replacement of Ni by Co does not change the average atomic radius
and electronegativity, as seen in Table 1. The average number of
outer shell electrons for the A-atom (n,) and B-atom (ng) sites and
for the AB2 alloy (e/a value) are listed in Table 1. The threshold
e/a value for a transition from the C14 to the C15 structure occurs
close to 7.00 [55]. Therefore, this group of alloys is expected to have
predominantly C14 crystal structure.

XRD patterns for the different samples are shown in Fig. 1 with
the results summarized in Table 2. The main phase is C14 having an
abundance of about 90%, which increases slightly with increasing
Co-ontent. This increase in the C14 relative abundance is consistent
with the decreasing e/a values listed in Table 1. Both the a and c lat-
tice constants, together with other XRD parameters such as the a/c
ratio, unit cell volume, and full-width at half maximum (FWHM), of
the C14 phase are listed in Table 2. These all vary slightly from sam-
ple to sample with no clear trends; we attribute these fluctuations
to the typical variations expected for arc-melt samples. The second
most abundant phase is C15 which accounts for 10% of the total vol-
ume. The Bragg peak positions of the C15 reflections overlap with
those from the C14 structure. Besides the two Laves phases, there is
a cubic phase identified as a §; phase (same as TiNi) in the Ti-Ni-Zr
ternary phase diagram, which has a wide solubility of Zr (3-48 at%)
with Ni at 48 at% [56]. The lattice constant of this (Ti, Zr)Ni phase
(approximately 3.08 A) is larger than found in the pure TiNi alloy

Table 1

A few important quantities for arc-melt prepared alloys.
Alloy # Ti Zr \% Ni Cr Mn Co Sn A B TalTB Ty Xa Xg pX o AX na ng ela
CAO1 12 215 10 38.1 4.5 13.6 0 03 1.550 1.270 1.220 1.364 1.41 1.78 1.65 037 4 8.36 6.91
CA02 12 21.5 10 37.6 4.5 13.6 0.5 03 1.550 1.270 1.220 1.364 1.41 1.78 1.65 037 4 8.36 6.90
CAO03 12 21.5 10 37.1 4.5 13.6 1 03 1.550 1.270 1.220 1.364 141 1.78 1.65 037 4 8.35 6.90
CA04 12 21.5 10 36.6 45 13.6 1.5 03 1.550 1.270 1.220 1.364 1.41 1.78 1.65 037 4 8.34 6.89
CAO05 12 21.5 10 36.1 4.5 13.6 2 03 1.550 1.270 1.220 1.364 1.41 1.78 1.65 037 4 8.33 6.89
CA06 12 215 10 35.6 4.5 13.6 2.5 03 1.550 1.270 1.220 1.364 1.41 1.78 1.65 037 4 8.33 6.88
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Table 2

Summary of structural, gas phase, and electrochemical properties of alloys prepared by arc-melt.

Exchange
current

Diffusion

Ni cluster
size in (A)

Metallic

Cap@100/Cap@8 mA/g Ni (%)

60°CPCT 60°CPCT Maximum. Maximum HRD

hysteresis
In(P4/Pq)

Average
XRD

Unit cell
volume

ratio (a/c) (in A3)

Lattice

Lattice

Lattice

Phase
structure abundance

Crystal

Alloy

coefficient, D

discharge
capacity (%) capacity

PCT

slope
factor

constant constant constant

a(inA)

number

(x10-1°cm?/s) density, I,

FWHM

c(in A)

(mA/g)
68.5

(mAh/g)

381

26.0

102

0.038

94%

8.1195 0.6127 174.02 0.283 0.17 0.78 1.42

4.9748
3.080

87%

C14
TiNi

CAO01

0%

1.

63.0

20.4

115

0.034

95%

49723 81105 0.6131 173.65 0.258 0.19 0.79 1.45 382
3.083

90%

C14
TiNi

CA02

0.7%

79.8

324

97

0.041

95%

C14 87% 49771 8.1193  0.6130 174.18 0.255 0.12 0.78 1.62 386
3.083

CA03

2.8%

TiNi
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65.3

90 17.0

0.042

49767 8.1174  0.6131 174.11 0.269 0.12 0.78 1.60 390
3.085

92%

C14

CA04

1.1%

TiNi

69.2

19.8

100

0.051

95%

49722 81199 0.6123 173.85 0.234 0.11 0.79 1.53 379

3.083

90%

C14

CAO05

8%

TiNi

78.6

29.9

100

0.046

Cl14 94% 49736  8.1163  0.6128 173.87 0.268 0.11 0.78 1.44 379 94%
3.084

CA06

2.2%

TiNi

(2.976 A) due to the partial replacement of Ti by larger Zr atoms.
The relative abundance of this phase ranges from approximately
1-3% for the different alloys.

Backscattering electron micrographs from SEM studies of alloys
CA01-CAO06 are shown in Fig. 2. The bar in the right lower corner
of each micrograph indicates length of 20 um. The numbered areas
were studied using EDS analysis and the resulting compositions
are listed in Table 3. In general, the C14/C15 (AB2) Laves phases,
having a Ti+Zr fraction close to 33-34%, are surrounded by a (Ti,
Zr)Ni phase with Ti+Zr fractions between 42% and 44%. The TiNi
phase has a brighter contrast due to its higher average atomic mass,
owing to the larger Ni-content. ZrO, precipitates are observed in
each micrograph and exhibit the darkest contrast. EDS could not
detect oxygen and the assignment of zirconium oxide instead of
zirconium metal is from its atomic mass contrast. Region 6 in CA01
is a mixture of AB2 and ZrO,. There are three regions belonging to
the mixtures of AB2 and TiNi with Ti + Zr fractions between 35% and
38%.

Additionally, the elemental distribution within each alloy was
determined using SEM. The Co distribution in the alloys was found
to be non-uniform. The atomic percentage of Co in the AB2 phase
is more than double that found in the TiNi phase, and is very close
to the target design value in Table 1. The V, Cr, Mn distributions
are even more inhomogeneous. For example, while V makes up
more than 11% of the AB2 phase, the V fraction in the TiNi phase
is less than 2.3% of the total. The AB2 Laves phases have higher
solubility for Co, V, Cr, and Mn than does the TiNi phase. In the
TiNi phase, different contrasts are observed due to the inhomo-
geneous distribution of Sn. Region 1 in each alloy has a relatively
high concentration of Sn, which could be an indication of a pos-
sible admixture with a Zr,Ni;Sn phase, as reported previously in
studies on similar AB2 alloys [8]. The e/a value for each phase is
calculated and listed in Table 3. The main AB2 phase has an aver-
age e/a value of approximately 6.6-6.8 which indicates that the C14
phase dominates. The C15 phases, having a higher e/a value, could
not be resolved with the resolution of the SEM used in this study.

3.2. Gas phase storage properties

The hydrogen gas storage properties of the alloys were studied
by PCT. The resulting absorption and desorption isotherms mea-
sured at 30 and 60 °C are shown in Fig. 3 and summarized in Table 2.
The hysteresis in the PCT isotherm, which is an indicator of parti-
cle pulverization [7,57,58], decreases as the Co-content increases.
Therefore, Co is found to reduce PCT hysteresis and hence the pul-
verization, which agrees with our previous study on other C14
alloys [7]. The slope of the PCT isotherm, an indicator for degree of
disorder, does not change with an increase in the Co-content, which
is a consequence of the similar properties of Co and Ni atoms. The
maximum storage capacity determined using the PCT isotherms
first increases with increasing Co-ontent, reaches a plateau for the
CAO3 alloy (Co=1.0%), and then decreases with a further increase in
the Co-content. Desorption pressures at 1% storage capacity at two
different temperatures (30 and 60°C) were used to calculate the
change in enthalpy (AH) and entropy (AS) using the expression:

AG=AH-TAS=RT InP (1)

where R is the ideal gas constant and T is the absolute tempera-
ture. The results from these calculations are listed in Table 4. The
plateau pressure initially decreases with Co-substitution and then
increases as the Co-content is increased. This is in agreement with
the generally accepted mechanism where a larger unit cell volume
contributes to a more stable hydride with a lower plateau pressure
and a higher hydrogen storage capacity [59,60]. Neither the changes
in enthalpy nor entropy show any clear trend on Co-substitution.



K. Young et al. / Journal of Alloys and Compounds 489 (2010) 202-210 205

¢ 200X

DRV 2000X

Fig. 2. SEM backscattering electron image micrographs for alloys CAO1 (a), CA02 (b), CA03 (c), CA04 (d), CAO5 (e), and CAO6 (f). The bar on the right lower corner indicates a
length of 20 wm. Numbers in each micrograph indicate that EDS analyses were done in these areas and chemical compositions are summarized in Table 3.

This is expected due to the similarity between Ni and Co atoms and
also reflects the less uniform structure of the arc-melt prepared
samples.

3.3. Electrochemical properties

3.3.1. Small electrode half-cell test
Small electrodes having an area of approximately 1cm? were
used to study the activation, capacity, and HRD of these alloys.

Capacities from the slowest rate discharge current (8 mA/g) for the
first 13 cycles of each alloy are plotted in Fig. 4. The number of
formation cycles needed to achieve a high percentage of the max-
imum capacity decreases from CAO1 to CA04 and then increases
with increasing Co-content. We therefore conclude that an opti-
mal Co fraction of approximately 1.5% best facilitates the formation
process. The maximum capacity for the first 13 cycles of each alloy
is listed in Table 2. The capacity follows the same trend as the ease
of activation, which increases with the addition of Co, reaches the
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Table 3

Chemical composition determined by EDS from regions identified in Fig. 2. The main C14 phase was highlighted by italic style.
Alloy # Region # Ti Zr \% Ni Cr Mn Co Sn Ti+Zr ela Phase
CAO1 1 15.2 273 14 45.1 0.1 4.1 0.1 6.7 42.5 6.850 (Ti, Zr)Ni
CAO1 2 20.7 21.1 22 48.8 0.3 52 0.1 1.5 41.8 7.113 (Ti, Zr)Ni
CAO01 3 222 21.4 1.0 49.6 0.2 3.8 0.1 1.5 43.6 7.101 (Ti, Zr)Ni
CAO01 4 114 22.8 11.3 364 2.7 14.9 0.1 0.3 34.2 6.799 C14
CAO1 5 0.3 97.3 0.2 13 0.1 03 0.2 0.3 97.6 4.101 Zr0;
CAO01 6 9.7 404 8.2 29.2 1.7 10.3 0.1 0.4 50.1 6.182 Mixture
CA02 1 15.8 29.0 0.2 44.0 0.1 2.8 0.1 8.0 44.8 6.733 (Ti, Zr)Ni
CA02 2 12.5 225 7.4 43.8 1.6 115 0.2 0.5 35.0 7.089 Mixture
CA02 3 239 19.9 1.0 49.8 0.2 39 0.2 1.1 43.8 7.129 (Ti, Zr)Ni
CA02 4 11.1 22.9 11.4 34.9 4.0 15.1 0.4 0.2 34.0 6.761 C14
CA02 5 2.6 87.6 0.8 7.0 0.2 1.2 0.1 0.5 90.2 4473 Zr0;
CAO03 1 16.5 26.1 1.8 46.4 0.0 4.8 0.1 4.1 42.6 6.943 (Ti, Zr)Ni
CA03 2 20.0 21.8 1.8 49.3 0.1 4.6 0.4 1.9 41.8 7.132 (Ti, Zr)Ni
CA03 3 133 23.2 8.9 39.7 0.6 12.7 0.6 0.5 36.5 6.874 mixture
CAO03 4 9.6 239 13.7 31.2 29 17.3 1.0 0.2 335 6.628 C14
CA03 5 21.3 21.3 1.9 48.7 0.1 4.7 0.3 1.4 42.6 7.087 (Ti, Zr)Ni
CA03 6 0.9 94.5 0.5 2.6 0.1 0.7 0.2 0.5 95.4 4.194 Zr0,
CA04 1 16.0 26.8 1.7 454 0.1 4.7 04 4.9 42.8 6.904 (Ti, Zr)Ni
CA04 2 21.3 22.4 1.3 48.2 0.0 4.2 0.6 1.8 43.7 7.053 (Ti, Zr)Ni
CA04 3 143 23.1 8.3 40.1 1.0 11.6 1.0 0.6 37.4 6.907 Mixture
CA04 4 11.3 22.7 12.0 345 23 15.5 1.5 0.2 34.0 6.776 C14
CA04 5 21.2 22,6 1.8 47.3 0.1 4.7 0.6 1.6 43.8 7.025 (Ti, Zr)Ni
CA04 6 0.4 95.7 0.5 1.8 0.2 0.9 0.2 0.3 96.1 4.154 Zr0,
CAO05 1 20.6 23.1 1.2 47.2 0.0 3.8 0.9 3.2 43.7 7.003 (Ti, Zr)Ni
CAO05 2 22.0 20.0 2.0 484 0.3 5.1 1.0 1.1 42.0 7.129 (Ti, Zr)Ni
CAO05 3 11.0 224 11.8 34.0 3.1 154 2.0 0.2 334 6.778 C14
CAO05 4 10.2 23.8 12.7 314 3.8 16.1 1.8 0.2 34.0 6.660 C14
CAO05 5 225 20.1 1.7 48.7 0.1 4.8 0.9 1.1 42.6 7.126 (Ti, Zr)Ni
CAO05 6 0.4 96.5 0.4 1.6 0.2 0.3 0.2 0.4 96.9 4.123 Zr0,
CA06 1 19.6 25.2 1.0 453 0.0 3.6 1.0 4.1 44.8 6.878 (Ti, Zr)Ni
CA06 2 215 20.7 23 47.3 0.2 5.4 14 1.1 42.2 7.093 (Ti, Zr)Ni
CA06 3 11.3 22.3 11.8 34.0 2.9 14.9 24 0.3 33.6 6.779 C14
CA06 4 11.0 22.7 12.2 32.5 3.1 15.6 25 0.2 337 6.719 C14
CA06 5 223 20.8 1.8 47.6 0.2 4.8 14 1.1 43.1 7.092 (Ti, Zr)Ni
CA06 6 0.2 97.3 0.3 13 0.1 03 0.1 0.4 97.5 4.097 710,

maximum at 390 mAh/g for sample CA04 having a Co fraction of
1.5%, and then decreases as the Co-ontent is increased. The half-
cell HRD was determined by taking the ratio between the discharge
capacities at 100 and 8 mA/g. The results are plotted in Fig. 5. The
100 mA/g current density was limited by our electrode configu-
ration, which is a dry compaction electrode without any metallic
binding. Higher current will cause the electrode to disintegration
early in the cycle life. From our previous experience, the flooded
half-cell HRD data correlates well with a three times higher cur-
rent density in a semi-starved condition as in a real NiMH battery.
By comparing Figs. 4 and 5, we find it takes more cycles for the
HRD to reach its target value than required by the capacity. The
HRD values at the 10th cycle are listed in Table 2 and the values fall
within a 1% deviation. The individual discharge capacities at three
different discharge currents from the 10th cycle are plotted against
the atomic percentage of Co in the alloys in Fig. 6. All three capac-
ities increase on Co-substitution and reach a maximum at CA04
(Co=1.5%).

3.3.2. KOH etching experiment

In order to study the reaction between surface oxide and KOH
electrolyte, we conducted an etching experiment by putting 1g
of —200 mesh powder (below 75 um) in a 7ml 30% KOH solu-
tion in a glass vial at 100°C for 4 h. Additional 30% KOH solution
was placed outside the vial to compensate for liquid lost to evapo-
ration. The concentrations of metal components in the solutes at
the end of this treatment were studied by ICP analysis and the
results are listed in Table 5. The majority of the solutes are HZrO3~
and V043~ having higher solubility in strong alkaline solutions
than the other constituents according to Pourbaix diagrams [61].
The measured concentrations of ZrHO3~ are much lower than the

solubility limits calculated from the equilibrium constants of the
equation.

ZrO,(anhydrous) + H,O = ZrHO3~ +H™ and log([ZrHO5™])

(2)

—12.25 + pH

The pH value for the 30% KOH solution is —14.84 [62]. The con-
centration of VO43~ is also less than the concentration limit given
in Ref. [61]. The Al content measured in ICP analysis was leached
from the glassware during the hot alkaline bath. The Co contri-
bution is almost undetectable except for the solute from alloys
having a higher Co-content (CAO5 and CA06). The leaching of Co
from this series of alloys is less severe than what is observed in the
AB5 compounds [26]. The total solute concentration increases as
Co is added to the alloy, reaches maximum for sample CA04 then
decreases with increasing Co fraction as plotted in Fig. 7. Therefore,
an adequate amount of Co (around 1.5%) is beneficial to the initial
formation of the alloy.

As previously reported, clusters of metallic nickel are embedded
in the surface oxide of the metal hydride battery electrode [63,64].
These nanoparticles act as a catalyst for surface reactions and are
crucial for the high rate and low temperature performance of the
battery. The magnetic susceptibility of these metallic nickel clusters
is several orders of magnitude larger than from nickel in the alloy
due to the availability of unpaired electrons [65], so the amount of
metallic nickel on the surface can be estimated from these magneti-
zation measurements. Room temperature magnetization curves as
a function of applied magnetic field for each etched powder sample
are plotted in Fig. 8. These curves can be fit to the Langevin function
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Fig. 3. PCT 30°C absorption (a), 30 °C desorption (b), 60 °C absorption (c), 60 °C desorption (d) isotherms for alloys CA01 to CAO6.

(65]

nH

kT
M(H) — xgH = Ms {coth (ﬁ) -

H 3)

where xj is the intrinsic paramagnetic susceptibility, Ms is the sat-
uration magnetization of the metallic Ni, u is the average magnetic
moment of each Ni cluster, k is the Boltzmann constant, and T'is the
absolute temperature. The content of metallic nickel was calculated
from the ratio of estimated Ms for the Ni clusters and known mag-
netic susceptibility of pure nickel metal, while the size of metallic
nickel was estimated from w using the moment per metallic Ni
(0.6 p). Both values for each alloy are listed in Table 2 and plotted
in Fig. 7. The content of metallic nickel increases while the cluster

Table 4

Calculation of thermodynamic quantities.
Alloy # Des. press at 1% and Des. press at 1% and AH in ASin

30°C (in Torr) 60°C (in Torr) (kJ/mol)  (J/kmol)

CAO01 559 1885 -34.0 -109.6
CA02 466 1352 -29.8 -94.2
CA03 325 1349 -39.8 -1243
CA04 361 1184 -33.2 -103.4
CAO05 433 1564 -35.9 -113.8
CA06 653 1558 —243 -79.0

size decrease as Co is substituted into the alloy. The size of nickel
cluster is inversely proportional to the total solute concentration.
As more Zr and V leach out from the alloy surface, the residual
nickel clusters become smaller. The total number of nickel clusters,
which can be obtained from the ratio of metallic nickel percentage

250

200+

150

Capacity (mAh/g)@8mAlg

100+—m——r———F—T— T
5 6 7 8 9

Cycle Number

10 11 12 13

Fig. 4. Evolution of full discharge capacity at a rate of 8 mA/g as a function of cycle
number for alloys CAO1-CAO6.
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and the cube of cluster size, follows exactly the trend of total solute
concentration in the remaining KOH solution. It first increases on
Co-substitution to a maximum value for the CA04 alloy (Co=1.5%)
and then decreases as further Co is added. The trend for total surface
area of nickel clusters, which is proportional to the ratio of metal-
lic nickel percentage and the cluster size, is similar to the metallic
nickel percentage with a maximum for the CAO5 sample (Co = 2.0%).

3.3.3. Measurement of bulk diffusion

The bulk hydrogen diffusion was studied electrochemically
for the various alloys using a potentiostatic discharge method
described previously [54]. The diffusion coefficient was calculated
from the current response plotted on a semi-logarithmic scale vs.
time at longer times, where the transport property is dominated by
diffusion (time > 2000s). The results are listed in Table 2. Results are
plotted together with the C15 and TiNi phase abundances in Fig. 9.
It is interesting to note that, although there is no clear trend in
the diffusion coefficient as the Co-content increases, the diffusion
coefficient is almost linearly dependent on the TiNi phase abun-
dance. This suggests that the bulk diffusion of hydrogen is enhanced

Table 5
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Fig.7. The total solute concentration, average size and the concentration of metallic
nickel cluster as functions of atomic percentage of Co in alloy.
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ICP analysis of solutes in KOH solution after etching 4 h at 100 °C (all numbers are in ppm).

Al Co Cr Mn Ni Sn Ti \Y Zr Total solute
CA01 1.6 N.D. N.D. 1.7 N.D. N.D. 0.1 49.2 18.3 70.9
CA02 1.5 N.D. N.D. 4.7 N.D. 53 0.7 53.5 44.7 1104
CA03 2.0 N.D. N.D. 2.6 N.D. N.D. 0.9 61.1 53.9 120.6
CA04 0.6 N.D. N.D. 29 N.D. N.D. 2.2 109.6 64.1 179.4
CA05 1.2 0.8 N.D. 4.0 N.D. 6.4 0.8 77.1 54.2 144.6
CA06 22 0.8 N.D. 3.2 N.D. N.D. 0.6 49.1 47.6 1034




Table 6

Summary of chemical composition (in atomic percentage), gas phase properties (plateau pressure, slope factor, hysteresis, and maximum capacity), results from half-cell measurement (pre-charge, capacities, and high-rate

dischargeability) and full cell (cycle life, charge retention, specific power, and low temperature performance) measurement of a series of induction melted alloys.

Specific Low

power

Charge

Cycle
life

Cap@ C/70 Ratio
(mAh/g)

Precharge Cap@ (/7

Maximum

capacity (mAh/g)
(wt.%)

1.86

1.95

1.90

1.91

1.55

1.29
1.16

Slope  PCT

Plateau
(atm)

Sn Ni Mn Co Al
(at%)

Cr

Ti

Zr

temperature (%)

retention (%)

(mAh/g)

hysteresis

factor

(at%) (at%)

(at%)

(at%) (at®) (at®) (at®)

(at%)

(W/kg)
158
139
113

22
35

120

0.940

435
423
414
413

409
400
387
387
319
296
270

61

0.26
0.24
0.17
0.13
0.22
0.13
0.05

0.64
0.56
0.49
0.54
0.72
0.73
0.71

0.25
0.20
0.17
0.18
0.89
3.16
5.50

0.5
0.5

24.2 17.5

0.3

10
10
10
10
8.5

14
14
14
14
10
10
10

15.5

18
18

B1

22
39

65

0.946 125

52
72

175 0.5

23.7

03

15.5

B2

10
17
85

0.934 145

0.5
0.5

175 15
25

22.7

0.3

15.5

B3 18

168
155
200

0.937 165

86
17
21

17.5
5.6

5.1

21.7

0.3

15.5

B4 18
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40

0.976 955

327
301

0.4
0.4
0.4

1.5
5.0
8.0

40.2

0.3

12 215
12

C1
C3 12

16 93
25

0.983 790

0.3 40.2

5.5
3.5

21.5

86

130

0.982 510

275

28

4.1

40.2

0.3

215

by the presence of a secondary phase like TiNi. The dependence
of hydrogen diffusion on the C15 fraction is less straightforward,
as illustrated by CA06 having a low C15 content but a high diffu-
sion coefficient. These samples were prepared by arc-melt in which
the sample homogeneity is difficult to control. Although the sec-
ondary phase abundances are not directly related to Co-content,
they greatly contribute to the bulk transport property through syn-
ergetic effects reported previously [66-69].

3.3.4. Measurement of surface exchange current

The exchange current (I,) provides a measure of the kinetics
in the electrochemical hydrogen reaction at the surface of the elec-
trode. These values were calculated from the electrode polarization
using a method described previously [54]. The exchange currents
were measured at 50% depth-of-discharge for each alloy in this
study, with the results shown in Table 2. The variation of the surface
exchange current among alloys is small, and is consistent with the
similar values for the half-cell HRD reported in Section 3.3.1. At low
rate discharge, the discharge resistance is dominated by the sur-
face reaction and thus does not depend significantly on Co-content.
However, at high-rate discharge the bulk diffusion will govern HRD
measurements.

3.4. Sealed NiMH battery

3.4.1. Partial replacement of nickel by cobalt

The first series of alloys made for sealed cell studies, B1 to B4,
were prepared by a conventional induction melting method. The
design compositions of these high capacity alloys were selected
to balance different aspects of battery performance and are listed
in Table 6. The Co-fractions in these samples are similar to those
in CAO1-CA06. The B-series of alloys has a general formula of
Zr]gTi15.5V14Cf105H0.3 MH]7'5A10'5COxNi24,2_X where x=0.0, 0.5, 1.5
and 2.5 with a partial replacement of Ni by Co. The structural prop-
erties of these alloys have been reported previously [7]. The gas
phase, half-cell, and full-cell properties are listed in Table 6. It was
observed that as the Co-content in the alloy increases from 0.0%
to 2.5%, the PCT plateau pressure decreases (more stable hydride),
the PCT isotherm slope factor remains roughly constant (degree
of disorder unchanged), and the PCT hysteresis decreases (less
pulverization during cycling). Sample B2 exhibits the best over-
all properties for many of the metrics for battery performance. We
find that the maximum gas phase storage capacity peaks for sam-
ple B2 (Co=0.5%), both the high-rate and low-rate electrochemical
discharge capacities decrease with the highest ratio obtained at
B2, both the cycle life achieving 80% of the original capacity and
charge retention improve, and B2 shows the best low temperature
capacity. The specific power is maximal for sample B4 (Co=1.5%).

3.4.2. Partial replacement of manganese and chromium by cobalt

In order to study the role of Co at higher substitution lev-
els, a second series of alloys (C1 to C3) was made for sealed cell
study using a 2kg conventional induction melting method. The
target compositions of these three high rate and high cycle life
alloys are listed in Table 6. The C-series of alloys has a general for-
mula of Zl‘z]_5Ti12V10Ni40.2Sn0_3A10.4C01.5+x+yMl"l5.6,XCl'8'5,y where
x=0.0,0.5,1.5and y=0.0, 3.0, 5.0 with a partial replacement of Mn
and Cr by Co. The rate and cycle life improvement of these sam-
ples over the B-series alloys was achieved by combining a smaller
fraction of V combined with a higher fraction of Ni. Cr is known
to extend the cycle life and improve charge retention but hin-
der the high-rate dischargeability [6]. Mn is known to improve
the charge retention and storage capacity while limiting the cycle
life [4]. The gas phase, half-cell, and full-cell properties are listed
in Table 6. We find that as the Co-content in the alloy increases
from 1.5% to 5.0% and 8.0% at the expense of both Cr and Mn, the
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PCT plateau increases (less stable hydride due to the reduction in
Mn), the slope factor remains unchanged (same degree of disorder),
the PCT hysteresis reduces substantially (less pulverization during
cycling), the gas phase maximum storage capacity and electro-
chemical discharge capacities decrease, the ratio between low-rate
and high-rate discharge capacities remains the same, pre-charge
increases (easy formation), cycle life reduces (less chromium), both
specific power and low temperature capacity reaches maximum
when charge retention is the worst at C2 (Co=5.0).

4. Summary

Through the study of three series of Co-substituted alloys (two
to partially replace Ni at low levels, and one to replace Cr and Mn at
a higher level), we found the improvement of these properties are
not monotonic and an optimum range for Co exists in the following

areas:
Structure Higher Co-content decreases the average electron density and
contributes to a higher C14 phase abundance.

A range of Co between 1.0 and 1.5 at% corresponds to a more
stable hydride with a lower plateau pressure and a higher
hydrogen storage capability.

A Co-content of 1.5 at% yields the highest discharge capacity and
easiest formation. Coupled with the overall alloy formula, 1.5%
Co also provides the largest number and the smallest metallic
nickel inclusions in the surface oxide.

A Co-content at 1.5% gives the best balance among formation,
capacity, cycle life, and charge retention. Unfortunately, both the
specific power and low temperature performance are reduced.
This suggests that an additional modifier, such as Al, may need to
be incorporated into the alloy to optimize the design
composition.

Gas phase

Half-cell

Sealed cell
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