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Abstract: The electrochemical performance and failure mechanisms of Ni/MH batteries made with
a series of the Fe-substituted A;By superlattice alloys as the negative electrodes were investigated.
The incorporation of Fe does not lead to improved cell capacity or cycle life at either room or low
temperature, although Fe promotes the formation of a favorable Ce;Niy phase. Fe-substitution was
found to inhibit leaching of Al from the metal hydride negative electrode and promote leaching of
Co, which could potentially extend the cycle life of the positive electrode. The failure mechanisms
of the cycled cells with the Fe-substituted superlattice hydrogen absorbing alloys were analyzed
by scanning electron microscopy, energy dispersive spectroscopy and inductively coupled plasma
analysis. The failure of cells with Fe-free and low Fe-content alloys is mainly attributed to the
pulverization of the metal hydride alloy. Meanwhile, severe oxidation/corrosion of the negative
electrode is observed for cells with high Fe-content alloys, resulting in increased internal cell resistance,
formation of micro-shortages in the separator and eventual cell failure.

Keywords: metal hydride (MH); nickel /metal hydride (Ni/MH) battery; hydrogen absorbing alloy
(HAA); superlattice alloy; failure mechanism

1. Introduction

Misch metal (Mm)-based superlattice hydrogen absorbing alloys (HAAs) exhibit higher capacity,
improved high-rate capability, lower self-discharge and wider operating temperature range than the
commonly used AB; HAA [1,2] in nickel/metal hydride (Ni/MH) batteries. The use of Mm instead of
pure La improves the cycle stability [3] and makes superlattice HAAs competitive in the consumer
battery market [4]. To further improve the performances of Mm-based superlattice HA As, the effects
of adding Mn [5,6], Co [7,8] and Ce [9] on the structural, gaseous phase and electrochemical hydrogen
storage, and full-cell electrochemical performances were investigated. Mn was previously reported
to improve high-rate performance, but creates micro-shorts in the separator which results in severe
self-discharge. Co improves the low-temperature performance in exchange for self-discharge and
high-temperature performance. The use of Ce promotes the AB, phase formation and deteriorates the
battery performance.

Previously, in the preceding paper (Part 1), the structural, gaseous phase hydrogen storage and
electrochemical (in half-cell configuration) hydrogen storage properties of Fe-substituted Mm-based
superlattice HAAs have been reported [10]. Fe-substitution promotes the favorable Ce;Ni; (hexagonal)
phase and decreases the relatively unfavorable NdNi; phase. However, the surface catalytic capability—as
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reflected by the total volume of surface metallic Ni clusters—was found to decrease with increasing
Fe-content. No improvement in discharge capacity was observed and the high rate dischargeability (HRD)
of the alloy deteriorated with increasing Fe-content. In this paper (Part 2), the performance and failure
mechanisms of Ni/MH batteries made using Fe-substituted HAAs are discussed.

2. Experimental Setup

One hundred C-size Ni/MH batteries using five superlattice HAAs (Fel to Fe5) as negative
electrode materials were assembled for electrochemical testing. For convenience, Fel to Feb refer
to not only the HAAs, but also the battery cells in this manuscript. The five superlattice HAA
(Mmy g3Mgp.17Nip 94— xAly 17Cog2Fey, x = 0, 0.05, 0.1, 0.15, 0.2) powder samples in this study were
supplied by Japan Metals and Chemicals Co. (Tokyo, Japan) and their compositions are listed in
Table 1. The design formula for all five HAAs is AB33;. Herein, Mm refers to the mixed rare
earth metal alloy with a composition of 19.6 wt % La, 40.2 wt % Pr and 40.2 wt % Nd. Structural,
gaseous phase hydrogen storage, and the electrochemical properties of the five HAAs were studied
and reported in a companion paper (Part 1) [10]. The HAA powder was dry-compacted onto the
nickel mesh substrate to form the negative electrode. The positive electrode consists of 94.1 wt %
CoOOH-coated Nig 91Co g45Zng 045(OH); (~2 wt % CoOOH), 4.9 wt % Co powder and 1 wt % Y,03
additives, and the mixture was wet-pasted onto the nickel foam substrate, dried and then compacted.
The Y,03 additive was added due to the ability to increase the open-circuit voltage, decrease the
impedance and extend the cycle life [11]. The separator used is Scimat 700/79 acrylic acid grafted
polypropylene/polyethylene from the Freudenberg Group (Weinheim, Germany). An aqueous solution
consisting of 26.8 wt % NaOH and 1.5 wt % LiOH was used as the electrolyte. The negative to positive
capacity ratio was set at 2.0 to maintain a good balance between the overcharge and overdischarge
reservoirs [12]. After the cells were sealed, a six-cycle electrochemical formation process was performed
using a Maccor Battery Cycler (Tulsa, OK, USA). During the formation process, the cells were charged
at a rate of C/10 to 50%, 100% and 120% in the first three cycles and to 150% in the next three cycles.
The discharge rate was C/5 for the first five cycles and C/2 for the sixth cycle. The discharge cutoff
voltage was 0.9 V.

Table 1. Summary of the compositions and properties of the superlattice hydrogen absorbing alloys
(HAAs) used in this study. The gaseous phase maximum hydrogen storage capacity was obtained at
6 MPa hydrogen pressure. The electrochemical capacity was taken from the 2nd cycle at a discharge
current of 8 mA g~! with a cutoff voltage of 0.9 V against a standard Ni(OH), positive electrode.
HRD represents the ratio of the capacity at a discharge current of 200 mA g~! to that at 8 mA g~ 1.
Mg is the saturated magnetic susceptibility, which reflects the total volume of the metallic nickel clusters
imbedded in the alloy surface. C is the surface double-layer capacitance obtained from alternative
current (AC) impedance measurement.

Fe-Content Max H St.orage Discha.rge Electrochemical to HRD Mg c
Alloy (at%) Capacity Capacity Gaseous Phase %) (Memug—1) (Farad g=1)

° at 30 °C (wt %) at8 mA g~! (mAhg™!) Capacity Ratio (%) ° 8 8
Fel 0.0 1.43 351 92 93 1016 0.30
Fe2 12 1.39 347 93 93 835 0.42
Fe3 24 1.37 346 94 94 718 0.37
Fe4 3.6 1.39 335 90 92 481 0.71
Fe5 4.7 141 345 91 87 341 0.82

Charge retention was measured using the following procedure. First, the cells were fully charged
at a rate of C/10 and discharged at C/5, and the initial discharge capacity was obtained. The cells were
then fully charged at C/10 and stored at room temperature (RT) for 7, 14 and 30 days before being
discharged at C/5. The remaining capacities after 7, 14 and 30 days were normalized by the initial
discharge capacity.
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Peak power was measured using the pulse-discharge method. The cells were discharged at C/3
to a 50% depth-of-discharge (DOD) and then discharged using a 30 s pulse at a 2C/3 rate. The voltages
at the end of each pulse were recorded and the peak power was calculated [6,8]. The peak power
measurements were performed every 50 cycles at 50% DOD until the cells reached the end of their
cycle life.

The sealed battery cells were kept in a Blue M Oven (TPS Thermal Power Solutions, White Deer,
PA, USA) and tested using a Maccor Battery Cycler. The cell capacity tests were performed at different
rates (C/5, C/2, 1C and 2C) and at different temperatures (RT, —10 °C and —20 °C). The cycle life
tests were performed at RT and 50 °C through repeated charge/discharge cycling at a rate of C/2.
For the cycling tests at RT and 50 °C, each charge process was considered complete when the cells
reached 105% state-of-charge (calculated based on the initial discharge capacity), and each discharge
process achieved a cutoff voltage of 0.9 V. Cycle life ended when the cell capacity dropped below 70% of
the initial capacity after the formation process. After cycle life testing at RT, the cells were disassembled
for failure mechanism analysis. The remaining electrolyte was removed with a Soxhlet extractor
(Thermo Fisher Scientific, Walthan, MA, USA). A JEOL-JSM6320F scanning electron microscope
(SEM) with energy dispersive spectroscopy (EDS) capabilities was used to study the morphology and
composition of the electrodes after cycling. The solution after etching was analyzed by a Varian Liberty
100 inductively coupled plasma-optical emission spectrometer (ICP, Agilent Technologies, Santa Clara,
California, USA).

3. Results and Discussion

3.1. Alloy Properties

Structural, hydrogen storage and electrochemical properties (tested in a flooded half-cell
configuration) of the five superlattice HAAs (Fel to Fe5) were previously introduced in Part 1 [10] and
their capacities (both gaseous phase and electrochemical), HRD, saturated magnetic susceptibility (Ms)
and surface double-layer capacitance (C) results are shown in Table 1. Partial substitution of Ni with Fe
in Mm-based superlattice HA As has been shown to increase the abundance of the Ce;Niy (hexagonal)
phase, which is favorable in terms of electrochemical performances [13-15] and decreases the relatively
unfavorable NdNi; phase. However, the total volume of surface metallic Ni clusters, which reflects the
surface catalytic capability [16], decreases with increasing Fe-content (shown in Table 1, Mg decreases
dramatically from 1016 memu g~! for Fel to 341 memu g~! for Fe5). Consequently, the discharge
capacity does not increase and HRD deteriorates with increasing Fe-content in the alloy (shown in
Table 1, HRD decreases from 93% for Fel to 87% for Fe5 in the half-cell tests). Alloy surface treatment
may be a feasible way to overcome this issue [17].

3.2. Cell Capacities at Room Temperature and Low Temperature

Full-cell test results for Fel to Fe5 measured at four different rates (C/5, C/2, 1C and 2C)
and RT are shown in Figures 1 and 2a shows the cell capacities as a function of the Fe-content
of the alloy. At lower rates the five cells exhibit similar capacities; at a discharge rate of C/5,
the capacities vary between 4.34 and 4.44 Ah; at a discharge rate of C/2, the capacities decrease
to 4.16 to 4.27 Ah. Further increases in discharge rate result in lower capacities and all the samples
demonstrate similar capacities at the same rate, except for Fe3 which has the lowest capacities among
all alloys. As seen in Table 1, Mg decreases with increasing Fe-content. Consequently, the surface
catalytic capability weakens and high-rate performance deteriorates. The low capacities obtained
for Fe3, especially at higher rates (1C and 2C), are due to decreased Ms. Although further increases
in the Fe-content of the alloy leads to an even smaller Mg, the double-layer capacitance C increases
dramatically, indicating the existence of a much larger surface area for the higher Fe-content samples.
The large surface area may compensate the loss of surface Ni clusters and lead to comparable capacities
obtained at high Fe-content (Fe4 and Fe5).
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Figure 1. RT discharge voltage curves at four different rates (C/5, C/2, 1C and 2C) for cells (a) Fel,
(b) Fe2, (c) Fe3, (d) Fe4 and (e) Feb.
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Figure 2. (a) Cell capacities at different rates as functions of the amount of Fe-substitution in the alloy
and (b) normalized capacities as functions of discharge rate for cells Fel, Fe2, Fe4 and Fe5.

It is difficult to establish a correlation between the cell capacity and Fe-content in the alloy from
the RT capacity tests. Thus, the normalized capacities are compared in Figure 2b with the focus on
the Fe-free (Fel), low-Fe (Fe2) and high Fe-content alloys (Fe4 and Fe5). The capacities at various
rates are normalized for each sample by the capacity at C/5. At higher rates above C/5, Fel and Fe2
demonstrate better rate capability than Fe4 and Feb.

To further study the effect of the Fe-substitution on rate capability, the cells were tested at low
temperatures (LT), specifically —10 °C and —20 °C. Discharge voltage curves for Fel, Fe2, Fe4 and
Fe5 at —10 °C and —20 °C are shown in Figure 3a and b, respectively, and the details of discharge
capacity and mid-point voltage are listed in Table 2. A discharge rate of C/2 was used for the
LT charge/discharge tests. Discharge capacities and mid-point voltages at —10 °C and —20 °C
for Fel, Fe2, Fe4 and Fe5 are summarized in Figure 3c. The discharge capacity and mid-point
voltage exhibit similar trends, mainly a slight decrease as Fe-content increases to 3.6% (Fe4) followed
by a sharp decrease as Fe-content increases to 4.7% (Fe5). Fe5 shows inferior LT electrochemical
performance when compared to the Fe-free cell (Fel), with a 12% lower discharge capacity and
a 9% lower mid-point voltage at —20 °C. Higher Fe-content leads to a lower discharge capacity and
a lower mid-point discharge voltage, which is consistent with the general trends in AC impedance and
magnetic susceptibility measurements reported in Part 1 [10], where RC (the product of charge-transfer
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resistance and double-layer capacitance, reflecting the surface catalytic capability) increases and Ms
decreases with increasing Fe-content in the alloy. In previous studies, Fe rendered positive and negative
influences on the LT performance of AB, [18] and ABs [19] HAAs, respectively. The impact of the
addition of Fe on the LT performance of A;B; HAA is closer to that of ABs HAA.

—-Fel —=Fel
—Fe2 —+Fe2
Fed T Fed
- Fes 1 — Fes g
2 2
@ fD
o } oo, 3
= =
Lo L8 i
0.4 1 -
0.2
| 0 !
4
1.20 3.8
C
115 f 3.7

< 110 T =
g ¥z s
8105 349 B
o Q o
Z 100 338 B
=
£ o D;
o 3.2 o
g 095 ks 5
o 1 ©
S 090 | Mid-point Voltage —10°C 3.1; 3
-=-Mid-point Voltage —20°C 3 oV
0.85 + Capacity =10°C 1,9
- Capacity —20°C ]
0.80 } L | ' I 28 Y R I S S T N S S RS A A R B
0.0 1.0 2.0 3.0 4.0 5.0 6.0 0 5 10 15 20 25 30 35
Fe-substitution Amount (at%) Time (days)

Figure 3. The discharge voltage curves obtained using a rate of C/2 at (a) —10 °C and (b) —20 °C;
(c) a summary of the discharge capacity and mid-point voltage at —10 °C and —20 °C; and (d) 30-day
capacity retention at RT for cells Fel, Fe2, Fe4 and Feb5.

Table 2. Summary of discharge capacities at different rates and temperatures, mid-point voltages
at different temperatures and 30-day charge retention. Qc/» and Q¢ are the discharge capacities
measured at C/2 and 2C, respectively.

Alloy Qcrn Qac Qcn Qcrn 30-day Charge Mid-Point Voltage =~ Mid-Point Voltage
at RT (Ah) at20°C(Ah) at—10°C(Ah) at—20°C (Ah) Retention (%) at —10 °C (V) at —20°C (V)
Fel 427 3.97 3.64 3.35 88 1.093 1.038
Fe2 4.27 3.97 3.63 3.34 87 1.090 1.032
Fed 4.27 3.97 3.62 3.29 86 1.079 1.015
Fe5 4.23 3.96 3.51 2.96 83 1.013 0.949

Charge retention tests for Fel, Fe2, Fe4 and Fe5 were performed at RT at the end of days 7,
14 and 30, and the results are shown in Figure 3d. The charge/discharge rate used for the tests
was C/5 and the capacities have been normalized by the original capacity. Cells Fe4 and Fe5,
with higher Fe-content, exhibited lower capacity retention than Fel and Fe2 after 14 days. At the end of
30 days, capacity retention followed the trend of Fel (88%) > Fe2 (87%) > Fe4 (86%) > Feb (83%).
Capacity retention properties of the Mn- or Co-substituted superlattice HA As were studied previously.
The capacity loss observed in the Mn-substituted HA As was attributed to micro-shortages between
the positive and negative electrodes caused by oxides of Mn and Zn [20]. For the Co-substituted
HAAs, the high corrosion rate of Co in the alkaline electrolyte resulted in capacity loss [21]. The alloys
in this study were designed based on a Co-containing superlattice HAA, and Fel has the same
composition as C3 in [21]. The lower charge retention for cells with high Fe-content HA As indicates
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that, other than the corrosion of Co, there are other factors causing further reduction in capacity after
storage. More severe oxidation in the Fe containing alloys may have a role in capacity loss as well,
which was observed by SEM/EDS and will be presented in the failure analysis section. Fe improved the
charge retention properties of AB; [18] HAAs and deteriorated those of ABs [19] HAAs. Similar to LT
performance, the effects of Fe for A;By HAA are similar to those for ABs; HAA with regard to charge
retention performance.

3.3. Cycle Life and Peak Power

Cycle life performances of cells Fel to Fe5 were measured at RT and 50 °C. Results are shown in
Figure 4 and summarized in Table 3. The charge processes were terminated when the cells reached
105% state-of-charge (calculated based on the initial discharge capacity) and the discharge process
was finished at a cutoff voltage of 0.9 V. A rate of C/2 was used for both the charge and discharge
processes. At RT, the Fe-free cell (Fel) showed the highest cycle life—1055 cycles. Cycle life decreases
dramatically with increasing Fe-content. Fe2 contained 1.2 at% Fe and demonstrated a cycle life of
720. When the Fe-content increased to 2.4 at% (Fe3) and above (Fe4 and Fe5), cycle life dropped to
approximately 400 cycles. At 50 °C, the cycle life performances of all cells were greatly reduced,
but exhibited a similar trend increasing Fe-content in the alloy. Fel showed a cycle life of 345,
while cells with high Fe-content HAAs (Fe3, Fe4 and Fe5) demonstrated cycle numbers of less than
200. The accelerated capacity degradation at a temperature above 50 °C is common for HAA and can
be attributed to higher degrees of oxidation, leaching and poisoning of the positive electrode [22,23].
The rapid deterioration in cycle life caused by increasing Fe-content in A;By HA As was seen previously
in ABs HAAs [19].
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Figure 4. Cycle life performances of cells Fel to Fe5 measured at (a) RT and (b) 50 °C at a charge/discharge
rate of C/2.

Table 3. Cycle life and peak power performances for cells Fel to Fe5. The cycle life tests were
performed at RT and 50 °C, at a charge/discharge rate of C/2. Peak power was measured at 50%
depth-of-discharge (DOD).

Alloy Cycle life Cycle life Initial Peak Power Cycle Life
at C/2, RT at C/2,50 °C at 50% DOD (W kg~ 1) (Peak Power Reached 100 W kg~ 1)
Fel 1055 345 192 550
Fe2 720 310 195 450
Fe3 390 165 190 450
Fe4 425 145 179 450
Fe5 420 190 181 450

The peak power of cells Fel to Fe5 was measured every 50 cycles at 50% DOD and RT. The results are
shown in Figure 5 and the initial peak power data is listed in Table 3. Details of the testing method
can be found in our previous studies on Mn- and Co-substitutions in A;By [6,8]. During early cycling,
cells with high Fe-content HAAs (Fe4 and Fe5) show lower peak power values than those with the Fe-free



Batteries 2017, 3, 28 7 of 14

(Fel) and low Fe-content HAAs (Fe2 and Fe3). After 200 cycles, there was a clear trend as the peak
power first decreases and then increases as Fe-content increases, with Fe3 showing the lowest peak power.
Fel demonstrates the best power stability among all the tested cells, which was consistent with its superior
cycle stability (Figure 4). The trend of peak power change with the Fe-content was consistent with the
findings regarding RT rate capability (Figure 2a), since the peak power also depends on surface catalytic
capability and the surface area of the HAA. Fe3 has a much lower amount of catalytic Ni clusters compared
to Fel and a much smaller surface area than Fe4 and Fe5, which results in its low peak power.

250

-o-Fel

Peak power (W Kg™?)

0 200 400 600 800 1000
Cycle number

Figure 5. Peak power for cells Fel to Fe5 measured at 50% DOD and RT.

3.4. Failure Analysis

After cycle life tests, the cells were taken apart and their failure modes were studied by SEM,
EDS and ICP. SEM backscattered electron images (BEIs) of the positive electrodes from cells Fel to Fe5
cycled at RT are shown in Figure 6. EDS was performed to measure the average chemical composition
across a clean region without Ni foam, at 1000 x magnification. The chemical compositions of the
cycled positive electrodes were measured by EDS and are listed in Table 4.

Ni foam

N

Figure 6. SEM micrographs of the positive electrodes of cells (a) Fel, (b) Fe2, (c) Fe3, (d) Fe4 and (e) Feb
after cycle life testing at RT. Magnification: 300x. The scale bar (white) represents 50 um. The bright
white regions in (b—d) are the Ni-foam current collectors.
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Table 4. Chemical compositions (at%) measured by EDS of the positive electrodes after cycle life testing
at RT.

Cell Ni Co Zn Al

Fel 76.5 18.0 2.3 3.2
Fe2 757 185 2.6 32
Fe3 76.6  18.0 2.8 2.6
Fed 749 202 27 2.2
Fe5 751 202 2.6 2.1

The most noticeable composition changes in the positive electrodes include the decrease in Al
content and increase of Co content as the Fe-content in the alloy increases. The original positive
electrode is Al free and the only Al source in the cell is the negative electrode. It has been reported that
Al can leach from Co substituted superlattice HAAs and higher Co contents result in a higher degree of
Al leaching [8]. However, Al is essential to superlattice HAA due to the ability to stabilize the structure
against amorphization [24]. The alloys in this study contain 4.7 to 4.8 at% Co, which contributes to
a high Al content (3.2 at%) in the cycled positive electrode of the cell with the Fe-free alloy (Fel).
As the Fe-content of the alloy in the negative electrode increases, the Al content in the heavily
cycled positive electrode decreases to 2.1 at% for Fe5. Meanwhile, the Co content in the positive
electrode increases from 18.0% to 20.2%. Therefore, Fe-substitution inhibits the leaching of Al from
the superlattice HAA, but promotes the leaching of Co from the same place. Since the evolution of
the Al and Co leaching are inversely correlated with the Fe-content, they eliminate the possibility
of linking higher Al content to higher cycle number in cells with low Fe-content HAAs. Moreover,
it is well known that the addition of Al in the positive electrode promotes the formation of a-Ni(OH),,
which has a higher specific capacity than the initial -Ni(OH), [25]. However, the volume expansion
caused by the § to a phase change leads to the swelling of the positive electrode [26]. Upon cycling,
the developed stress may cause cracking and pulverization, which will eventually terminate cell
activity. This is the reason a-Ni(OH), inhibitors, such as Zn or Cd, are added to ensure a long cycle
life [27-30]. Since Fe-substitution can inhibit leaching of Al from the negative electrode and, in turn,
the formation of a-Ni(OH);, higher Fe-content is ideally beneficial to cycle life performance. However,
the cycle life test presents the opposite result, specifically higher Fe-content leads to shorter cycle life.
Furthermore, the SEM micrographs in Figure 6 show that the spherical Ni(OH); particles are in good
shape for all cycled samples and no obvious swelling or pulverization is observed. The effects of Al
leaching from the negative electrodes is not observed. Therefore, it is unlikely that the shortened cycle
life of Fe3 to Fe5 is caused by the degradation of the positive electrode.

The chemical compositions of the cycled negative electrodes were measured using ICP and the
data is listed in Table 5. After cycle testing at RT, the composition of each negative electrode does not
change significantly compared to that of the original HAA powder (data shown in Table 1 in Part 1)
except that the Al content in all the samples decreases by nearly 1%, which results in a corresponding
increase in Al in the positive electrodes. The increase of the Fe-content and decrease of the Ni content
from Fel to Fe5 occur by alloy design. The SEM BEI micrographs of the cycled negative electrodes
from cells Fel to Fe5 are shown in Figure 7. The cycled Fel (Figure 7a) exhibits severe pulverization
and the HAA particles break into smaller pieces and gradually lose electrical connections to the
current collector, which is a common failure mode for Ni/MH batteries [22,31,32]. Fe2 also suffers
from severe pulverization, as shown in Figure 7b. In addition, the large darker grey colored area
indicates that oxidation occurs around the pulverized HAA particles, which was confirmed by spot
EDS measurements. The oxygen content in the grey area varies between 34 to 54 at%, as measured by
EDS. Fe3 to Feb exhibit much shorter cycle life performances than Fel, and their SEM BEI micrographs
(Figure 7c—e) do not show signs of severe pulverization. The large HAA chunks do not appear to
break into pieces and still occupy the largest portion of the surfaces. Instead, the large grey areas
observed in Fe3 to Fe5 suggest severe oxidation, which was also confirmed by EDS measurements.



Batteries 2017, 3, 28 9of 14

For Fe5, the grey area occupies the majority of the image, indicating that severe oxidation occurred
in all the samples. Pressure-composition-temperature (PCT) hysteresis, a strong indicator for the
inclination for HAA pulverization [33], for this series of alloys [10] does not support the direct link
of degree-of-pulverization to the Fe-content. The heavy pulverization found in cells with Fe-free or
low-Fe-content HAAs is due to the large number of cycles.

Figure 7. SEM micrographs of the negative electrodes of cells (a) Fel, (b) Fe2, (c) Fe3, (d) Fe4 and
(e) Fe5 after cycle life testing at RT. The scale bar represents 50 um.

Table 5. Chemical compositions (at%), determined by ICP, of the negative electrodes after cycle life testing.

Cell Mm Ni Co Mg Al Fe

Fel 19.1 69.5 4.6 3.7 3.1 0.0
Fe2 18.5 68.3 49 3.7 3.2 1.4
Fe3 19.2 66.7 4.6 3.8 3.3 24
Fe4 18.6 66.0 51 3.7 32 3.5
Fe5 19.2 64.3 4.6 3.8 3.0 5.1

SEM/EDS analyses were used to study the cross-section of the positive electrode/separator/negative
electrode sandwich structure of the heavily oxidized Fe3 to Fe5 after cycle life testing at RT. The SEM BEI
micrographs are shown in Figure 8a—c and their corresponding oxygen-EDS (O-EDS) micrographs are
presented in Figure 8d—f. Each figure, from top to bottom of the sandwich, consists of the negative electrode,
separator and positive electrode. The O-EDS mappings for Fe3 and Fe4 indicate that the oxidation of the
negative electrode occurs mainly around the particle/grain boundaries, while Fe5—which has the highest
Fe-content—exhibits a heavily oxidized surface across the negative electrode. This finding is consistent
with the SEM BEI study above, confirming that the cell failure is caused by severe oxidation instead of
pulverization with increasing Fe-content in HAAs. A heavily oxidized surface layer increases the internal
resistance of the cell and leads to a shorter cycle life.

The cells after cycle life testing at 50 °C were also taken apart and investigated by SEM/EDS.
Cycle life performance decreases dramatically with increasing temperature. In addition, the failure
modes are similar. As shown in Figure 9, cells with the Fe-free (Fel) and low-Fe-content (Fe2) HAAs
show significant pulverization at the negative electrodes during the end of cycle life, which is the
main cause of cell failure. When the Fe-content increases above 1.2 at% (Fe3 to Fe5), oxidation at the
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HAA surfaces becomes more significant (Figure 9c—e). Fe5 exhibits the most severe oxidation among
all alloys. Figure 10 shows the SEM BEI micrographs of the cross-sections and their corresponding
O-EDS mappings for Fe2 to Fe5. O-EDS mapping does not show a significant oxygen level in the
cycled negative electrode in cell Fe2, which indicates that oxidation should be excluded as the main
cause of cell failure. For Fe3 to Fe5, the negative electrodes are severely oxidized, whereas no obvious
pulverization is observed. In addition to negative electrode oxidation, the separators in Fe3 to Fe5 are
squeezed by the expansion in the positive electrode and debris/deposits are found in the separators,
which is attributed to electrolyte dry-out. Electrolyte dry-out is another typical failure mode and
caused cell failure of the Co-substituted HAA cells tested at 50 °C. EDS measurements show that the
debris/deposits contain Ni, Co, Mg and Al (mainly Ni and Co), which originated from the corroded
negative electrode and formed a micro-shortage network that is detrimental to cycle life performance.
Such debris/deposits were also observed in the high Fe-content cells Fe4 and Fe5 after cycling at RT.

Fe3 — | Fe4 #=>pFed

Figure 8. SEM micrographs of the cross-sections of cells (a) Fe3, (b) Fe4 and (c) Fe5 and their
corresponding O-EDS elemental mappings (d) Fe3, (e) Fe4 and (f) Fe5 after cycle life testing at RT.
The scale bar represents 50 um. In each figure, the sandwich structure from top to bottom consists of
the negative electrode, separator and positive electrode.

Figure 9. SEM micrographs of the negative electrodes of cells (a) Fel, (b) Fe2, (c) Fe3, (d) Fe4 and
(e) Fe5 after cycle life testing at 50 °C. The scale bar represents 50 um.
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The cells cycled at RT and 50 °C show similar failure mechanisms. Cells with Fe-free and
low-Fe-content HA As demonstrate long cycle life and eventually fail due to pulverization/disintegration of
the negative electrode. With increasing Fe-content in HA As, oxidation/corrosion of the negative electrode
dominates and has two negative influences. First, surface oxidation may lead to increased internal
resistance and deterioration of the cell capacity and cycle life. Second, during the oxidation/corrosion
of HAAs, Ni, Co or other elements may leach from the negative electrode and deposit on the separator.
Such deposits/debris may eventually develop into a micro-shortage network and therefore reduce cell
capacity, cycle life and shelf life.

Figure 10. SEM micrographs of the cross-sections of cells (a) Fe2, (b) Fe3, (e) Fe4, and (f) Fe5 and their
corresponding O-EDS elemental mappings of cells (c) Fe2, (d) Fe3, (g) Fe4 and (h) Fe5 after cycle life
testing at 50 °C. The scale bar represents 50 pm. In each figure, the sandwich structure from top to
bottom consists of the negative electrode, separator and positive electrode.
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4. Conclusions

The effects of the Fe-substitution in Mm-based superlattice alloys on the performances of
nickel/metal hydride batteries and their failure mechanisms were studied in Part 2 of this paper.

Due to the complexity involved with the Fe-substitution and limited number of compositions
selected, the variations in some properties are not very smooth; however, general trends are still
observable and reported. Although the incorporation of Fe promotes the formation of a favorable
Ce;Niy phase, the full-cell capacities at room temperature, —10 °C and —20 °C, cycle life performances
at room temperature and 50 °C, capacity retention, mid-point discharge voltage and peak power
all deteriorate with increasing Fe-content, especially in samples with high Fe-content. Fe in the
alloy also inhibits leaching and migration of Al from the negative electrode to the positive electrode,
while facilitating the leaching of Co from the negative electrode. However, the cycle life performance
was dominated by the negative electrode in this study. Cells with high Fe-content alloys show much
lower room temperature and 50 °C cycle life performances and peak power than those with Fe-free
(Fel) and low Fe-content (Fe2) alloys. The failure of cells Fel and Fe2 is mainly attributed to the
pulverization of the negative electrode, while cells with high Fe-content HAAs (Fe3 to Fe5) suffer from
severe oxidation/corrosion of the negative electrode, which greatly limits cycle life performance at
room temperature and 50 °C.
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Abbreviations

Mm Misch metal

HAA Hydrogen absorbing alloy
Ni/MH Nickel/metal hydride

HRD High-rate dischargeability

RT Room temperature

DOD Depth-of-discharge

SEM Scanning electron microscope

EDS Energy dispersive spectroscopy
Mg Saturated magnetic susceptibility
C Double-layer capacitance

LT Low temperature

R Charge-transfer resistance

BEI Backscattered electron images
PCT Pressure-composition-temperature
O-EDS Oxygen-energy dispersive spectroscopy
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