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ABSTRACT

In order to clarify the relationship between the saturation magnetization of the activated metal hydride
material and electrode performance, the specific power measured at both low temperature (—30°C) and
operating temperature (35 °C) of a nickel metal hydride battery were compared with magnetization mea-
surements. It is found specific powers measured at both temperatures correlate well with the saturated
magnetic susceptibility, which is proportional to the total amount of metallic nickel clusters distributed
within the surface oxide layer after activation. Both the gas phase storage and electrochemical properties
of the activated AB,, ABs, and A,By; alloys were investigated. While the AB, alloy has the highest storage
capacity, it also has the lowest high-rate dischargeability among the three alloys. This suggests a compe-
tition between storage capacity and rate capability in these materials. In an alkaline etching experiment,
it is established the saturation magnetization increases with etching time in these AB,, ABs, and A;B;
alloys. The saturation magnetization after a 4 h etches track the changes in the high-rate dischargeability.
The increase is attributed to the growth in size of the metallic inclusions for the AB, and Nd-A;B; samples,
and from an increase in the number of metallic inclusion in the case of ABs and La-A,B;. Transmission
electron microscope studies calibrate the size inferred from magnetic susceptibility studies and also the
Ni-dominated FCC structure of the metallic clusters.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Misch-metal based AB5 hydrogen storage alloy is the con-
ventional choice for metal hydride (MH) electrode material used in
nickel metal hydride (Ni/MH) batteries [1-7]. However, the lim-
ited discharge capacity of this alloy has prompted a search for
alternative materials with higher hydrogen storage capacities. Of
these systems, the AB, and A,B; alloys are considered the most
promising candidates [8-20]. A careful comparison of the structural
and physical characteristics of these various alloys is necessary to
identify the fundamental differences and to suggest methods for
further improving their properties. This paper presents results from
the comparison of the AB,, ABs, and A;B- alloys in gas phase and
electrochemical testing; and also presents analytical results of the
surface metallic clusters.

The metallic nickel clusters embedded in the surface oxide
layer of the AB, [21-26] and ABs5 [27-38] MH electrodes as
the product of a self restoration [27,30] are known to play a
very important role in catalyzing the electrochemical reaction
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powering Ni/MH batteries. These Ni-based clusters not only con-
trol the high-rate dischargeability (HRD) of the electrodes but
also increase the corrosion/passivation resistance of the alloy
[13,39]. Extensive measurements of magnetization together with
transmission electron microscopy (TEM) studies were used to
investigate the properties of these superparamagnetic Ni-based
clusters [25,28,30,31,34,38,40]. Based on fits of the sample magne-
tization to the Langevin function, the sizes of these Ni clusters were
estimated to range from a 2 to 20 nm, depending on the alkaline
treatment conditions [38]. The total volume percentage of these Ni
rich clusters, reaching up to 5wt.% [41], can be extracted from the
value of the saturation magnetization, Mg, normalized to the mag-
netization for pure nickel metal. This assumes the magnetic signal
is entirely due to the Ni clusters, which is reasonable as the magne-
tization of the pure alloy is seven orders of magnitude smaller than
that of metallic nickel [28]. The magnetic characteristics of the alloy
have been used extensively to parameterize surface catalytic activ-
ity in this class of materials [39,41-47]. The elemental composition
of these Ni-based metallic clusters, as determined by TEM studies,
varies from pure Ni [32,48,49], to Ni-Co [36], Ni-Co-Fe [37], Ni-Mn
[50],and more complicated Ni-Co-Cu highly disordered alloys [24].
The metallic nature of these clusters was confirmed by electron
energy loss spectroscopy [23], X-ray diffraction (XRD) [16], X-ray
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photoemission spectroscopy (XPS) [51-53], and high-resolution
TEM with select area electron diffraction [54]. XPS was also used
to study the electrochemical activity of the surface [55]. These
Ni-based clusters can be formed during the activation/formation
cycle of the battery [43,56,57], an oxidizing agent [58], alkaline
conditions [59], and other surface treatments [60-69]. While the
superparamagnetic response can provide insight into the nanoscale
structure of the metallic clusters in these electrodes, the param-
agnetic component of the magnetic susceptibility has been used
previously to quantify the electron concentration of the partially
hydride LaNis alloy [70]. In this paper, the properties extracted
from the magnetic measurements will be compared and correlated
to the gas phase and electrochemical properties among AB5, ABs,
and A;B7 alloys.

2. Experimental setup

Ingot samples were prepared by conventional induction melting (25 kg) 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.

Pressure-Concentration-Temperature (PCT) characteristics for each sample
was measured using a Suzuki-Shokan multi-channel PCT system. In the PCT analy-
sis, each sample was first activated by a 2-h thermal cycle between 300°C and room
temperature at 25 atm H, pressure. Magnetic susceptibility measurements were
performed using a Quantum Design MPMS-5T SQUID magnetometer, a Quantum
Design PPMS 9 T with the acms option, and a Princeton Measurements Corpora-
tion MicroMag 2900 alternating gradient magnetometer from a sample having a
mass of 25-35 mg. Details of the half-cell and C-size Ni/MH full cell construction
and measurement have been described previously [14,71]. Specific power for these
sealed Ni/MH batteries was measured using a pulse-discharge method with a 10s
10C discharge at 80% of state-of-charge.

A TEM system (Jeol-2010 FasTEM, JEOL Inc.) with X-ray energy dispersive spec-
troscopy (EDS) (EDAX Inc.) capability was used to study the size, crystal structure,
and composition of the metallic inclusions embedded in the surface oxide. The pow-
der samples were first loaded in a copper tube with M-Bond 610 epoxy, with the
diameter of the copper being 3 mm. After several hours’ curing, the copper tube
filled with hardened powders was sliced using a low speed diamond saw, which
provides a minimal disruption of the sample microstructure. The slices were then
reduced in thickness by mechanical grinding and polishing and were finally thinned
by ion-beam milling at 5kV (Gatan PIPs 691 ion-beam milling machine). The TEM
studies were conducted with a beam energy of 200 keV.

3. Results and discussion
3.1. Saturation magnetization and specific power

Ten Misch-metal based AB5 alloys were prepared according to
the target formulas listed in Table 1. The original intent for this
batch of alloys was to improve the low temperature specific power
of the AB5 alloy by introducing Cu, Zr, and/or Si additives [72,73].
These alloys were annealed in vacuum (1 x 10~ Torr) at 960 °C for
8 h before mechanical crushing into —200 mesh powder. The pow-
der was etched at 100°C in 60% KOH for 1h to activate the alloy
surface. The room temperature magnetic susceptibility was mea-
sured using the MicroMag 2900 magnetometer. The Ms value was
estimated from the M(H) curves after subtracting the high field
linear component, which corresponds to the paramagnetic contri-

Table 1

Fig. 1. Specific power measured at 35°C and —30°C of a series of ABs alloys as
functions of the saturated magnetic susceptibility measured at room temperature.

bution. These values are listed in Table 1. From these studies, it is
found that the Ms values of the substituted alloys are higher than
those measured for the parent alloy without any Cu, Zr, or Si. The
specific powers of Ni/MH batteries made from these alloys at two
temperatures, —30°C and 35°C, are listed in Table 1 and plotted
against the Mg values in Fig. 1. From this figure, we can see that peak
power measured at both temperatures increase with the increase
in the Ms values. In the case of low temperature peak power, the
amount of surface nickel inclusion is not the only significant factor.
Both the shape and proximity of the voids in the surface oxide also
play very important role from an earlier study [24].

3.2. Comparison of the gas phase storage properties

Four distinct alloys were made by induction melting. Alloy A,
with a nominal composition of Ti;3Zr,1 5Nizg2Vg5CrasMny36Sng 3
CoyAlg 4, is a typical C14-dominated AB, alloy with the electro-
chemical properties reported in full elsewhere [71]. This alloy
has a good combination of storage capacity and rate capability.
Alloy B, with a nominal composition of Lajg5Ces3Prg5Nd; 4Nigg g
Co127Mns59Aly7, is a La-rich Misch-metal based ABs alloy
widely used in current high power applications for commer-
cial Ni/MH batteries [74]. Alloy C, with a nominal composition
of Lajg3Mg7oNigs1Coq16 is the first high capacity A;B; alloy
reported in that family [75]. This alloy only contains one rare
earth element, La, instead of the combination of four in Alloy
B. Alloy D, another A;B; alloy with a nominal composition of
Nd;g8Mg> 5Nigs0Aj36, also contains only one rare earth element,
Nd. Both Co and Mn are excluded to minimize the self-discharge of
the battery [76]. The amount of Mg is adjusted to produce a suit-
able hydrogen-metal bond strength for Ni/MH applications. Alloy
A was prepared without annealing, while Alloy B was annealed in
vacuum (1 x 108 Torr) at 960 °C for 8 h. Both alloys C and D were
annealed in 1 atm of argon at 900 °C for 5 h to prevent the excessive
loss of Mg through vaporization.

Ten ABs alloys with the measured saturated magnetic susceptibility after 1 h etch in 100 °C 60% KOH solution and specific powers measured at —30 and 35°C.

Formula (in atomic percentage) Saturated magnetic

susceptibility (memu/g)

Specific power measured
at —30°C (W/kg)

Specific Power Measured
at 35°C (W/kg)

Lajo.5Ces3Pro5Nd; 4Nigo.0C012.7Mns 7Aly 7 98
Laj0.5Ces3Pro5Nd;.4Nigs3C030Mng6Als0CuUs.4 210
Lajo5Ce43ProsNd;.4Nigs3C050MngsAlsoCus g 290
Lajo5Ces3ProsNdy 4Nigs2C049Mnys5Als9Cus3Sios 449
Lajo.5Ces3ProsNd.4Nigs3C050MnyeAlsoCus2Zro2 501
Lag sCe39ProsNd13Nies.sCoa6Mns2Als5Cuas 523
Lajo.5Cesq0ProsNd.4Nigs 3C050MnyeAlsoCuzoZros 544

Lajo5Ceq3ProsNdy 4Nigs1Cos2Mny3Als7Siig 605

0 920
170 1040
190 1005
347 1084
278 1263
264 1113
335 1425
340 1280
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Fig. 2. PCT 30°C absorption (open symbols) and desorption (filled symbols)
isotherms for alloys A-D.

The 30°CPCTisotherms of the four alloys are shown in Fig. 2. The
isotherms for Alloy A have both the highest total storage capacity
and largest plateau slope. Alloy C has the second highest total stor-
age capacity followed by Alloy D. The lowest total storage capacity
is found in Alloy B, emphasizing the need to search for alternative
alloys with higher capacity. The large value of the plateau slope in
Alloy A indicates a higher degree of disorder, consistent with this
sample being the only one prepared without thermal annealing
[14]. This degree of disorder is compatible with Alloy A exhibiting
the typical multi component nature found in many AB, alloys [21].
Both Alloys Cand D, which have only one rare earth element in their
composition, exhibit much smaller plateau slopes. Alloy B, with four
rare earth elements, only allows the dominant CaCus crystal struc-
ture, therefore exhibiting a smaller plateau slope consistent with
less disorder.

The equilibrium plateau pressure is related to the average
hydrogen-metal bond strength, ease of hydride dissociation, and
open-circuit voltage as in an electrochemical cell. The plateau pres-
sures of all these alloys can be fine-tuned by adjusting the Ti/Zr,
La/Ce, La/Mg, and Nd/Mg contents. For this set of alloys, the plateau
pressures in decreasing order are found in Alloy D, then B, then A,
with Alloy C having the lowest pressure. This means that hydrogen
is released most readily from Alloy D during discharge. A higher
plateau pressure also suggests a higher open-circuit voltage. The
hysteresis of Alloy A is slightly smaller than that of Alloy B. Both
of these are larger than the hysteresis found in Alloy D but smaller
than that for Alloy C. Based on these values for the hysteresis, the
alloys having the greatest mechanical stability against pulveriza-
tion during cycling are: Nd-A,B7, ABs, AB;, La-A;B7 in decreasing
order, as determined in previous studies [15,77]. One particularly
interesting fact worth mentioning is that although Alloy D has the
smallest hydrogen storage capability, it exhibits an exceptionally
rapid increase in the equilibrium pressure in the a-region (corre-
sponding to the protons dispersing randomly in the alloy) of the
PCT curve. This specific response makes Alloy D an excellent can-
didate material for low self-discharge designs due to the capability

Fig. 3. Evolution of (a) full discharge capacity at a rate of 8 mA/g, (b) HRD defined the
ratio of capacity obtained at 100 mA/g vs. capacity obtained at 8 mA/g as functions
of cycle number for alloys A-D.

of maintaining a relatively high potential at the end of a discharge
cycle.

3.3. Comparison of the electrochemical properties

3.3.1. Half-cell

A small electrode, having an area of about 1cm?, was used to
study the activation, capacity, and high-rate dischargeability (HRD)
of these four alloys. Capacities from the slowest rate discharge
current (8 mA/g) for the first 10 cycles for each alloy are plotted
in Fig. 3a. Alloys A and D require one activation cycle to reach
the capacity plateau while Alloys B and C immediately achieve
the capacity plateau with the very first cycle. On further cycling,
Alloy B enters a second plateau having a higher capacity. The max-
imum discharge capacity at 8 mA/g is summarized in Table 2. As
expected, the evolution of discharge capacity essentially follows
the same trend as the maximum hydrogen storage, as measured
by analyzing the PCT curves. The alloy capacities are ordered as: A
(AB,), C(La-A3B7), B(ABs5), D (Nd-A,B7) in decreasing order. These
measurements reflect the high capacities typically observed in AB,
alloys.

The half-cell HRD was determined by taking the ratio between
the discharge capacities at 100 mA/g and at 8 mA/g. These results
for the first 10 cycles are plotted in Fig. 3b. The number of cycles
required for the Alloys A-D to reach the HRD plateaus are 5, 2,
1, and 1, respectively. These results support the suggestion that
higher Ni content in the alloy facilitates the initial power forma-
tion, when the number of cycles to reach the HRD is compared
with the Ni content of the alloys (A-38at%, B-60at%, C and D-
65 at%). X-ray photoemission spectroscopy studies find that the
abundance of Ni at the surface was reported to be an impor-
tant parameter in determining the activation of alloys [78]. For
comparison, the HRD values obtained at the third cycle are listed
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Table 2

Compositions and summary of properties of Alloys A-D. Last three qualities were measured after 4 h etch in 30% KOH at 100°C.

Normalized
cluster size

Saturated magnetic
susceptibility
(memu/g)

33
434
369
1

Total Solute
Conc. (ppm)

Diffusion

Exchange
current
(mA/g)
32.1

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

@ 3rd cycle
96.0%
99.3%

Discharge Cap

@8mA/g
(mAh/g)

403
331

Maximum Plateau

hydrogen

Alloy

Composition

Alloys

coefficient

pressure
(MPa)

system

(x10-1' cm?/s)

storage wt. %

1.61
141
1.54

1.

1.00
0.93

1123
118.3

9.7
25.5

0.045
0.055

AB;
ABs

Ti12Zr215Ni362V95Crs5sMny36Sng3C02Al0.4
Laj.5Ces3ProsNd; 4Niso,0C0127Mns gAly 7

Lai63Mg70Nigs.1Co116

43.2
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1.06
0.95

32

194
101.7

30.8
114

97.8% 41.0
98.8% 22.7

61

3
324

0.018
0.081

44

A;B7
A;B7

Nd;ssMg2.5Nigs.1A136

Fig. 4. Linear polarization curves for alloys A-D.

in Table 2 for each alloy and will be discussed in the sections
below.

3.3.2. Surface reaction

One way to probe the HRD is to measure the surface reaction
and the bulk transport properties of the alloys. The exchange cur-
rent (Ip), which is a measure of the kinetics for the electrochemical
hydrogen reaction at the surface of the electrode, was calculated
from the electrode polarization using a method described previ-
ously [40]. Electrode samples were cycled 10 times to ensure full
activation. The linear polarization curves at 50% depth-of-discharge
are shown in Fig. 4 and the calculated exchange currents are
listed in Table 2. They are in the following order: B (43.2 mA/g)>C
(41.0mA/g)>A (32.1mA/g)>D (22.7mA/g). The higher exchange
current in ABs alloys than in AB; alloys has been reported previ-
ously [79], with a comparison of Cole-Cole plots also indicating
higher reaction resistance for AB, alloys as opposed to ABs5 alloys
[80]. The Mn and Co in the ABs5 alloy help promote the surface reac-
tion. La is the most chemically reactive element in rare earth family
and is known to produce a highly reactive surface suitable for high-
rate application [81-83]. Because of this effect, Alloy C, which has a
high La-content, has the second highest surface exchange current.
Ni content also has a strong effect on the surface reaction [84-86].
With the lowest Ni content of these compounds, Alloy A shows
the third largest surface exchange current. Alloy D, having no Mn
or Co, was originally designed to minimize the leaching of soluble
ions into electrolyte [76], and shows the least surface reaction of
these compounds.

3.3.3. Bulk hydrogen diffusion

Bulk transport properties can be studied by measuring the
hydrogen diffusion coefficient using a potentiostatic discharge
method described previously [14]. The diffusion coefficient
was calculated from the semi-logarithmic behavior of the cur-
rent response vs. time at larger times, where the transport is
dominated by diffusion (t>2000s). These values are listed in
Table 2, where the alloys with diffusion constants in decreasing
order, are: C (30.8x107'Tcm?2/s)>B (25.5x 10" 1T cm?2/s)>D
(11.4x 10" cm?2/s)>A (9.7 x 1071 cm?/s). The transport of
hydrogen governed by quantum-mechanical tunneling [87]
depends not only by the size of the hydrogen occupation sites
and the distance between the neighboring sites [88,89] but also
the degree of disorder in the material since the grain boundary
can either facilitate or hinder the hydrogen motion [90,91]. The
general result of a higher diffusion coefficient for hydrogen in
multi-element ABs (6.2 x 1072 cm?/s, LaNisCrg4Mng3Alp3) as
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compared to AB, (1.1 x 109 cm?2/s, ZrNi; ;Mng4Crp4) has been
reported previously in a micro-electrochemical study [92].

3.3.4. High-rate dischargeability

As indicated in Table 2, the HRD values vary from alloy to alloy,
with the rate being highest for alloys B(ABs5) followed by D(A,B7),
C(A3B7), and A(AB,) in order. This trend does not appear to directly
correlate with any single property related to the gas phase storage
or electrochemical response, as seen from the rankings listed in
Table 4. The magnitude of the half-cell HRD varies systematically
with the product of the plateau pressure (PP) and exchange current
(EC). The output power is measured in watts, which is the product
of voltage and current. While the current is measured directly, the
voltage must be extracted from log of plateau pressure using the
Nernst equation:

Eeq(M/MH) — E eq(H,0/Hg) = —0.9324 — 0.0329 log Py

With this analysis, the relationship between half-cell HRD and
the product of PP and EC is to be expected. The correlation between
the HRD and metallic surface clusters will be investigated in detail
in the next section.

3.4. Metallic Ni clusters embedded in surface oxide

3.4.1. Hot alkaline etching

Conditioning samples in a hot alkaline bath is a technique that
has been used extensively in activating the hydrogen storage alloy
surface [50,59,81,93]. Details about an etching experiment carried
in a 30% KOH bath at 100 °C are presented in depth elsewhere [14].
The concentration of various metal components in the resultant
solutes was measured by ICP analysis and the results are listed
in Table 3. The results are consistent with report given by Wu et
al. on a Tig35Zrgg5Ni12VogMng,Crg, alloy [81]. The majority of
the elements leached out from Alloy A are Zr, V, and Al with their
concentration in the batch increasing with the etching time. It is
believed Zr and V are the first constituents to be removed from
the AB, alloy through this corrosion process. In addition, small
concentrations of Ti and Mn were also found in the solution. The
concentrations of various metallic components from Alloy A are
plotted in Fig. 5 as a function of etching time. The slope of the
curve (corrosion rate) is large for the first half-hour then generally
decreases as the etching process continues. The chemical reaction
generates hydrogen gas at the surface, which is absorbed into the
metal and to form a hydride phase inside. This increases the magni-
tude of the voltage on the negative electrode, slowing down further

Table 3
ICP analysis results for alloys A-D after etching in 100°C and 30% KOH for various
durations. All numbers are concentration in ppm.

Etching time (h) 0.5 1 2 3 4
Alloy A
Zr 10.2 15.6 325 41.6 48.9
\% 9.3 114 214 29.2 33.8
Al 4.5 7.8 13.6 19.2 28.1
Ti 0.3 0.6 0.8 0.9 1
Mn 0.4 0.4 0.4 0.4 0.5
Alloy B
Al 38 324 64.5 88.8 1183
Mn 0.3 0 0 0.8 0
Ni 0 1.1 0 44 0
La 0 0.5 0.1 1.9 0
Alloy C
La 0 0 0.3 0 6.7
Ni 0 0 0 0 10
Co 0 0 0 0 2.7
Alloy D
Al 284 40.1 51.2 67.8 101
Nd 0 0 0 0 0.7

Fig. 5. The solute concentrations of Alloy A as functions of etching time.

Table 4

Ranking of a few parameters related to the power performance of alloys.
Alloy A B C D
Half-cell HRD 4 1 3 2
Plateau pressure (PP) 3 2 4 1
Exchange current (EC) 3 1 2 4
Diffusion coefficient (DC) 2 4 1 3
PP x EC 9 2 8 4
EC x DC 6 4 2 12
PP x DC 6 8 4 3

oxidation at the surface [94]. The reduction in the corrosion rate
is not associated with the metals reaching their saturation limit
concentration in the solute, as established by previous calculations
[14].

The only major component leached from alloys B and D on hot
alkaline etching is Al. The concentration of Al in the solvent also
increases monotonically with etching time. However, it should be
recalled that Al acts in extending cycle life not by slowing down
the corrosion reaction but expanding the lattice and consequently
reducing the stress during hydride-dehdride process and creating
less pulverization [95]. The concentrations of all other components
in the solution are either below or near the detection limit of the
ICP instrument.

Alloy C shows the best corrosion resistance in the alkaline etch-
ing experiment. Most of the oxidation products are stable as surface
oxides/hydroxides. This alloy only shows some measurable corro-
sion after 4 h of etching, which is believe to coincide with the start
of particle pulverization. It is likely the hydrogen formed by oxidiz-
ing the surface enters the alloy bulk and cracks the particle to create
new surfaces, which are more vulnerable to dissolution. Nickel was
reported to be easily oxidized into Ni(OH), or HNiO, ~ at the end of
discharge at higher temperature [96]. Therefore, in the very begin-
ning of the etching experiment, or when new surface is created as
microcracks are formed in the sample, some nickel may be oxidized
without the protection in potential from the absorbed hydrogen.

3.4.2. Magnetic measurements

The characteristics of the nanoscale metallic nickel clusters
embedded in the surface oxide were studied by probing the
magnetic susceptibility. These measurements provide an indi-
rect method of characterizing the size and distribution of the Ni
nanoparticles. The magnetization values associated with the ferro-
magnetic metallic nickel nanoclusters is a few orders of magnitude
larger than that from the paramagnetic nickel atoms in the alloy
[28]. Room temperature magnetization curves were measured as a
function of applied magnetic field for the etched powder samples
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Fig. 6. The magnetic susceptibility curves measured at room temperature for alloys A (a), B (b), C (c), and D (d).

with different etching periods. These curves are plotted in Fig. 6a-d
for alloys A-D, respectively. These magnetization curves can be fit
to the Langevin function [28]

M(H) — xgH = Ms {coth (%) - /’%} )

where (g is the intrinsic paramagnetic susceptibility of the alloy
(estimated by the value of the high field magnetization), Ms is the
saturation magnetization of the ferromagnetic metallic Ni or Ni-
alloy nanoparticles, p is the average magnetic moment of each

metallic cluster, k is the Boltzmann constant, and T is the absolute
temperature. The mass fraction of metallic inclusion can be esti-
mated from the ratio of the measured Mg and the known magnetic
susceptibility of pure nickel metal (58.6 emu/g) under the assump-
tion that all clusters are pure Ni and that the ferromagnetic signal
is produced solely by Ni nanoparticles. The size of the metallic clus-
ters was computed using u together with the known moment per
Ni atom (0.6 wg/Ni [97]). Since different amount of moment per Ni
atom was used before [27,28,31], we will use the value normalized
to cluster size of Alloy A after a4 h etch in the following comparison.

Fig. 7. Evolution of the saturated magnetic susceptibility (a), and normalized cluster size (b) as functions of etching time for alloys A-D.
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Both the Mg values and the normalized size of the clusters are
listed for each alloy in Table 2 and plotted in Fig. 7a and b. The Mg
and the average size of the metallic clusters both decrease in the
first half-hour of the etching experiment for all four alloys. This
suggests the dissolution of the native oxide formed during powder
processing [98]. After this time, a new oxide layer having a higher
porosity due to selective leaching is formed. The thickness of this
oxide layer increases with the etching time until the accumulated
hydrogen slows down further oxidation of the bulk metal. After 4 h
of etching, the magnitude of the saturation magnetization is largest
for Alloy B, followed by the alloy sequence of C, D, and then A. This
order is similar, but not identical to that of the room temperature
HRD presented in Section 3.3.1. As we discussed previously (Section
3.1), the Mg values are more strongly correlated with low temper-
ature specific power than with room temperature specific power,
as other factors also influence the room temperature high power
performance.

The relatively low Ms value observed in the AB, alloy can be cor-
related to the reduced high-rate drain performance found in this
sample. The ABs alloy shows the largest surface catalytic activity.
These studies suggest future developments to optimize the proper-
ties of AB, and A, B~ alloys will benefit from focusing on improving
the design of the surface oxide and the metallic clusters in phys-
ical size, proximity, structure, and chemical composition through
atomic engineering [21] and/or other surface modification meth-
ods, such as surface fluorination [62,63], hot charging [99,100],
reducing agent [101], wet ball milling [102], and milling with other
metals [103] or alloys [104,105].

The evolution of the total volume, surface area, average diam-
eter, and number of metallic Ni clusters, normalized to the values
before etching, are shown in Fig. 8a-d. The surface area and number

of clusters are estimated using the ratio of the volume and average
diameter and the cube of the average diameter, respectively. The
surface area of these clusters, which is associated with the total cat-
alytic activity, increases in all four alloys as the etching proceeds. By
comparing these individual curves, we are able to make a number of
statements concerning the interplay of etching and cluster modifi-
cation. Alloys A and D show similar features: the number of clusters
remains constant after 2 h of etching with the further increase in Ms
with etching time arising from the growth of the metallic cluster.
The behavior of alloys B and C also exhibit similar characteristics:
the size of the clusters remains approximately unchanged through-
out the entire etching process, with the increase in Mg arising from
an increase in the number of clusters. In the case of Alloy A (AB;),
Zr and V oxidize, become complex ions, and then leach out from
the surface. The thickness of the surface remains fixed at about
2000 A throughout the entire etching process, pointing to a balance
between bulk oxidation and oxide dissolution [106]. The longer this
sample (Alloy A) sits in the hot alkaline bath, the more metallic
nickel is available and thus the diameter of the cluster continues
to grow but the number of cluster remains constant. In the case
of Alloy B (ABs) alloy, the rare earth constituents oxidize into a
non-soluble passive hydroxide on the surface, which increases in
thickness as the etching proceeds [51]. Therefore, new clusters can
form in the newly developed oxide region. As the etching proceeds,
the amount of surface clusters increases, but the average diameter
of these clusters remains unchanged.

3.4.3. TEM studies

TEM analysis was performed on all four alloys after a 4h etch
in 30% KOH solution held at 100°C. In Fig. 9, panels a and b show
images from Alloy A, panels c and d from Alloy B, e from Alloy C,

Fig. 8. Total volume, surface area, average diameter, and number of clusters normalized to values from the virgin sample as functions of etching time for alloys A (a), B (b),

C(c),and D (d).



838 K. Young et al. / Journal of Alloys and Compounds 506 (2010) 831-840

Fig. 9. TEM bright-field micrograph (a), dark-field micrograph (b) from Alloy A, bright-field micrograph (c), dark-field micrograph (d) from Alloy B, bright-field micrograph
(e) from Alloy C, bright-field micrograph (f), and dark-field micrograph (g) from Alloy D, etched in 30% KOH at 100°C for 4 h. The insert in each bright-field micrograph is
from the metallic nickel inclusions area with a FCC crystal structure indexed in (f).
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and f and g from Alloy D. The bright-field micrographs, Fig. 9a, c,
e, and f, show the cross-section of grains from each alloy, showing
some small particulates on the surface (note the different magni-
fications in these images). The selected area electron diffraction
patterns measured at the inclusion area are consistent with a Face-
Centered-Cubic (FCC) crystal structure (inserts in Fig. 9a, ¢, e and
f). In order to estimate the lattice parameter of the FCC crystal, the
camera length was firstly calibrated using the standard sample with
evaporated Al nanoparticles. The diameters of the diffraction rings
were then measured from which we extracted the lattice parame-
ter of the nanoparticles embedded on the surface of the alloys. The
values obtained coincide well with the lattice parameter of metal-
lic nickel. From the dark-field micrographs from the same areas
(Fig. 9b, d, and g), the sizes of the largest bright metallic nickel
crystallite are estimated to be around 100 A with nickel particles
in the 10-70A size range present. From the magnetization mea-
surements, we determined that the differences in electrochemical
properties of the various alloys could be mainly attributed to dif-
ferences in the concentration of metallic nanoclusters embedded in
the surface alloy. However, due to the fragility of the surface oxide,
itis difficult to extract areliable estimate of the cluster density using
these TEM images, precluding a direct comparison with the mag-
netization data. We also used EDS to characterize the composition
of these metallic nanoparticles. The EDS results in these metal-
lic clusters region measured are Nigy gMny75Z1r3.9C050Ti1 6V1.5Crog
(Alloy A), Nizg3C0310Mn3zLaz,Ce14NdggAlpgPro2 (Alloy B),
Nigy 6Co148Lay 1Mgps (Alloy C) and Ni (Alloy D). Some matrix
elements come from the cross-contamination during sample
preparation. Nevertheless, Co and Mn are clearly present in the
metallic clusters, as has been reported previously [36,50]. The very
fine structure of these metallic inclusions together with location of
Co and Mn require further studies by high-resolution TEM.

4. Summary

These electrochemical, structural, and magnetic investigations
allow us to draw a number of important conclusions concern-
ing the interplay between metallic nanoparticles embedded in
the surface oxide layer and the battery performance of the elec-
trodes. By thorough investigations of four specific alloys, AB,, ABs5,
La-A,B7, and Nd-A;B7, we have explored the effects of composi-
tional and structural difference in promoting the precipitation of
metallic, mainly Ni, nanoclusters and modifying the battery prop-
erties. These exhaustive studies, separated into gas phase, half-cell,
and etching investigations, are summarized by ranking the proper-
ties of the four alloys from largest to smallest, as follows:

Gas phase

Storage capacity AB, >La-A;B7 > Nd-A;B7 ~ ABs

Plateau slope AB; > ABs >La-A;B7 >Nd-A;B;

Plateau pressure Nd-A,B7 > AB5 > AB, > La-A,B;

PCT hysteresis La-A;B7 > AB5 > AB, > Nd-A,B7

Slope ina phase Nd-A;B7 > AB5 >La-A;B; > AB,

Half-cell

Total capacity AB, >La-A;B7 > ABs ~ Nd-A,B;

Activation La-A;B7 ~Nd-A,B7 > ABs > AB,

High-rate dischargeability ABs > Nd-A,B7 >La-A;B7 > AB,
Surface exchange current ABs >La-A;B7 > AB, > Nd-A,B;
Bulk diffusion La-A;B7 > ABs > Nd-A,B7 > AB;

Etching experiment

Total solution concentration ABs ~ AB; ~Nd-A;B7 >La-A;B;
Surface cluster size La—-A;B7 > AB; ~Nd-A;B7 ~ ABs

Total surface cluster volume ABs5 >La-A;B7 > Nd-A,B7 > AB,
Total cluster surface area ABs >La-A;B; >Nd-A,B7 > AB,
Number of clusters ABs >La-A;B7 >Nd-A,B; >AB,

These studies demonstrate that controlling and characterizing
the development of metallic Ni nanoclusters, which can be done
indirectly using magnetization measurements, is a crucial compo-
nent of optimizing the properties of electrode materials. Moreover,
we find that the ABs5 alloy has the best high-rate dischargeabil-
ity (associated with metallic nanoclusters) but low total capacity,
while the AB, alloy has the lowest high-rate dischargeability, but
the highest total capacity. These results provide a framework for
selecting specific compositions having the best properties for spe-
cific applications.
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