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Abstract: The incorporation of a small amount of Co in the A;By superlattice hydrogen absorbing
alloy (HAA) can benefit its electrochemical cycle life performance at both room temperature (RT) and
50 °C. The electrochemical properties of the Co-substituted A;B; and the failure mechanisms of cells
using such alloys cycled at RT have been reported previously. In this paper, the failure mechanisms of
the same alloys cycled at 50 °C are reported. Compared to that at RT, the trend of the cycle life at 50 °C
versus the Co content in the Co-substituted A;By HAAs is similar, but the cycle life is significantly
shorter. Failure analysis of the cells at 50 °C was performed using X-ray diffraction (XRD), scanning
electron microscopy (SEM), X-ray energy dispersive spectroscopy (EDS), and inductively coupled
plasma (ICP) analysis. It was found that the elevated temperature accelerates electrolyte dry-out and
the deterioration (both pulverization and oxidation) of the A;B7 negative electrode, which are major
causes of cell failure when cycling at 50 °C. Cells from HAA with higher Co-content also showed
micro-shortage in the separator from the debris of the corrosion of the negative electrode.

Keywords: nickel metal hydride battery; hydrogen storage alloys; failure analysis; scanning electron
microscopy (SEM); metal corrosion; high temperature degradation

1. Introduction

Depending on their particular high energy density and long cycle life, lithium-ion batteries
have become the dominant battery type in the consumer and electric vehicle market. However,
high cost, limited temperature range, and safety concerns have caused inconvenience and restricted
the application of lithium-ion batteries in many fields, including uninterruptible power supply for
home appliances, vending machines, cell phone towers, and other on-grid or off-grid stationary
energy storage applications. In comparison, the nickel/metal hydride (Ni/MH) battery is a low cost
alternative with high safety, long cycle life, excellent rate capabilities, and exceptional high-temperature
capabilities for stationary applications [1,2]. The continuous research and development in Ni/MH
batteries has enabled continuous use in both consumer type and hybrid electric vehicles [3].

The Ni/MH type battery is capable of operating at high temperatures, up to 85 °C [4], while
maintaining a long cycle life [5]. These exceptional high-temperature capabilities make the Ni/MH
batteries ideal candidates in extreme environments. In comparison, the performance of commercial
lithium-ion batteries deteriorates dramatically at above 70 °C due to electrolyte decomposition [6].
Furthermore, the breakdown of the solid electrolyte interphase starts at 80 °C [7,8] and may resultin a
thermal runaway [9], which eventually causes fire and explosion [10]. Most rechargeable batteries,

Batteries 2016, 2, 20; do0i:10.3390 /batteries2030020 www.mdpi.com/journal/batteries


http://www.mdpi.com/journal/batteries
http://www.mdpi.com
http://www.mdpi.com/journal/batteries

Batteries 2016, 2, 20 20f 13

including Ni/MH batteries, are optimized to operate at room temperature (RT), and their performances
degrade with the increase of temperature. To further improve the high-temperature performance of
Ni/MH batteries, their degradation mechanisms at elevated temperatures must be clarified. There are
two concerns for Ni/MH applications at high-temperature (>40 °C): charge acceptance and capacity
loss. The former has been addressed with composition modifications for the active material used in
the positive electrode [11]. The later can be further classified into losses in the positive and negative
electrodes. The capacity loss in the positive electrode at high temperature was reviewed in a recent
article [12], while the capacity loss in the negative electrode remains to be thoroughly investigated.

There are basically three types of hydrogen absorbing alloy (HAA) that are used as the negative
electrode active materials in commercial Ni/MH batteries: misch-metal based AB5 (mainly CaCus
structure), Laves phase AB; (mainly C14 and C15 structures), and A;By superlattice (mainly Nd,Niy
and PrNij structures). The capacity deteriorations in ABs and AB, HAAs were identified to be due
to surface passivation of La(OH)3 [13] and surface corrosion which leaches out soluble ions [14],
respectively. However, studies on the failure mechanism of A;By superlattice HAAs are limited. In the
past, we have examined Nd-based [15], La-based [16], and La, Pr, Nd-based [17,18] superlattice HAAs
and found that these materials share the same failure mechanism: a passivated rare earth hydroxide
surface. Both the Mg-incorporation and the higher rare earth content contribute to the higher rate of
surface passivation of superlattice HAAs compared to that of AB; HAAs.

It is well accepted that B-site substitution can effectively improve the electrochemical performance
of HAAs (ABs, ABy, and A;By) [19-22]. Previously, we have reported on the electrochemical properties
of two series of Mn- and Co-substituted superlattice HAAs as the active materials in the negative
electrodes in the sealed cells [23,24], and analyzed their failure mechanisms in sealed full cells at
RT [23,24]. These results have shown that both Mn- and Co- substitutions can improve low-temperature
cell performance, but not the high-temperature performance [23,24]. The failure mechanisms of
cells with superlattice HAAs at high temperatures have not yet been fully understood and require
clarification for further improvement of the cell performance at high temperature. In this work, we
focused on sealed full cells made with Co-substituted superlattice HAAs and studied the failure
mechanisms of the cells cycled at 50 °C.

2. Experimental Setup

The metal hydride (MH) alloys used in this study include five superlattice A;B; HAAs (C1-C5)
and one La-rich ABs HAA (AB5) as a reference. The compositions of the five A;B; HAAs are
Mmy g3Mg.17Nisz 14— Alg 17Cox (x =0, 0.1, 0.2, 0.3, and 0.4), with variations corresponding to the
Co amount of 0 (C1), 2.3 (C2), 4.7 (C3), 7.0 (C4), and 9.3 (C5) at%. These alloys were made by Japan
Metals and Chemicals Co. (JMC, Tokyo, Japan). Herein, Mm is the mixed rare earth metal with a
composition of 19.6 wt% lanthanum (La), 40.2 wt% praseodymium (Pr), and 40.2 wt% neodymium
(Nd). The designed formula for the five A;By HAAs is AB33;. Details on the composition of the
Co-substituted A,B; HAAs can be found in Table 1 of [24]. The La-rich ABs HAA has a composition of
Laj05Ceys3Prg5Nd1 4Nigp 0Co127Mns5 9Aly 7 and was supplied by Eutectix (Troy, MI, USA). The same
alloys have been used in our previous study of the Co-substituted superlattice A;By HAAs [18,24].
The powders of the six different alloys were dry-compacted onto nickel mesh current collectors as
negative electrodes. Pairing such negative electrodes with the positive electrodes made with 94.1 wt%
CoOOH-coated Nigg5Coq.12Zng 03(OH),, 4.9 wt% Co, and 1 wt% Y,O3 on nickel foam substrates,
C-size Ni/MH cells were assembled for electrochemical testing. The separator used was Scimat 700/79
acrylic acid grafted polypropylene/polyethylene, which was supplied by Freudenberg (Weinheim,
Germany) and the electrolyte was a NaOH electrolyte (26.8 wt%) with LiOH (1.5 wt%) as an additive
for improved high-temperature performance [25]. The designed negative-to-positive capacity ratio
was kept at 2.0 in order to balance the over-charge and over-discharge reservoirs [15]. For convenience,
C1-C5 and ABS are used to represent not only the HAA alloys C1-C5 and AB5, but also the cells with
corresponding HAA alloys.



Batteries 2016, 2, 20 30f13

The sealed cells were tested using a Maccor Battery Cycler (Tulsa, OK, USA) in a Blue M Oven
(TPS Thermal Power Solutions, White Deer, PA, USA) with a set temperature of 50 °C. After the
formation process in which the newly sealed cells were charged /discharged at C/3 for three cycles
with cut-off voltages of 1.45 V/1V, they were tested at 50 °C using a 0.5C charge/discharge rate with
a discharge cut-off voltage of 0.9 V. The cut-off of the charging process was triggered when the cells
reached 105% state-of-charge, based on the initial discharge capacity. The cycle test ended when the
capacity dropped below 70% of the initial discharge capacity.

The cells were disassembled after the cycle test and their failure modes were studied by X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and
inductively coupled plasma (ICP). The electrolyte residues in the cycled electrodes were removed in
a Soxhlet extractor (Thermo Fisher Scientific, Walthan, MA, USA). XRD analysis in the 20 range
of 10°-80° was performed using Cu Ko radiation (A = 1.5406 A) on a Philips X'Pert Pro X-ray
diffractometer (Amsterdam, The Netherlands) to study the crystal structure of the positive and
negative electrodes after cycling. The powders were scraped from the cycled electrodes and sifted into
the well of a glass sample holder for XRD. The working voltage of the X-ray generator is 30 kV and
current is 15 mA. Scanning was carried out with the angular step size of 0.02° and counting time of
5s. SEM was carried out using a JEOL-JSM6320F microscope (Tokyo, Japan), with EDS capabilities,
to study the morphology and composition of the negative electrodes after cycling. Another JEOL
JSM7100 field-emission SEM with EDS was used to obtain the elemental mapping across the battery
cross-section (positive electrode/separator/negative electrode). After Soxhlet extraction and drying in
nitrogen, the cycled cells were vacuum-impregnated in epoxy and cured overnight. Later, they were
ground with SiC paper (180, 320 and 600 grits) and polished with 6 pm and 1 um diamond compound.
SEM analysis was carried out with a 20 kV beam accelerating voltage, 300 pA current and 15 mm
working distance. A Thermo iCAP 7400 ICP system (Thermo Fisher Scientific) was used to determine
the composition of the Soxhlet extraction solution. The parameters used in ICP measurement were: RF
power—1150 W, exposure time—10 s, nebulizer gas flow—0.55 L- min~! and three replicates.

3. Results and Discussion

High-temperature charge/discharge tests were performed on the C-size cells at a fixed
temperature, 50 °C, with a rate of 0.5C for charge and discharge, until the capacity dropped below
70% of the initial capacity, which is deemed as the end of cycle life. Later, the cells were disassembled
and the electrodes and separators were characterized by XRD, SEM/EDS, and ICP to study the failure
mechanisms of the cells cycled at 50 °C.

3.1. Cycle Life

The cycle life versus Co content at 50 °C and RT (20 °C) for samples C1-C5 and AB5 are shown in
Figure 1a, and the evolution of capacity as a function of cycle number at 50 °C is shown in Figure 1b
(adapted from [24]). The blue dotted line and red dashed line indicate the cycle life of AB5 at RT and
50 °C, respectively. For each material, three identical cells were fabricated and tested, and the results
show that the error in cycle life measurement is no more than 10% in this study. To show the best
performance for each material, the data points in Figure 1 are from the cells with the longest cycle life.
At 50 °C, the cycle life for all samples is dramatically lower than those cycled at RT. The maximum
cycle life for the 50 °C series is 255 cycles for both C2 and C3, compared to 775 and 990 cycles for C2
and C3, respectively, at RT. Similar to the trend for the RT series, at 50 °C the cycle life increases with
incorporation of Co and then decreases with further increases in Co content. The AB5 sample exhibited
a longer cycle life at 50 °C than all five superlattice ApB; HAA samples.
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Figure 1. (a) Cycle life (the number of cycles when the discharge capacity drops to 70% of the original
capacity) as a function of Co-content in the superlattice A;B; hydrogen absorbing alloys (HAAs) at
room temperature (RT, 20 °C) and 50 °C. The blue dotted line and red dashed line denote the cycle life
for ABs at RT and 50 °C, respectively. (b) Capacity vs. cycle number for cells with HAAs C1-C5 and
ABS5 at 50 °C (adapted from [24]).

3.2. X-Ray Diffraction Structure Analysis

The XRD patterns from the cycled positive and negative electrodes are presented in Figure 2a,b,
respectively. In Figure 2a, the cycled positive electrodes are found to be comprised mainly of 3-Ni(OH),
(JCPDS PDF No. 00-014-0117) [26] with a small amount of CoO (JCPDS PDF No. 00-043-1004) [27]
and metallic Ni (JCPDS PDF No. 00-004-0850) [28]. Metallic Ni should originate from the debris of
the Ni foam that occurs when scraping the powder off the electrode. CoO is the oxidation product
of the Co powder, which was added into the positive electrode as an additive in order to form the
CoOOH conduction network. There is no distinguishable peak of «-Ni(OH), or y-NiOOH in the
XRD patterns. The existence of «-Ni(OH), or y-NiOOH often results from Al-contamination from the
negative electrode [29,30] or overcharge [31-34], which may cause electrode pulverization and shorten
its cycle life. In addition, no obvious differences were observed for the cycled positive electrodes for
all the samples.
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Figure 2. X-ray diffraction (XRD) patterns of the cycled (a) positive and (b) negative electrodes for cells
with HAAs C1-C5 and AB5 at the end of cycle life.

On the other side of the system, there are obvious signs that the negative electrodes were heavily
oxidized, and peak intensities of the oxidation products are prominent for all the cycled negative
electrodes. There are two main types of observed oxidation products: rare earth hydroxides and
Ni(OH);. The rare earth hydroxides include La(OH)3, Nd(OH)3, and Pr(OH)3;, which have very similar
20-diffraction angles and their peaks overlap to form broadened peaks in the XRD patterns. Figure 3
shows the XRD patterns of the negative electrodes cycled at 50 °C and RT at the end of cycle life,
in comparison with those obtained from pristine HAA alloys. As indicated by the XRD patterns,
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the relative peak heights of the oxidation products increase dramatically when the test temperature
increases to 50 °C from RT, especially for C1, which exhibits the least oxidation among all the samples
at RT.
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Figure 3. Comparison of the XRD patterns of the negative electrodes before cycling (original) and after
cycling at RT (20 °C) and 50 °C containing HAAs (a) C1; (b) C2; (c) C3; (d) C4; (e) C5; and (f) AB5.

3.3. Scanning Electron Microscopy/Energy Dispersive Spectroscopy Analysis

The SEM backscattered electron images (BEIs) of the cycled positive electrodes are shown
in Figure 4 and the chemical compositions at different spots on the surface of the electrode
(electrode/electrolyte interface) to the bulk of the electrode, measured by EDS, are listed in Table 1. No
pulverization was observed for all the samples, despite a certain degree of swelling, particularly for
ABS. It is well known that Al can stabilize x-Ni(OH), phase, which causes a large volume expansion
and will eventually lead to pulverization and capacity degradation. Al is detected in all the positive
electrodes in this study. Since Al exists only in the negative electrode, where HAA is corroded, Al
leaches out during cycling and migrates to the positive electrode. Also, the amount of Al found in the
positive electrode may be an indication of the extent of corrosion in the negative electrode. Herein,
ABS has the highest amount of Al (6.2-7.7 at%) in the positive electrode and the most severe swelling
of Ni(OH),, as indicated by the blurry Ni(OH), grain boundaries in the SEM BEI micrograph. C5 has a
higher amount of Al (2.8-4.1 at%) in the cycled positive electrode, compared to C1-C4. Al diffuses
deep into the bulk of the positive electrode, with a slight decline in at% from Spot 1 (surface) to Spot 4
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(about 50-75 um from the surface), though it is expected that the diffusion length of Al is much larger
than observed. Besides Al, Mg and Mn were also observed in the cycled positive electrodes with A;B;
and ABs HAAs, respectively. Mg accumulates at the surface region of the cycled positive electrodes of
the cells C1-C5 and does not diffuse far into the bulk, while a small amount of Mn (1.6 at%) gathers
mainly at the surface region of the cycled positive electrodes of the cell AB5.

Figure 4. Scanning electron microscopy (SEM) backscattered electron image (BEI) micrographs of the
positive electrodes at the end of cycle life at 50 °C for (a) C1; (b) C2; (c) C3; (d) C4; (e) C5; and (f) AB5.

The SEM BEIs of the cycled negative electrodes are shown in Figure 5 and their chemical
compositions at different spots, measured by EDS, are listed in Table 2. The spot EDS results indicate
that the bright regions (Spots 1 and 2) on the BEI micrographs correspond to the un-oxidized A;B;
phase (the small amount of oxygen may originate from sample preparation and transfer for SEM),
while the dark regions (Spots 3 and 4) correspond to the oxidized alloy surfaces and are characterized
by a high oxygen content (high oxygen-to-metal ratio, O/M) and much lower content of Al and/or
Mg (Mn) for C1-C5 (AB5). All the samples show a substantial degree of oxidation. The Co-free C1
exhibits a more severe oxidation than the low Co-content C2 and C3, which is consistent with the XRD
analysis discussed above and could be one of the main causes of why C1 has a shorter cycle life than
C2 and C3. Although the oxidation for C1, C2, and C3 are obvious, the pulverization for these three
samples is not as severe as the high Co-content C4 and C5. Except for oxidation and pulverization, in
C5, there are regions with very high O content (C5-4), which passivate the active surfaces and result
in capacity loss. The secondary phases, other than A;By, for C5 may have caused the most severe
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oxidation and pulverization among all the samples, which leads to a much shorter cycle life. Oxidation
and pulverization are also observed for AB5 after cycling. Similar to A;B; HAAs, there is substantially
less Al and Mn in the oxidized regions of the ABs HAA. Compared to C1-C5, the oxidation and
pulverization of ABs HAA is not severe.

Table 1. Chemical compositions in at% of selected spots (as shown in Figure 4) determined by
energy dispersive spectroscopy (EDS) in the positive electrodes at the end of cycle life. ND denotes
non-detectable.

Location Ni Co Zn Y Al Mg Mn
C1-1 782 16 2.0 ND 2.5 13 ND
C1-2 77.3 15.7 24 ND 34 12 ND
C1-3 784 17.0 2.1 ND 2.5 ND ND
Cl4 77.5 18.0 1.9 ND 2.6 ND ND
C2-1 78.1 14.4 2.1 0.4 3.6 13 ND
C2-2 78.0 16.6 2.4 0.3 2.7 ND ND
C2-3 78.2 16.8 2.3 0.2 24 ND ND
C2-4 78.8 16.1 2.4 0.4 24 ND ND
C3-1 75.1 17.3 1.8 0.2 29 2.6 ND
C3-2 74.6 18.0 22 0.3 2.7 2.1 ND
C3-3 76.4 18.4 24 0.3 2.5 ND ND
C3-4 76.8 18.2 24 0.2 2.3 0.1 ND
C4-1 772 15.2 2.1 0.2 2.8 25 ND
C4-2 78.1 15.0 1.9 0.3 2.5 22 ND
C4-3 78.3 16.8 2.4 0.3 22 ND ND
C4-4 78.4 16.4 25 0.2 2.5 ND ND
C5-1 784 12.4 1.7 ND 41 3.4 ND
C5-2 79.3 13.2 1.7 ND 32 2.6 ND
C5-3 80.2 13.1 2.2 0.2 3.6 0.9 ND
C5-4 81.5 13.7 19 0.1 2.8 ND ND

AB5-1 74.0 14.9 1.7 0.2 7.6 ND 1.6
AB5-2 77.5 12.4 1.8 ND 77 ND 0.5
AB5-3 759 15.0 22 ND 6.8 ND 0.2
AB5-4 77.0 14.8 2.0 0.1 6.2 ND ND

Figure 5. Cont.
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Figure 5. SEM BEI micrographs of the negative electrodes at the end of cycle life at 50 °C for HAAs
(a) C1; (b) C2; (c) C3; (d) C4; (e) C5; and (f) ABS.

Table 2. Chemical compositions in at% of selected spots (as shown in Figure 5) determined by EDS in
the negative electrodes at the end of cycle life. B/A is the ratio of the sum of the atomic percentages of
A-site atoms (La, Ce, Pr, Nd, and Mg) over that of the B-site atoms (Ni, Co, Al, and Mn). O/M denotes
the ratio of oxygen to total metallic content. ND denotes non-detectable.

Location La Ce Pr Nd Ni Co Al Mg Mn (0] B/A OM

C1-1 41 ND 7.9 7.8 73.1 ND 42 29 ND ND 341 ND
C1-2 3.9 ND 7.9 7.8 7.6 ND 4.0 2.9 ND ND 3.45 ND
C1-3 10.2 ND 0.3 2.0 64.0 ND 0.2 ND ND 23.4 5.14 0.31
Cl1-4 2.3 ND 3.5 3.5 64.1 ND 0.2 0.2 ND 26.2 6.77 0.36
C2-1 3.6 ND 7.2 7.1 66.6 2.3 3.3 2.8 ND 7.1 3.49 0.08
C2-2 3.4 ND 7.6 7.4 66.4 2.1 3.3 2.6 ND 7.2 3.42 0.08
C2-3 2.0 ND 49 53 63.3 2.7 0.4 0.5 ND 20.9 523 0.26
C2-4 22 ND 48 54 59.3 21 ND 0.3 ND 25.9 4.83 0.35
C3-1 3.3 ND 7.5 7.5 62.9 44 3.0 3.0 ND 8.3 3.30 0.09
C3-2 3.4 ND 7.3 7.2 62.8 44 3.4 2.8 ND 8.8 3.41 0.10
C3-3 2.7 ND 6.3 6.1 52.5 3.7 0.7 1.1 ND 26.9 3.51 0.37
C3-4 2.8 ND 5.6 58 51.3 4.2 0.6 0.6 ND 29.2 3.79 0.41
C4-1 3.4 ND 74 7.2 61.7 6.9 32 2.9 ND 7.2 3.44 0.08
C4-2 3.7 ND 7.1 7.0 59.5 6.6 4.0 3.0 ND 9.1 3.37 0.10
C4-3 3.3 ND 7.1 6.9 58.0 6.0 2.6 29 ND 13.2 3.30 0.15
C4-4 22 ND 55 5.7 57.8 7.1 3.1 0.5 ND 18.1 4.89 0.22
C5-1 3.2 ND 7.1 7.3 59.0 8.8 32 3.2 ND 8.1 3.41 0.09
C5-2 45 ND 7.2 6.9 58.3 8.8 3.8 2.7 ND 7.8 3.33 0.08
C5-3 2.7 ND 48 4.6 60.4 7.2 2.6 1.8 ND 15.8 5.05 0.19
C5-4 7.5 ND 14.4 14.8 19.0 2.1 21 35.0 ND 36.5 0.58 0.58

AB5-1 9.8 41 0.7 0.7 57.3 12.4 4.0 ND 6.5 3.6 524 0.04
AB5-2 9.7 42 0.6 0.6 58.9 12.5 42 ND 5.1 3.3 5.34 0.03
AB5-3 8.0 3.1 0.3 0.3 44.8 10.5 0.5 ND 0.7 30.5 4.83 0.44
AB5-4 1.0 0.4 0.2 0.2 1.9 0.5 0.6 ND 57.6 376 33.67 0.60

The above XRD and SEM/EDS results indicate that the positive electrodes remain in good shape
at the end of cycle life. No pulverization or severe swelling was observed, even though Al migrated
from the negative electrode and diffuses into the bulk of the positive electrode. Thus, it is unlikely
that the failure of the cells results from the degradation of the positive electrodes. On the negative
electrode side, a higher degree of oxidation is observed at 50 °C for all samples, compared to cells
cycled at RT, which may be a major cause of the battery failure at 50 °C. In particular, for C4 and C5,
failure is closely related to the severe pulverization of the negative electrodes.

In addition to the positive and negative electrodes, the micro-shortage caused by the conducting
or semiconducting deposits in the separator also contributes to the capacity loss as a result of
self-discharge [35-37] and is examined in this work. SEM was used to study the cross-section of
the positive electrode/separator/negative electrode sandwich structure at the end of cycle life. The
BEI micrographs are presented in Figure 6a—d. For all the samples, the positive electrodes do not
exhibit any sign of pulverization, which is consistent with our SEM observations on the surfaces of the
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positive electrodes (Figure 4). For Cell C1 (Figure 6a), the separator and the two electrode/separator
interfaces are clean, despite some scattered debris from SEM-sample preparation (loose particles from
negative electrode). The EDS elemental mapping does not show any micro-shortage network forming
in the separator by any element of this battery system. In comparison with the other samples, the Co-
and Ni-mapping micrographs, observed using EDS, are selected and shown in Figure 6b. It is clear
that no Co- or Ni- micro-shortage network formed in the separator for Cell C1. However, the negative
electrode from the same cell showed severe pulverization, which was not seen from the surface SEM
study (Figure 5a). Since the positive electrode remains intact after cycling, the failure of Cell C1 is
attributed to the oxidation and pulverization of the negative electrode. For Cell C3 (Figure 6¢), it is
obvious that the separator loses electrolyte, leading to dry-out, as seen from fact that the positive
electrode materials are squeezed into the separator. Although the separator is squeezed, no clear
micro-shortage networks were observed from the Co and Ni EDS mapping (Figure 6d). Thus, the
failure of cell C3 is ascribed to electrolyte dry-out. For Cell C5 (Figure 6e), again the separator is
embedded with debris, which strongly indicates electrolyte dry-out. In addition, EDS mapping shows
a clear Co and Ni micro-shortage network (Figure 6f) across the separator. The formation of such a
network is a strong indication that the negative electrode was severely corroded and Co and Ni leached
out, which formed deposits on the separator surface and decreased the charge/discharge depth and
cycle life. The heavy corrosion of HAA C5 can also be observed in Figure 5e, and may be related to its
high Co-content, which warrants further investigation. Similar to Cell C5, a Mn-rich micro-shortage
network (Figure 6h, reported before in AB5 MH alloy [38]) is observed for cell AB5, which is believed
to be the main cause of failure, considering that both electrodes were in good condition. The deposits of
Mn in the separator from the leach-out of Mn from the HAA AB5, as can be seen from the decreased Mn
content in certain regions of the negative electrode (Table 2), decrease the cell capacity. Pulverization
can be seen from the HAA ABS5, which also contributes to the capacity loss.

From the analysis above, it can be concluded that, at 50 °C, the failure of the cells using
Co-substituted superlattice HAAs can be mainly attributed to issues related to the separator and
negative electrode, rather than the positive electrode, which differs from what is seen during RT
cycling, where swelling /pulverization of the positive electrode also plays a role in cell failure [18].
Elevated temperature accelerates the electrolyte dry-out and the corrosion of HAA, which results in
electrode pulverization, as well as the formation of a micro-shortage network created from leach-out
elements (Co, Ni, Mn) from HAA. Cells with the low Co-content HAAs (C2 and C3) exhibit better cycle
life performance compared to those with the Co-free (C1) and high Co-content HAAs (C4 and C5),
which is attributed to their low degree of oxidation and pulverization properties. As a comparison,
the failure of cell AB5 is attributed to the pulverization of the negative electrode and formation of a
Mn-containing micro-shortage network in the separator.

The high-temperature behaviors of ABs MH alloys have been extensively studied. Begum and his
coworkers reported a decrease in capacity of a standard misch-metal based ABs MH alloy at higher
temperature and attributed it to the “instability” of the alloy [39]. Lin and his coworkers found the
cycle stability and discharge capacity of a Pr-Nd-free ABs MH alloy degrade when the temperature
rises to 80 °C due to pulverization of the alloy and disintegration of the electrode [40]. Khaldi and his
coworkers reported that both the corrosion current and potential of a La-only ABs; MH alloy increase
with the increase of temperature [41]. Zhou and his coworkers found the needle-shaped corrosion
product using SEM and correlated it to the capacity degradation at high temperature for a La-rich
ABs MH alloy [42]. The higher corrosion rate of Mg-containing A;By versus the Mg-free A;By due to
the formation of Mg(OH), on the surface was also reported before [43]. Our findings in the failure
mechanisms for ABs and superlattice MH alloys are consistent with these reported results, but are
from various analytic measurements conducted from the sealed cells, instead of HAA itself.

As for the possible solution to improve the cycle stability at an elevated temperature, Shangguan
and his coworkers proposed a NaBO; [44] and NaWO; [45] added NaOH electrolyte to improve the
capacity at 70 °C by increasing the oxygen evolution potential, but the capacity degradation remained
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unchanged. Adding Al [46] or Fe [47] to a Pr-Nd-free ABs; MH alloy improves its anti-corrosion
capability at 60 °C as reported by researchers in Sichuan University [46]. Adding Al into the La-only
AB;5 alloy, reported by Balogun et al. [48], also increases its anti-corrosion capability at 50°C. Li and his
coworkers also demonstrated the benefit of adding Al to increase the stability of misch-metal based
ABs MH alloy at 60 °C [49]. We also developed a surface coating of Y, Si-containing compound to
stabilize the high-temperature cycle performance of ABs and Mg-containing superlattice MH alloys,
and further studies are ongoing.

(h)

Figure 6. SEM BEI micrographs and selected EDS elemental mappings of the cross-sections of cells
(a,b) C1; (c,d) C3; (e,f) C5; and (g,h) ABS.
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4. Conclusions

The failure mechanisms of cells using Co-substituted A;By superlattice HAAs cycled at 50 °C were
assessed. The positive electrodes remained in good condition at the end of cycle life for all samples, as
the XRD patterns showed no signs of «-Ni(OH), or y-NiOOH formation and SEM exhibited no signs
of pulverization or severe swelling. Thus, the positive electrode was excluded as a cause of battery
failure at 50 °C. For the cells with Co-substituted A;B; HAAs, the inferior performance at 50 °C can be
attributed to accelerated dry-out of electrolyte and deterioration of the negative electrode. In these
cases, the negative electrodes of the cycled cells at 50 °C exhibit much more severe oxidation than those
at RT, as indicated by XRD. At 50 °C, the incorporation of a small amount of Co (C2 and C3) in A;B;
leads to mitigated oxidation/pulverization and, therefore, longer cycle life compared to the Co-free
C1. However, further increases in Co-content leads to more severe oxidation/pulverization and the
formation of micro-shortage networks in the separator, which has a negative effect on cycle life.
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