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EXECUTIVE SUMMARY

A nickel-metal hydride (Ni/MH,) cell is a storage battery cell which is rapidly emerging
in recent years for many applications, especially for consumer electronics. A Ni/MH, cell is
an alkaline storage cell similar in many aspects to a nickel-cadmium (Ni/Cd) cell which has
been the main workhorse for many electronic devices. The Ni/MH, system has recently
received a special attention from many battery developers and manufacturers especially due
to environmental safety concerns regarding the Ni/Cd cell, while general demands for a
reliable portable power sources are ever increasing. Concerns on toxicity of cadmium have
lead to stricter government environmental regulations both in production processes and
disposal of cells. Such regulations made it more difficult to manufacture Ni/Cd cells and
dispose of them economically after use. The Ni/MH, cell has higher gravimetric and
volumetric energy densities than Ni/Cd cells by approximately 30%. The NYMH, cell has
also the advantage of being able to replace a Ni/Cd cell virtually without a change of the
existing power systems for many electronic devices because it is similar to a Ni/Cd cell in
physical structure as well as in the charge and discharge voltage characteristics. Although
Ni/MH,, cells are now available from several battery manufacturers, further improvements of
the cell are desired for long cycle life, low self-discharge, and operation at elevated
temperatures. Performance of the cell for these characteristics are closely related to the alloy
properties. Therefore, it is highly desirable to improve the hydride alloy material for an
improved NiYMH,, cell. Preparation technique and alloy composition affect the performance.
The most popular preparation technique of the alloy powder is pulverization on an ingot
prepared by arc- or induction-melting. It has been reported that an alloy prepared by a rapid
cooling technique resulting in small grain, columnar structure give longer cycle life than a
large grain, equiaxed structure from a slow cooling technique. An atomization technique of a
molten alloy will be a logical technique for rapid-cooling of the alloy.

For an effort to develop an advance Ni/MH, cell, this research was directed at
developing a new preparation technique of alloy material for use as anodes of Ni/MH, cells.
This was a collaborative effort of four organizations which include Texas A&M University
(TAMU), Brookhaven National Laboratory (BNL), Los Alamos National Laboratory
(LANL), and Hughes. We have studied four different alloy preparation techniques. These
techniques are pulverization of arc- or induction-melted ingots, ball-milling, and atomization
techniques. Arc-melting technique was studied at BNL, ball-milling at LANL, and the
pulverization and atomization techniques at Hughes. TAMU studied basic scientific
properties of the alloy powders.




We, at Hughes, have studied inert gas atomization technique for a potential production
method of the alloy powder using several metal hydride alloys which are attractive for a
Ni/MHy cell. Atomization of the alloys was demonstrated successfully in a small production
quantity (up to a batch-size of several kilograms). The relative performance of the atomized
and corresponding non-atomized alloys were investigated for the electrode material in a
Ni/MHy cell. The study included effects of charge-discharge rates, temperature, and particle
size on cell voltage (polarization) and specific capacity. Results show that the specific
capacity of the present atomized alloys was appreciably smaller than the corresponding non-
atomized powder, especially for initial cycles. Full activation of the atomized alloys often
took several hundreds of cycles. Even after full activation, the specific capacity of the
atomized alloys was smaller than that of the corresponding non-atomized alloy. However, no
appreciable difference in discharge rate capability was observed with some alloys. Results of
chemical analyses of the metallic composition were indistinguishable between the atomized

~and non-atomized alloys. However, the oxygen contents of the atomized alloys were always
higher, by a factor of 3 or more, than those of the non-atomized alloys. We suspect that the
high oxygen content might be a factor for the low specific capacity of the atomized alloys.
We have also studied the effect of annealing of the atomized alloys at 1100°C, since we
suspected that a lack of crystallinity might be another factor for the low specific capacity of
the atomized alloys. The annealing improved the capacity, but the alloy capacity is still
smaller than that of the non-atomized alloy.

Effects of Ni- and Cu coating on the alloy performance were studied after coating the
powder alloys using an electroless coating technique. Coatings of both metals noticeably
improved the electrode rate capability for all alloy samples studied. Especially, the
improvement in the electrode polarization for atomized alloys was tremendous. However,
the coating did not appear to improve their cycle life. Spherical geometry of the atomized
powder allowed us a means of direct observation of the mechanism and rate of physical
changes of the alloy particles. Present results of a preliminary investigation are not
conclusive in determining the possible merits of the atomization technique, even though
overall performance of the non-atomized alloy was superior to that of the atomized alloy.
Further studies are needed, especially to reduce the oxygen contents in the atomized alloys,
to explore possible merits of atomization technique, e.g., possible improved life without
sacrificing the specific capacity and the rate capability.




1. INTRODUCTION

A nickel-metal hydride (Ni/MH,) cell is a storage battery cell which is rapidly
emerging in recent years for many applications especially, for consumer electronics. A
Ni/MH; cell is an alkaline storage cell and is similar in many aspects to a nickel-
cadmium (Ni/Cd) cell, which has been the main workhorse for many electronic devices.
The NYMH, system has recently received a special attention from many battery
developers and manufacturers especially due to environmental safety concerns regarding
the Ni/Cd cell, while general demands for a reliable portable power sources are ever
increasing. Concerns on toxicity of cadmium have lead to stricter government
environmental regulations both in production processes and disposal of the cells. Such
regulations made it more difficult to manufacture Ni/Cd cells and dispose of them
economically after use. For most applications a storage cell is generally preferred to a
primary cell due to the disposal problém. The Ni/MH,, cell has higher gravimetric and
volumetric energy densities than Ni/Cd cells by approximately 30%. The Ni/MH,, cell
has also the advantage of being able to replace a Ni/Cd cell virtually without a change of
the existing power systems for many electronic devices because they are similar in
physical structure as well as in the charge and discharge voltage characteristics.

Ni/MH;, cells are now available from several battery manufacturers. However,
further improvements of the cell are desired for long cycle life, low self-discharge, and
operation at an elevated temperature. Performance of the cell for these characteristics are
closely related to the alloy properties. Therefore, it is highly desirable to improve the
hydride alloy material for an improved NiYMH, cell. Preparation technique of the alloys
as well as its composition has been reported to affect the performance (1, 2). Most
popular preparation techniques of the alloy powder are an arc-melting and melting in an
induction furnace followed by a mechanical pulverization. However, such melting
techniques have disadvantage in keeping a low boiling metal from loosing by evaporation
for alloys which contain a low boiling metal such as magnesium or calcium. For these
alloys a mechanical alloying (ball-milling) (3, 4, 5) will be preferable. It has also been
reported that an ABs-type alloy prepared by a rapid cooling technique resulting in small
grain (approximately 10 pm) columnar structure give longer cycle life than an equiaxed,
large grain (approximately 50 um) structure from a slow cooling technique (6). An
atomization technique of a molten alloy (7, 8) will be a logically preferred technique for a
rapid-cooled alloy.




For an initial effort to develop an advance NiVMH, cell (9,10), this research is
directed at developing a new preparation technique of alloy material for use as anodes in
nickel-metal hydride cells. This is a collaborative effort of four organizations which
include Texas A&M University (TAMU), Brookhaven National Laboratory (BNL), Los
Alamos National Laboratory (LANL), and Hughes. We have studied four different alloy
preparation techniques. These techniques are pulverization of arc- or induction-melted
ingots, mechanical alloying (ball-milling), and atomization techniques. Arc-melting
technique was studied at BNL, mechanical alloying at LANL, and the pulverization and
atomization techniques at Hughes. TAMU carried out basic scientific investigations of
the alloy powder prepared by these techniques. We also investigated other practical
methods of improving the performance of the metal hydride anode at Hughes. We have
studied the effects of nickel and copper surface coatings of alloy particles on the MHy
electrode performance. It has been reported that such coatings improve rate capability,
utilization, and cycle life performance (11, 12, 13). The present report describes results
obtained at Hughes.

2. HYDRIDE ALLOYS

The hydride alloys studied in this report and their preparation techniques are shown
in Table 1. The compositions were selected based on the results of our previous study
(14) after a careful review of available results at the time of the selection. The basis of
the selection was technical performance of the alloys, especially high specific capacity
and long cycle life capability. All induction melting and atomization runs were carried -
out at Retech, Inc., Ukiah, CA, unless otherwise specified. "Mechanical powder" was
prepared by breaking alloy ingots using a stainless steel mortar followed by sieving in a
nitrogen filled glove box. Elemental analyses of the alloys were carried out by dc plasma

analysis technique at either Metallurgical Testing Corporation, City of Industry, CA, or
Wah Chang Albany Analytical Services, Albany, OR. Results of the elemental analyses
are shown in Tables 2 to 5.




Table 1. Compositions of the alloys studied in this work.

Sample ID Compositions Preparation Technique

E931* Lag gCeq »Niy 75500 25 Induction melt./mechanical powder
E931* Lag gCeq »Nig 75510 25 Induction melt./atomization

E932% Lag gCeq »Ni3 75C01 oSng 25 Induction melt./mechanical powder
E932% Lag gCeq,Nij3 75C01 oSng 25 Induction melt./atomization

RO1 Lag 5Ceq 5Ni3 55C00.75Mng 4Alg 3 He-arc melting/atomization

RO2 Lag gCeq »Ni3 55C00 75Mng 4Alj 3 He-arc melting/atomization

RO3 Lag 5Ceq 5Ni3 55C0g 75sMng 4Sng 3 He-arc melting/atomization

R0O4 La0_5Ceo_5Ni3.55C00.75Mn0_4A10_3Sn0.2 He-arc melting/atomization

RO5 Lag 7Ceq 3Niz ,Coy oMng Alg 2 He-arc melting/atomization

RO6 Lag 7Ceq 3Ni3 ,Co1 gMng gAlg 5 He-arc melting/atomization

RO7 Lag ¢Ceq 3Zrg 1Niz ,Coy ¢Mng gAlg He-arc melting/atomization

RO8 Lag 5Ceq 3Cag oNi3z ,Cojy gMng ¢Alg 5 He-arc melting/atomization

R0O9 Lag 7Ceq 3Nisz 3C01 (Mng 4Alg 3 He-arc melting/mechanical powder
R10-1 La0.7Ce0.3Ni3_2C01.0Mn0'6A10.2 He-arc melting/atomization**
R10-2 Lag 7Ceq 3Ni3 ,Co1 oMng gAlg 2 He-arc melting/mechanical powder
R11 Lag ¢Ceq 3Zrg 1Niz oCoj ¢Mng gAlg » He-arc melting/mechanical powder
R12 Lag 7Ceq 3Niz 3C0; gMng 4Alg 3 He-arc melting/atomization**

R13 Lag 7Ceq 3Nijz ,Coq oMng Al 2 He-arc melting/atomization

* Prepared at Ergenics, Inc., Ringwood, N.J. 07456.
** Atomized at Crucible Materials, Pittsburgh, PA.




Table 2. Results of elemental analyses of atomized alloys RO1 through R0S and alloy
button before the atomization.

RO1 RO2 RO5-1 ROS5-2 RO5
Block
La, Wit% calc. 16.45 26.34 15.44 16 2291 2291 22.91
anal. 16.88 25.94 15.99 17.33 22.3 22.12 25.27
delta 0.4 -0.4 05 1.3 0.6 -0.8 2.4
Ce, Wt% calc. 16.59 6.64 15.58 16.14 9.9 99 99
anal. 17.62 7.65 16.66 16.97 10.78 10.46 12.89
delta 1 1 1.1 0.8 0.9 0.6 3
Ni, Wt% calc. 49.36 V49.41 46.34 45.3 4426 4426 44.26
anal. 48.8 498 46.9 42.5 45.1 45.1 41.6
delta -0.6 0.4 0.6 -2.8 0.8 0.8 2.7
Co, Wt% calc. 10.47 10.48 9.83 10.18 13.88 13.88 13.88
anal. 10.23 10.16 9.64 10.47 13.49 13.99 12.43
delta 0.2 -0.3 -02 0.3 -0.4 0.1 -1.5
Mn, Wt% calc. 52 5.21 4.89 5.06 7.77 7.77 7.77
anal. 4.79 4.82 428 5.38 6.92 7.02 6.75
delta -0.4 04 -0.6 0.3 -0.8 -0.7 -1
Al, Wt% calc. 1.92 1.92 1.86 1.27 1.27 1.27
anal. 1.54 1.56 1.59 1.02 1.11 0.97
delta -04 0.4 -0.3 -0.3 -0.2 -0.3
Sn, Wt% calc. 7.92 5.47




Table 3. Results of elemental analyses of atomized and button alloys of R06, RO7 and

RO8.
RO6 RO6
Atomized Button Atomized Button Atomized Button
La, Wt% calc. 2291 22.91 19.86 19.86 17.16 17.16
anal. 21.5 21.3 18.54 18.87 15.81 17
delta -14 -1.6 -1.3 -1 -14 -0.2
Ce, Wt% calc. 9.9 9.9 10.02 10.02 10.39 10.39
anal. 11.07 10.45 10.81 11.08 11.16 11.6
delta 1.2 0.5 0.8 1.1 0.8 1.2
Ni, Wt% calc. 4426 44.26 44.77 44,77 46.43 46.43
anal. 455 46.5 46.8 45.8 499 48.3
delta 1.2 2.2 2 1 3.5 1.9
Co, Wt% calc. 13.88 13.88 14.04 14.04 14.56 14.56
anal. 13.54 13.3 13.39 13.52 13.5 14.24
delta 0.3 -0.6 0.7 -0.5 -1.1 -0.3
Mn, Wt%  calc. 7.77 177 7.85 7.85 8.15 8.15
anal. 7.05 7.19 7.15 7.18 7 7.48
delta -0.7 -0.6 -0.7 -0.7 -1.1 -0.7
Al, Wt% calc. 1.27 1.27 1.29 1.29 1.33 1.33
anal. 1.06 1.08 1.03 1.07 1.17 1.07
delta -0.2 -0.2 -0.3 0.2 0.2 -0.3
Zr, Wt% calc. 2.17 2.17
anal. 2.09 2.34
delta -0.1 0.2
Ca, Wt% calc. 1.98 1.98
anal. 0.18 0.15
delta -1.8 -1.8




Table 4. Results of elemental analyses of atomized and button alloys including oxygen

content.
RO6* RO7* RO7# RO9# R10# R11#
Atomized  Atomized  Atomized  Button Button Button
La, Wt% calc. 2291 19.86 19.86 23.04 2291 21.39
anal. 21.50 18.54 19.20 22.20 22.20 20.10
delta -1.40 -1.30 -0.70 -0.80 -0.70 -1.30
Ce, Wit% calc. 9.90 10.02 10.02 9.96 9.90 9.96
anal. 11.07 10.81 9.10 8.59 9.04 9.37
delta 1.20 0.80 -0.90 -1.40 -0.90 -0.60
Ni, Wt% calc. 44.26 44.77 44,77 4591 44.26 44,51
anal. 45.50 46.80 46.00 47.00 45.30 46.40
delta 1.20 2.00 1.20 1.10 1.00 1.90
Co, Wt% calc. 13.88 14.04 ' 14.04 13.96 13.88 13.96
anal. 13.54 13.39 14.40 14.90 14.50 14.00
delta -0.30 -0.70 0.40 0.90 0.60 0.00
Mn, Wt% calc. 7.77 7.85 7.85 5.21 7.77 7.81
anal. 7.05 7.15 7.80 5.25 7.60 7.62
delta -0.70 -0.70 -0.10 0.00 -0.20 -0.20
Al Wt% calc. 1.27 1.29 1.29 1.92 1.27 1.28
anal. 1.06 1.03 1.38 2.04 1.36 1.40
delta -0.20 -0.30 0.10 0.10 0.10 0.10
Zr, Wit% calc. 2.17 2.17 1.08
anal. 2.09 1.86 0.96
delta -0.10 -0.30 -0.10
O, Wt%  calc. 0.00 0.00 0.00 0.00 0.00 0.00
anal. 0.33 0.20 0.24 0.02 0.01 0.01
delta 0.30 0.20 0.24 0.02 0.01 0.01

* Metallugical Testing Corp. #Wah Chang Albany Analytical Services.




Table 5. Results of elemental analyses of atomized (at C.M.) and button alloys including
oxygen content.

R10* R12* R13* R10# R12# R13#
Atomized  Atomized  Atomized  Atomized  Button Button

La, Wt% calc. 2291 23.04 22.91
anal. 21.80 22.80 22.70
delta -0.11 -0.24 -0.21

Ce, Wt% calc. 9.90 9.96 9.90
anal. 9.80 9.72 9.85
delta -0.10 -0.24 -0.05

Ni, Wt% calc. 4426 4591 4426
anal. 46.00 46.40 44.80
delta 1.74 0.49 0.54

Co, Wt% calc. 13.88 13.96 13.88
anal. 14.10 14.30 14.20
delta 0.22 0.34 0.32

Mn, Wt% calc. 7.77 5.21 7.77
anal. 7.09 4.81 7.24
delta -0.68 -0.40 -0.53

Al Wt% calc. 1.27 1.92 1.27
anal. : 1.26 1.94 1.26
delta 0.01 0.02 0.01

O, Wt% anal. 0.0269 0.0220 0.0248

C,Wt%  anal 0.052 0.035 0.070

N, Wt%  anal. 0.006 0.004 0.004

* CM. #Wah Chang Albany Analytical Services.




3. ATOMIZATION

The basic scheme of the atomization technique is shown in Fig. 1. Atomization was
carried out in a water-cooled copper crucible by passing molten alloy through an orifice
in an inert atmosphere (He or Ar) while an inert gas jet is directed to the molten stream of
the alloy. The size of orifice was 0.94 to 1.25 cm in diameter. The inert gas nozzle was
approximately 0.2 cm in inner diameter. The inert atmosphere chamber at near
atmospheric pressure typically contained 4~10 ppm of oxygen and approximately 30 ppm
of HO. The He gas for the atomization runs contained typically 2.5 ppm of oxygen and
approximately 8 ppm of HyO. The source gas pressure varied from 100 to 400 psi.

Batch size for the atomization was typically 3 to 5 kg. Resulting alloy powders with
various particle size were collected and sieved through sieves of various sizes. Typical
test samples were in the particle size range of 38-90 pm (-170+400 mesh) unless
otherwise specified. Scanning electron microscope (SEM) picture of typical atomized
powder is shown in Fig. 2. Particle size distributions of the alloys for typical atomization
runs are shown in Fig 3. Test runs were for demonstration of the atomization in a small
production scale and to prepare test samples for MHy electrodes. Therefore, the
atomization conditions were not optimized for maximum yield of certain particle size
fractions.

CRUCIBLE

——————————
INERT >

GAS I

Fig. 1. A schematic drawing of atomization technique.
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(b)
Fig. 2. SEM photograph of -170+230 mesh size fraction (63-90 pm) of the atomized
powder of RO1 alloy. (a): 100x. (b): 200x. (c): 500x.
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4. TEST CELLS AND CYCLE REGIMES

Test Electrodes and Cells -- The metal hydride (MHy) electrodes for evaluation of the
alloys were prepared by pasting a slurry of the alloy powder, Shawinigan acetylene black
(ABS50), and polybenzimidazole (PBI) solution on a piece of nickel foam substrate of 80
to 100 pores per inch. Test electrodes were approximately 2.3 cm x 2.3 cm in size. Each
electrode contained approximately 1 g of alloy. Performance tests of the MHy electrodes
.are carried out in a flooded electrolyte Ni/MHy cell shown in Fig. 4. Test cells were
activated by addition of 31% KOH (by weight) electrolyte followed immediately by
trickle charging at 10 to 20 mA to prevent possible corrosive oxidation of the active alloy
material for a minimum of several hours before measuring their initial capacities.

KOH
Electrolyte

MHx Test
Electrode

NIiOOH/Ni(OH)2
Counter
Electrode

Gas
Blocking
Screen

Fig. 4. A schematic drawing of flooded electrolyte Ni/MHy test cell.

Test Cycle Regimes -- Capacity tests were carried out by charging test cells at 165 mA for 2.5
h followed by discharge of the cell at the same rate to 1.0 V. The standard cycling test regime
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was an aerospace low earth orbit (LEO) regime at approximately 50% depth-of-discharge with
110% recharge, i.e., 35 min discharge at 0.86 C rate (285 mA) followed by recharge at 0.60 C
(198 mA) for 55 min.

5. ALLOY PERFORMANCE

Measured values of the electrochemical capacity of many alloys, especially the atomized
ones, increased with cycling indicating that the alloys were not fully activated by a few initial
cycles. Some alloys took several hundreds of cycles before they were fully activated as shown
in Fig. 5. In this activation period, measured values of the electrode capacity, especially from
one electrode to another, were rather irreproducible. It is difficult to make precise comparison
of capacities of different alloys due to the slow activation and irreproducibility of the
measurements. A rough comparison of maximum specific electrochemical capacities of
various alloys is shown in Table 6. The measured specific capacities of atomized powder were
much lower, to our surprise, than those of corresponding alloys before atomization especially
for those atomized in early period (R01 to R06). Results of elemental analyses of metallic
components were indistinguishable between atomized alloys and corresponding non-atomized
alloys within an experimental error as shown in Tables 3 and 4. However, oxygen content was
much higher in the atomized alloys than in the non-atomized alloys as shown in Tables 4.
These results prompted us to have the atomization carried out with another equipment with
improved vacuum control for R10, R12 and R13 alloys which showed considerably reduced
oxygen contents as shown in Table 5. These alloys also showed significantly improved
specific capacities compared with earlier atomized alloys of similar compositions as shown in
Table 6. However, those improved values were still lower than those for the corresponding
non-atomized alloys. For another step of improvement, the atomized alloys were annealed in a
rhenium boat in an inert atmosphere for 72 hours at 1100°C. The annealed powder was
sintered together to form a cake. The sintered cake was mechanically broken and sieved to
prepare powder of desired particle size. The maximum measured specific capacities of
resulting alloys are shown in Table 6. All atomized powders studied showed lower specific
capacity than the corresponding non-atomized powder regardless of whether or not it was Ni-

or Cu-coated or annealed. Ni- or Cu-coating on atomized powder improved specific capacity

probably due to improved kinetics. Annealing of the atomized powder also improved specific
capacity.
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Fig. 5. Capacity change with cycling of a MHXx electrode containing atomized powder
of RO1 alloy in a flooded electrolyte Ni/MHy cell.
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Table 6. A rough comparison of maximum capacities of various alloy.

Sample ID Max. Measured Capacity, mAh/g Comments

E931 240 non-atomized

E931 176 atomized

E931 212 atomized, Ni-coated
E932 116 non-atomized

E932 165 atomized

E932 219 atomized, Ni-coated
RO1 227 atomized

RO1 249 atomized, Ni-coated
RO2 226 atomized

RO2 257 atomized, Ni-coated
RO3 92 atomized

RO4 44 atomized

RO4 145 atomized, Ni-coated
RO5 32 atomized

RO5 235 atomized, Ni-coated
RO6 329 non-atomized

RO6 189 atomized

RO6 262 atomized, Cu-coated
RO7 280 non-atomized

RO7 207 atomized

RO3 227 non-atomized

RO8 160 atomized

R10 315 non-atomized

R10 190 atomized

R10 268 atomized, annealed
R11 302 non-atomized

R12 321 non-atomized

R12 200 atomized

R12 231 atomized, annealed

Effects of Charge and Discharge Rates and Temperature on Performance -- Discharge
voltage curves of test cells containing various non-atomized and atomized alloys were

recorded at various rates ranging from approximately 0.2 to 2.0 C rate at temperatures of
2, 10, and 20°C. Results for the non-atomized alloys at 2 and 20°C are shown in Figs. 6
to 11. Results for the atomized alloys are shown in Figs. 12 to 15. Rate capability of
alloys at various temperatures are shown in Figs. 16 to 20. Discharge capacity decreased
roughly linearly with increase of discharge rate in the studied range with an exception of
the non-atomized R12 alloy. Rate capability of various alloys at 20 and 2°C are
compared one another in Figs. 21 and 22, respectively. Relative rate capability of alloys
were in the decreasing order of R12 > R10 > R11 as shown in Figs. 21 and 22 indicating




that a partial substitution of La with Zr cause a reduction in the rate capability. Rate
capability of R10 was virtually unchanged by atomization, but that of R12 was decreased
by atomization.

CELL VOLTAGE, V

1.0 g T T T T T
0.000 0.100 0.200 0.300

CAPACITY, mAh/g

Fig. 6. Effects of discharge rates on cell voltage and capacity at 2°C. Curves are for
discharges at various rates (48 to 200 mA) after charging for 165 min at a C/2
rate (120 mA) for a Ni/MH cell containing 975 mg of non-atomized R10 alloy

powders in size range of 38-53 um in diameter.




Fig. 7.
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Effects of discharge rates on cell voltage and capacity at 2°C. Curves are for
discharges at various rates (48 to 200 mA) after charging for 165 min at a C/2
rate (120 mA) for a Ni/MH cell containing 857 mg of non-atomized R12 alloy

powders in size range of 38-53 um in diameter.
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Fig. 8. Effects of discharge rates on cell voltage and capacity at 2°C. Curves are for
discharges at various rates (48 to 200 mA) after charging for 165 min at a C/2
rate (120 mA) for a Ni/MHj cell containing 927 mg of non-atomized R11 alloy

powders in size range of 38-53 um in diameter.




CELL VOLTAGE, V

1 v 1
0.100 0.200
CAPACITY, mAh/g

Effects of discharge rates on cell voltage and capacity at 20°C. Curves are for
discharges at various rates (48 to 480 mA) after charging for 165 min at a C/2
rate (120 mA) for a Ni/MHy cell containing 975 mg of non-atomized R10 alloy

powders in size range of 38-53 um in diameter.
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Fig. 10. Effects of discharge rates on cell voltage and capacity at 20°C. Curves are for
discharges at various rates (48 to 480 mA) after charging for 165 min at a C/2
rate (120 mA) for a Ni/MHy cell containing 857 mg of non-atomized R12 alloy

powders in size range of 38-53 um in diameter.
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Fig. 11. Effects of discharge rates on cell voltage and capacity at 20°C. Curves are for
discharges at various rates (48 to 480 mA) after charging for 165 min at a C/2
rate (120 mA) for a Ni/MHy cell containing 927 mg of non-atomized R11 alloy

powders in size range of 38-53 um in diameter.
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Fig. 12.
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Effects of discharge rates on cell voltage and capacity at 2°C. Curves are for
discharges at various rates (48 to 200 mA) after charging for 165 min at a C/2
rate (120 mA) for a NVYMHy cell containing 890 mg of atomized R10 alloy

powders in size range of 38-53 um in diameter.
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Effects of discharge rates on cell voltage and capacity at 2°C. Curves are for
discharges at various rates (48 to 200 mA) after charging for 165 min at a C/2
rate (120 mA) for a Ni/MHjy cell containing 843 mg of atomized R12 alloy

powders in size range of 38-53 um in diameter.
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Fig. 14. Effects of discharge rates on cell voltage and capacity at 20°C. Curves are for
discharges at various rates (48 to 480 mA) after charging for 165 min at a C/2
rate (120 mA) for a Ni/MH; cell containing 890 mg of non-atomized R10 alloy

powders in size range of 38-53 pm in diameter.
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Fig. 15. Effects of discharge rates on cell voltage and capacity at 20°C. Curves are for
discharges at various rates (48 to 480 mA) after charging for 165 min at a C/2
rate (120 mA) for a Ni/MHy cell containing 843 mg of non-atomized R12 alloy

powders in size range of 38-53 pum in diameter.
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Fig. 16. Effects of temperature on discharge rate capability for a NYMHj cell containing
non-atomized R10 alloy powders.
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Fig. 17. Effects of temperature on discharge rate capability for a Ni/MHy cell containing
non-atomized R11 alloy powders.
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Fig. 18. Effects of temperature on discharge rate capability for a Ni/MH cell containing
non-atomized R12 alloy powders.

29




250

g’ 200

< ]

£ i

E 150 ':

[&] J

g i

e )

o 1007
- .‘

50 T T T T T

0 100 200 300

DISCHARGE RATE, mA

Fig. 19. Effects of temperature on discharge rate capability for a Ni/MHy cell containing
atomized R10 alloy powders.
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Fig. 20. Effects of temperature on discharge rate capability for a NYMHy cell containing
atomized R12 alloy powders.
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Fig. 21. Discharge rate capability for a Ni/MHy cell containing various alloy powders at
20°C.
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Fig. 22. Discharge rate capability for a Ni/MHy cell containing various alloy powders at
2°C.
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Effects of charge temperature on cell voltage and capacity were studied by charging
cell at various temperatures followed by discharging at 20°C. Charge voltage curves of
the Ni/Hy cells at various temperatures are shown in Figs. 23 and 24. Effects of charge
temperature on cell discharge voltage and capacity for a cell containing R06 alloy are
shown in Fig. 25. Charging temperatures above 30°C showed reduced capacity for this
alloy. Effects of discharge temperature on cell voltage and capacity were studied by
charging cell at 20°C followed by discharging at various temperatures. Results for a cell
containing R06 alloy is shown in Fig. 26. Discharge temperatures between 10 and 40°C
did not show a significant effect on capacity or voltage. However, both capacity and
voltage were depressed noticeably when the cell was discharged at 0°C.
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Fig. 23. Charge curves at various temperatures ranging from 10 to 40°C at a C/2 rate
(120 mA) for a Ni/MHjy, cell containing 861 mg of non-atomized R06 alloy

powders in size range of 38-90 um in diameter.
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Charge curves at various temperatures ranging from 10 to 40°C at a C/2 rate
(120 mA) for a Ni/MHx cell containing 861 mg of non-atomized RO7 alloy

powders in size range of 38-90 um in diameter.
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Effects of charge temperature on cell voltage and capacity. Curves are for

discharges at 20°C at a C/2 rate (120 mA) after charging 18 h at a C/10 rate or

165 min at a C/2 rate at various temperatures ranging from 10 to 40°C for a
Ni/MH; cell containing 861 mg of non-atomized R06 alloy powders in size

range of 38-90 um in diameter.
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Fig. 26. Effects of discharge temperature on cell voltage and capacity. Curves are for
discharges at various temperatures ranging from 0 to 40°C after charging at
20°C for 165 min at a C/2 rate (120 mA) for a Ni/MHy cell 861 mg of

containing non-atomized R06 alloy powders in size range of 38-90 um in
diameter.




Effects of Particle Size on Performance -- Powder size range for this study was rather -
limited because particle sizes bigger than approximately 100 um (150 mesh) are not
suitable for electrode fabrication. We have tested electrodes containing alloy powders in
three different size ranges, i.e., below 38 um, 38-63 pm, and 63-90 um. The size below
38 um did not give good capacities. Plots of capacity vs. number of cycles for electrodes
containing two different powder sizes are shown in Fig 27 and 28. Rather surprisingly,
the electrodes containing larger particles (63-90 wum) showed higher capacity and faster

activation.
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Fig. 27. Effects of particle size on capacity of electrodes made of atomized alloy
powders of Lag gCeq 2Ni3 55C0g 75Mng 4Al 3 in size range of (A) 63-90 um
and (B and C) 38-63 um in diameter.

37




300

200

CAPACITY,mAh/g

T T T T T 1 * ]
0 200 400 600 800
NO. OF CYCLES
Fig. 28. Effects of particle size on capacity of electrodes made of atomized alloy

powders of Lag 5Ceq,5Ni3 55Cog 75Mng 4Alg 3 in size range of (A) 63-90 um
and (B and C) 38-63 pm in diameter.
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Effects of Atomization and Annealing on Cycle Life Performance -- We have studied the
effects of atomization on the cycle life performance of the alloys. Comparative cycle life

performances of non-atomized and atomized alloys are shown in Figs. 29 and 30.
Electrodes with non-atomized powders activate faster and have a much higher initial
capacity than the corresponding atomized alloys. However, a long term cycling
(hundreds of cycles) showed that capacities of the non-atomized alloys are decreasing
with cycling, while the atomized alloys showed a trend of increase in capacity.

We have also studied the effects of annealing of the atomized alloys on the alloy
performance since we suspected that one of the possible reasons of the reduced capacity
of atomized alloys compared with corresponding non-atomized alloys might be the highly
non-crystalline nature of the atomized alloys. Comparative cycle life performances of
non-annealed and annealed alloys are shown in Fig 31 and 32. (Cells containing the non-
annealed alloy were stored under a 10-mA trickle charge condition for approximately
three months for a period of time between initial characterization test and the long term
cycle test.) For R10 alloy, the annealed alloy showed superior performance to the non-
annealed, but the non-annealed alloy was superior for R12. This result for R12 alloy is
contrary to that of the initial characterization test (see Table 6). The specific capacity of
the non-annealed R12 alloy has improved greatly (from approximately 200 to 250
mAh/g) after the trickle charge period, while the annealed alloy did not improve.
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Fig. 29. Effects of atomized vs. non-atomized alloy powders on cycle life performance
of MHx electrodes. Alloy: R06. (A) and (B) non-atomized powder of 63-90

pm. (C) and (D) atomized powder of 38-63 um in diameter.
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Fig. 30. Effects of atomized vs. non-atomized alloy powders on cycle life performance
of MHx electrodes. Alloy: RO7. (A) and (B) non-atomized powder of 63-90

pum. (C) and (D) atomized powder of 38-63 pm in diameter.
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Fig. 31. Effects of annealing after atomization on cycle life performance of MHx
electrodes. Alloy: R10. (A) non-annealed powder of 38-53 um. (B) annealed
powder of 38-90 um.
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Fig. 32. Effects of annealing after atomization on cycle life performance of MHx
electrodes. Alloy: R12. (A) non-annealed powder of 38-53 um. (B) annealed
powder of 38-90 um.




6. ALLOY COATING

We have studied effects of nickel and copper surface coatings of alloy particles on
the MHy electrode performance. It has been reported that such coatings improve rate
capability, utilization, and cycle life performance (11, 12, 13). The surface coating was
carried out using a electroless coating technique. Ni-coating was carried out in an
alkaline hypophosphite bath (Niklad™ 776A and 776H) at 75°C. Typical weight gain
was 8-9% of original alloy weight. Cu-coating was carried out in an acidic copper sulfate
bath. Copper coating was achieved by a displacement reaction by introducing alloy
powder in a vigorously stirred solution of cupric sulfate solution containing copper in a
quantity corresponding to approximately 5% of the alloy weight. The concentration of
copper in the plating solution was approximately 0.5 M.

An SEM picture (5000x) of a cross-sectional view of a nickel coated mechanical
powder is shown in Fig. 33. A partially peeled-off film (<1 pm thick) of the nickel

coating is shown in the middle of the picture (indicated by an arrow). To confirm that the
film is nickel, phosphorous (P) and nickel maps of EDAX/SEM were taken. High
concentration of P in the film as shown in Fig. 34 is indicating that the film coated from a
hypophosphite bath is made of a nickel film which generally contains P at server

' percentage level. The nickel map as shown in Fig 35 is also showing that the film is
nickel. The nickel coated surface of atomized particles of RO2 alloy is shown in Fig. 36.




Fig. 33. SEM photograph (5000x) of an electroless Ni-coated particle of mechanical
powder




ayat

Fig. 34. Phosphorous map of EDAX/SEM photograph (5000x) of a Ni-coated particle of
mechanical powder




Fig. 35. Nickel map of EDAX/SEM photograph (5000x) of a Ni-coated particle of
mechanical powder
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Fig. 36. SEM photograph (500x) of a Ni-coated atomized particles of RO2 alloy in the
particle size range of 38 to 63 pm.
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Performance of Ni- and Cu-coated Alloys -- We have studied effects of the Ni- and Cu-
coatings on the alloy performance. Charge and discharge voltage curves of Ni/MHx cells
containing alloys without and with the Ni-coating are shown in Fig. 37 for non-atomized
alloys and in Fig. 38 and 39 for atomized alloys. Similar voltage curves for atomized
alloys without and with the Cu-coating are shown in Fig. 40. Both Ni- and Cu-coatings
reduced the electrode polarization drastically thus improving the electrode rate capability
and the electrochemical utilization of the alloys was also improved drastically. Effects of
the Ni- and Cu-coatings on the cycle life performances of the alloys are shown in Figs. 41
and 42. Ni-coated alloys showed faster activation than corresponding un-coated alloys.
However after long cycling their performances appear to converge to a similar specific
capacity value as indicated in Fig 41.
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Fig. 37. Charge and discharge voltage curves at 100 mA of Ni/MHy cells made of un-
coated and Ni-coated non-atomized E932 alloy electrodes. Alloy powder size

was 30-38 um in diameter.
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Fig. 38. Charge (at 80 mA) and discharge (at 70 mA) voltage curves of Ni/MHXx cells
made of bare and Ni-coated atomized E932 alloy electrodes. Alloy powder size

was 38-75 um in diameter.
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Fig. 39. Charge (at 80 mA) and discharge (at 70 mA) voltage curves of Ni/MHx cells
made of hydride electrodes containing un-coated and Ni-coated atomized E931

alloy. Alloy powder size was 38-75 um in diameter.
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Fig. 40. Charge (at 70 mA) and discharge (at 75 mA) voltage curves of Ni/MHx cells
made of hydride electrodes containing un-coated and Cu-coated atomized R06

alloys in particle size 63-90 um in diameter. (A) Charge curves of duplicate
cells for un-coated alloy (0.868 and 0.965 g, respectively). (B) Discharge
curves of these cells. (C) Charge curves of duplicate cells for Cu-coated alloy
(0.858 and 0.915 g, respectively). (D) Discharge curves of these cells.




Fig. 41.

Fig. 42.

CAPACITY, mAh/g
=
S

200

1 ! 1 '
400 600 800
CYCLE NUMBER

Effects of Ni-coating on capacity of electrodes made of atomized E932 alloy
powders. (A) and (B) Ni-coated; particle size 38-75 ym in diameter. (C) un-
coated; particle size 38-75 wm in diameter. (D) un-coated; particle size smaller
than 38 [tm in diameter.
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Effects of Ni-coating on capacity of electrodes made of atomized alloy powders

of ROS in particle size 63-90 um in diameter. (A) not coated. (B) and (C) Ni-
coated.
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7. PHYSICAL CHANGES OF ALLOYS BY CYCLING

In order to study physical changes of the alloys with the electrochemical cycling in a
Ni/MHy cell, we have separated alloy particles from cycled electrode by dissolving the
polymer used for the bonding of the active material. The physical integrity of these
particles after various number of cycles is shown by SEM pictures in Fig. 43-45. The
mechanical degradation of RO2 alloy particles after 387 cycles was minimal as shown in
Fig. 43. After 862 cycles, RO1 alloy particles were slightly degraded as shown in Fig. 44.
The degradation of Ni-coated RO02 alloy particles after 742 cycles was rather pronounced
in Fig. 45 indicating that the degradation process might have been accelerated by the

nickel coating.

Fig. 43. SEM picture of R02 alloy in particle size 63-90 um in diameter after 387 cycles.




Fig. 44. SEM picture of RO1 alloy in particle size 63-90 um in diameter after 862 cycles.
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Fig. 45. SEM picture of Ni-coated RO2 alloy in particle size 63-90 pm in diameter after
742 cycles.




8. SUMMARY

We have studied inert gas atomization technique using several metal hydride alloys
which are attractive for a Ni/MHy cell. Atomization of the alloys was demonstrated
successfully in a small production scale (up to a batch-size of several kilograms). The
relative performances of the atomized and corresponding non-atomized alloys for electrode
material in a Ni/MHy cell were investigated extensively. The study included effects of
charge-discharge rates, temperature, and particle size on cell voltage (polarization) and
specific capacity. Results show that the specific capacity of the present atomized alloys
was appreciably smaller than that of the corresponding non-atomized powder, especially
for initial cycles. Full activation of the atomized alloys often took several hundreds of
cycles. Even after full activation, the specific capacity of the atomized alloys was smaller ‘
than that of the corresponding non-atomized alloy. However, no appreciable difference in
discharge rate capability was observed with R10 and R12 alloys. ‘

Results of chemical analyses of the metallic composition were indistinguishable
between the atomized and non-atomized alloys. However, the oxygen contents of the
atomized alloys were always higher by a factor of 3 or more than those of the non-atomized
alloys. We suspect that the high oxygen content might be a factor for the low specific
capacity of the atomized alloys. We have also studied the effect of annealing of the
atomized alloys at 1100°C, since we suspected that a lack of crystallinity might be another
factor for the low specific capacity of the atomized alloys. The annealing improved the
capacity, but the alloy capacity is still smaller than that of the non-atomized alloy.

Effects of Ni- and Cu coating on the alloy performance were studied after coating the
powder alloys using an electroless coating technique. Coatings of both metals noticeably
improved the electrode rate capability for all alloy samples studied. Especially, the
improvement in the electrode polarization for atomized alloys was tremendous.

However, the coating did not appear to improve their cycle life. Spherical geometry of
the atomized powder allowed us a means of a direct observation of the mechanism and
rate of physical changes of the alloy particles. Present results of a preliminary
investigation are not conclusive to determine the possible merits of the atomization
technique, even though overall performances of the non-atomized alloy were superior to
those of the atomized alloy. Further studies are needed, especially to reduce the oxygen
contents in the atomized alloys, to explore possible merits of atomization technique, e.g.,
possible improved life without sacrificing the specific capacity and the rate capability.
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