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Abstract: The effects of Cs;COj; addition in a KOH-based electrolyte were investigated for
applications in nickel/metal hydride batteries. Both MgNi-based and Laves phase-related
body-centered cubic solid solution metal hydride alloys were tested as the anode active materials,
and sintered B-Ni(OH), was used as the cathode active material. Certain amounts of Cs,COj3
additive in the KOH-based electrolyte improved the electrochemical performances compared with
a conventional pure KOH electrolyte. For example, with Laves phase-related body-centered cubic
alloys, the addition of Cs,COs to the electrolyte improved cycle stability (for all three alloys) and
discharge capacity (for the Al-containing alloys); moreover, in the 0.33 M Cs,COj3 + 6.44 M KOH
electrolyte, the discharge capacity of Mgs,NizoCozMng increased to 132%, degradation decreased to
87%, and high-rate dischargeability stayed the same compared with the conventional 6.77 M KOH
electrolyte. The effects of Cs,CO3 on the physical and chemical properties of Mgs;NizgCozMng were
characterized by Fourier transform infrared spectroscopy, X-ray diffraction, transmission electron
microscopy, inductively coupled plasma, and electrochemical impedance spectroscopy. The results
from these analyses concluded that Cs,CO3 addition changed both the alloy surface and bulk
composition. A fluffy layer containing carbon was found covering the metal particle surface after
cycling in the CspCO3-containing electrolyte, and was considered to be the main cause of the reduction
in capacity degradation during cycling. Also, the Cs,COj3 additive promoted the formations of the
C-0O and C=0 bonds on the alloy surface. The C-O and C=0 bonds were believed to be active sites
for proton transfer during the electrochemical process, with the C-O bond being the more effective of
the two. Both bonds contributed to a higher surface catalytic ability. The addition of 0.33 M Cs,COj3
was deemed optimal in this study.

Keywords: nickel metal hydride battery; electrochemistry; hydrogen storage alloys; nickel hydroxide;
alkaline electrolyte; salt additive

1. Introduction

Since the commercialization of nickel/metal hydride (Ni/MH) batteries in 1980s, they have been
widely used as energy storage devices in hybrid electric vehicles, vacuum cleaners, electric toys, power
tools, and cordless phones, to name a few uses [1-3]. Ni/MH batteries have many superior properties
over rival battery technologies, such as high specific power, long cycle life, robust abuse tolerance,
and a wide temperature operation range [2]. In the past decades, Ni/MH batteries have repeatedly
attracted attention from both researchers and markets.

Basic Ni/MH battery electrochemistry is shown in the following reactions:

Negative electrode: M+H,O+e¢e~ =0OH + MH 1)
Positive electrode: Ni(OH), + OH™ = NiOOH + H,O + ¢~ )
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The reaction taking place at the negative electrode (anode) is described in Equation (1). M is
a metal hydride (MH) alloy capable of storing hydrogen reversibly, and MH is the corresponding
hydrided metal. During charge, the added voltage splits the water molecule into a proton and a
hydroxide ion. Driven by voltage and diffusion difference, protons transfer from the electrolyte to the
surface of the MH alloy particles, and then into the bulk of alloy. During discharge, protons travel in a
reverse route. Equation (2) represents the reaction at the positive electrode (cathode). During charge,
protons are dissociated from Ni(OH),, then move to the cathode surface, and finally recombine with
the hydroxide ions in the electrolyte.

In order to promote proton transfer and improve electrochemical performance, many researchers
and companies have focused on developing new anode/cathode materials, with a particular
focus on anode materials. A wide set of hydrogen storage MH alloys have been studied for
electrochemical applications, including AB;, ABs, AyB7, body-centered cubic (BCC) solid solution,
BCC-AB; composite, Mg,Niy,, TiNi and its composite, etc. [4-9]. Yu et al. reported a TigoV39CrisMny5
alloy with an initial capacity of 814 mAh-g™! at a rate of 10 mA-g™! and 80 °C, which is more than
twofold higher than the capacity obtained from the conventional rare earth-based ABs; MH alloy
(350 mAh-g™) [10]. However, degradation for this alloy was very high due to the pulverization caused
by hydrogen evolution inside MH alloy particles. Young and Nei reported various MgNi-based
amorphous/microcrystalline MH alloys with a theoretical capacity as high as 1080 mAh-g™ [11].
However, most of these alloys demonstrated rapid decay during cycling. Nei reported an 80% or higher
decay in capacity after 20 cycles for MgNi-based MH alloys [12]. Many methods have been attempted
to improve the electrochemical performance of MH alloys. Recently, additives such as B [13], Ti [14,15],
Pt [15], Pd [14], Nd [16], Cr [17], La [18], Co [19], Ni [20], Li [21], and Cu [22] were added to the bulk
or surface of MH alloys to enhance the capacity, cycle stability, and high-rate dischargeability (HRD).
For MgNi-based MH alloys, Ni coating [23], the addition of TiO, [24], and substitutions of Mn [25,26]
and Nb [26] have been intensively studied with the goal of improving electrochemical performances.
Many studies on the alkaline electrolytes [27-49] and salt additives [50,51] were conducted before in
NiMH and other alkaline batteries; however, focuses were on the rare earth-based ABs and Zr-based
AB; MH alloys. Young et al. have pointed out that electrolyte modification is one of the most
economic and effective methods to alter electrode performances, since it does not affect the battery
gravimetric and volumetric energy densities [11]. Nei et al. reported the conductivity and corrosion
behaviors of several hydroxides [16]. Later, Yan et al. published a screen test of 32 salt additives in
the KOH electrolyte, of which 12 salt additives were found to efficiently decrease the corrosion of the
traditional KOH electrolyte on alloy AR3 (an MgNi-based MH alloy with a nominal composition of
Mgz, NizgCosMng) [52]. However, no detailed investigation was done on these 12 salt additives.

This study is a continuous work from Yan'’s previous report [52]. A systematic investigation of
the effects of CspCO3 addition in a conventional KOH electrolyte on various MH alloys is performed.
This additive was originally used in the KOH electrolyte for Ni/Zn batteries to extend the cycle
life [53]. The total concentration of Cs,CO3; and KOH is fixed at 6.77 M. The influence of Cs,CO3 on
the cell performance, electrolyte properties, and surface and bulk structure of MH alloy electrodes
are examined. A possible proton transfer process for the Cs,COj3-containing electrolyte system is
also discussed.

2. Experimental Setup

Both the sintered S-Ni(OH), and MH alloys (AR3, P31, P32, and P37) were produced in-house.
The compositions and fabrication methods of the MH alloys are summarized in Table 1. AR3 is
an amorphous/microcrystalline MgNi-based MH alloy made by a melt-spin method, followed
by mechanical alloying [52]. The P-series MH alloys belong to a family of Laves phase-related
body-centered cubic (BCC) solid solution alloys [54], which were developed during a United States
(U.S.) Department of Energy-funded research program [4]. The P-series of alloys were produced by
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induction melting, followed by annealing under optimized conditions (900 °C for 12 h [55]). KOH and
CspCO;3 were purchased from the Sigma-Aldrich Corporation (St. Louis, MO, USA).

Table 1. Compositions of the four metal hydride (MH) alloys used in this study. BCC: body-centered cubic.

Alloy Alloy System Composition Preparation Method

AR3 Amorphous/microcrystalline MgNi  Mgs,NizgCozMng Melt-spin and mechanical alloying
P31 Laves phase-related BCC Tiys,6Hf 1 V44Cri12Mng 9Coy 4Nijg5Al03 Induction melting and thermal annealing
P32 Laves phase-related BCC Tiys56Hf 4V44Cr11 2Mng 9Coy 4Nijg 5 Induction melting and thermal annealing
P37 Laves phase-related BCC Ti145Zr1.7V46.6Cr11.9Mng 5C01 5Nij69Alp 4 Induction melting and thermal annealing

Electrochemical charge/discharge cycling tests were performed with an Arbin BT2000 battery
tester (Arbin, College Station, TX, USA) at room temperature. In the test cells, the cathode was sintered
B-Ni(OH),, the anode was made from directly dry-compacting the alloy powder onto an expanded
Ni substrate without using any binder, and the separator was hydrophilic nonwoven polyolefin.
Charge/discharge processes were the same as reported before by Yan et al. [52] The cell was charged at
100 mA-g! for 5 h, and discharged first at 100 mA-g~! to a cutoff voltage of 0.9 V. The initial discharge
was followed by a 30 s rest for the voltage to recover, and then the cell was discharged at 24 mA-g~!
to reach a cutoff voltage of 0.9 V. The cell was put to rest for 30 s again before the final discharge at
8 mA-g~! to 0.9 V. Testing for each alloy/electrolyte combination was repeated three times. When the
total discharge capacity (sum of capacities at 100, 24, and 8 mA-g~1!) of the cell decreased by 70%,
it was considered to be cell failure.

Discharge capacity degradation and HRD were calculated and compared with those of a
traditional 6.77 M KOH electrolyte. Degradation was determined as Yan previously reported [52].
The percent capacity loss per cycle within the initial 10 cycles is shown by the following equation:

Caphigh — Capiow

Degradation % =
(”high - ﬂlow> x Cappigh

x 100% (3)

where Capy;gp, is the highest value of discharge capacity achieved in the initial 10 cycles, Capyq,, is
the lowest value of discharge capacity in the initial 10 cycles, ny;gy, is the cycle number of the highest
discharge capacity in the initial 10 cycles, and 7, is the cycle number of the lowest discharge capacity
in the initial 10 cycles. HRD is defined as the ratio of capacities measured at 100 and 8 mA-g~!.
Fourier transform infrared (FTIR) spectroscopy was performed on a Perkin Elmer Spectrum
Spotlight 200™ (Perkin Elmer, Waltham, MA, USA). Powder X-ray diffraction (XRD) patterns were
taken with a Rigaku RU2000 rotating anode powder diffractometer (Rigaku Americas Corporation,
The Woodlands, TX, USA) equipped with Cu-K,, radiation (40 kV, 200 mA). Transmission electron
microscopy (TEM) was carried out using a JEOL 2010 (JEOL, Tokyo, Japan) operated at 200 kV for
microstructural and morphological studies. Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was performed on a Perkin Elmer Optima TM 2100 DV ICP-OES system (Perkin Elmer,
Waltham, MA, USA). Electrochemical impedance spectroscopy was measured on a Solartron 51287
potentiostat/galvanostat with a 51255 frequency response analyzer (Solartron, Hampshire, UK).

3. Results and Discussion

3.1. Electrochemical Performances for Electrolytes with Cs,CO3 Addition

Generally, KOH solutions with concentrations varying from 4.0 M to 8.5 M are used for Ni/MH
batteries in the research field and for commercial applications [11,56-58]. In this study, the electrolyte
concentration (KOH + Cs;CO3) is fixed at 6.77 M. Concentrations of KOH and Cs,COj in various
electrolytes are shown in Table 2.
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Table 2. Normalized discharge capacities, degradations, and high-rate dischargeabilities (HRDs) of
AR3 cycled in five different electrolytes.

Electrolyte Composition Normalized Capacity Normalized Degradation = Normalized HRD

(%) (%) (%)
6.77 M KOH 100.00 100.00 100.00
6.44 M KOH + 0.33 M Cs,CO3 132.45 86.65 99.86
6.11 M KOH + 0.66 M Cs,CO3 120.24 98.30 101.32
5.77 M KOH + 1.00 M Cs,CO3 117.62 97.70 91.41
5.44 M KOH + 1.33 M Cs,CO3 97.28 87.41 65.25

The effects of Cs,CO3 addition on the electrochemical performances of alloys P31, P32, and P37 are
shown in Figure 1. All of the cells require approximately three to five cycles to be activated. For alloy
P31, Cs,COs slightly increases the initial discharge capacity, and greatly decreases the degradation.
The initial discharge capacities of alloy P31 in the 6.77 M KOH and 6.44 M KOH + 0.33 M Cs,CO3
electrolytes are 349 and 375 mAh-g™!, respectively. In the 6.77 M KOH electrolyte, the capacity of
alloy P31 begins to fade after the 20th cycle, while the capacity fade begins at the 55th cycle in the
6.44 M KOH + 0.33 M Cs,COs electrolyte. The same trend was observed in alloy P37, where the
addition of CspCOj; increases the initial discharge capacity from 364 mAh-g! to 375 mAh-g,
and changes the beginning of the capacity fade from the 30th to the 65th cycle. For alloy P32, Cs,CO3
does not increase the initial discharge capacity; however, it greatly decreases the decay, as shown
in Figure 1. In comparison to alloy P32, both alloys P31 and P37 contain Al, raising the possibility
that the presence of Al results in the alloy surface reacting with the CO32~ ions in the electrolyte and
forming Al;(CO3)3. Al,(CO3)3, which is known to be unstable in water [59]. Such phenomenon may
assist in the dissolution of Al into the highly alkaline electrolyte, and therefore increase the reactive
surface area.
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Figure 1. Discharge capacities of alloys P31, P32, and P37 in the 677 M KOH and
6.44 M KOH + 0.33 M CspCO3 electrolytes.

The effects of Cs,CO3 on the AR3 alloy electrode performances are shown in Figure 2. The AR3
MH alloy is very reactive to the KOH electrolyte due to the alloy’s high content of Mg and the high
porosity caused by the mechanical alloying preparation [12]. A rapid decay in the KOH electrolyte was
previously reported [5,6,12]. Figure 2 shows an increase in initial discharge capacity and a decrease in
capacity decay with the addition of Cs,COj3. The discharge capacity, degradation, and HRD of the
Cs,CO3-containing electrolytes are normalized to those of the 6.77 M KOH electrolyte and presented in
Table 2. The optimized conditions were obtained at the concentration of 6.44 M KOH + 0.33 M Cs,CO3,
which exhibited the highest discharge capacity and lowest degradation. Table 2 also indicates that a
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small addition of CspCO3 has an insignificant effect on HRD, while a high concentration of Cs,CO3 in
the electrolyte has a negative influence on HRD.
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Figure 2. Discharge capacities of AR3in 6.77 M KOH, 6.44 M KOH + 0.33 M Cs,CO3, 6.11 M KOH +
0.66 M Cs,CO3, 5.77 M KOH + 1.00 M Cs,CO3, and 5.44 M KOH + 1.33 M Cs,COs electrolytes.

3.2. Effects of Cs,CO3 Addition on MgNi Alloy

Weights of the cycled AR3 alloy electrodes were measured. After 10 cycles, weights of the alloy
electrodes cycled in all of the electrolytes increased due to surface metal oxidation and the deposition
of some salts. Surface metal oxidation during charge leads to the formation of surface metal hydroxide,
such as Mg(OH), [11,16]. The majority of salt depositions are carbonates and bicarbonates [52].
Weight gains of the alloy electrodes cycled in the Cs,CO3-containing electrolytes are normalized to
that in the 6.77 M KOH electrolyte and presented in Table 3. As the Cs,COj3 concentration in the
electrolyte increases, the weight gain decreases. The addition of Cs,COj3 changes the physical and
chemical properties of the electrolyte. CspCO3 reacts with the MH alloy surface during electrochemical
cycling, which results in a protective layer and greatly decreases the reaction rate of metal oxidation.
Therefore, the weight gain due to surface oxidation (listed in Table 3) is substantially reduced by the
addition of Cs,COs in the electrolyte.

Table 3. Normalized weight gains of the AR3 alloy electrodes cycled in five different electrolytes.

Electrolyte Composition Normalized Electrode Weight Gain (%)
6.77 M KOH 100.0
6.44 M KOH + 0.33 M Cs,CO3 76.0
6.11 M KOH + 0.66 M Cs,CO3 64.8
5.77 M KOH + 1.00 M Cs,CO3 54.2
5.44 M KOH + 1.33 M Cs,CO3 46.9

TEM micrographs of the cycled AR3 indicate that a thin layer of fluffy material covers the surface
of the MH alloy (Figure 3a,b). FTIR was used to characterize the surface structure, and the results are
shown in Figure 4. For the fresh MH alloy, there is no clear diffraction peak, which indicates that the
alloy surface is clean. For the alloy cycled in the 6.77 M KOH electrolyte, a peak at approximately
1409 cm! is observed, which is related to the vibration of surface metal-O bonds [60]. For the electrode
cycled in the 6.44 M KOH + 0.33 M Cs,;COjs electrolyte, the same peak is seen, but shifted slightly to
a lower wavelength, implying a decrease in bond strength. However, the peak intensity increases,
which suggests the appearance of C—O bonds on the alloy surface, since the stretching vibration of
the C-O bond occurs at approximately the same wavelength [61] as the metal-O bond. With further
increases in concentration of Cs,CQOj in the electrolyte, the metal-O bond becomes weaker with the
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peak shifting even lower, to around 1375 cm™, and the amount of C-O bond decreases, as shown
by a reduction in peak intensity compared with the electrode cycled in the 6.77 M KOH electrolyte.
Moreover, peaks at approximately 1730 and 1210 cm™ start to appear as the content of Cs,CO;3
increases, which is related to the vibration of the C=0 bond in carbonate [61]. FTIR results demonstrate
the changes in the surface groups on the MH alloy surface with varying Cs,CO3 concentration.
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Figure 3. Transmission electron microscopy (TEM) micrographs at (a) x40,400 and (b) x300,000
magnification of AR3 cycled in the 6.44 M KOH + 0.33 M Cs,CO3 electrolyte.
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Figure 4. Fourier transform infrared (FTIR) spectra of the fresh and cycled AR3 in the 6.77 M KOH, 6.44 M

KOH + 0.33 M Cs,CO3, 6.11 M KOH + 0.66 M Cs,CO3, 5.77 M KOH + 1.00 M Cs,CO3, and 5.44 M KOH +
1.33 M CsCO;3 electrolytes.

XRD patterns before and after electrochemical cycling are shown in Figure 5. As our previous
study has shown [62], the two broad peaks at approximately 23° and 42° (marked as “A”) are from the
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broadening of the MgNi, and Mg, Ni phases. These two broad peaks exist in all of the cycled AR3
samples, suggesting high stability for MgNi, and Mgy Ni during cycling. Except for the peaks marked
as “A”, there are some strong peaks related to metallic Mn and Co (marked as “1” and “2” in Figure 5,
respectively). Mn and Co fine particles are the remnants from the mechanical alloying process, and act
as catalysts for hydrogen storage to enhance the electrochemical capacity [11]. Mg(OH), is also found
in all of the cycled AR3 (marked as “3” in Figure 5), and is the oxidation product from high-Mg AR3.
The peaks at approximately 18° and 33° are the (001) and (100) diffraction peaks for the hexagonal
Mg(OH),. Results from the phase deconvolution by Jade 9.0 software (MDI, Livermore, CA, USA) are
summarized in Tables 4 and 5. While no obvious trends are found in the crystallite sizes of phases with
cycling in different electrolytes, clear trends are observed in phase abundances. An increase in Cs,COs3
concentration in the exchange of KOH reduces both the amount of Mg(OH), (decrease in oxidation)
and the Mg, Ni-to-MgNij ratio (last column in Table 5). The Mg,Ni phase is more oxidable compared
with the MgNi, phase, due to its higher Mg content. Upon contacting the KOH electrolyte, the Mg, Ni
phase is oxidized into Mg(OH),, which results in a reduction in the Mg, Ni-to-MgNi, ratio from 1.50
to 0.67. Partial replacement of the corrosive KOH with Cs,COj increases the Mgy Ni-to-MgNi, ratio,
which is another indication of decrease in alloy oxidation.

1.33 M Cs,CO,
1.00 M Cs,CO,

0.67 M Cs,CO,

0.33 M Cs,CO,

6.77 M KOH

Fresh metal alloy
10 20 30 40 50 60 70
2 theta

Figure 5. X-ray diffraction (XRD) patterns of the pristine and cycled AR3 in the 6.77 M KOH, 6.44 M
KOH + 0.33 M Cs,CO3, 6.11 M KOH + 0.66 M Cs,CO3, 5.77 M KOH + 1.00 M Cs,COj3, and 5.44 M KOH
+ 1.33 M Cs,COj electrolytes. Note: Peaks marked as “A” represent the microcrystalline/amorphous
components of MgNi, and Mg,Ni; peaks marked as “1” and “2” represent metallic Mn and Co,
respectively, and peaks marked as “3” represent Mg(OH),.

Table 4. Crystallite sizes in nm of the Mg, Ni, MgNi,, Co, Mn, and Mg(OH), phases obtained from the

XRD patterns in Figure 5.
Condition Mg;Ni  MgNi, Co Mn  Mg(OH),
Pristine 0.5 0.6 28 41 -
Cycled in 6.77 M KOH 04 04 36 41 28
Cycled in 6.44 M KOH + 0.33 M Cs,CO3 0.5 0.6 34 62 28
Cycled in 6.11 M KOH + 0.66 M Cs,CO3 0.5 0.5 50 42 30
Cycled in 5.77 M KOH + 1.00 M Cs,CO3 0.6 0.5 34 40 22

Cycled in 5.44 M KOH + 1.33 M Cs,CO3 0.5 0.5 24 41 26
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Table 5. Abundances in wt % of the Mg,Ni, MgNi,, Co, Mn, and Mg(OH), phases, and the ratio
between Mg, Ni and MgNi, obtained from the XRD patterns in Figure 5.

Condition Mg,Ni MgNi;, Co Mn Mg(OH), Mg,Ni/MgNi,
Pristine 53.5 35.7 65 43 - 1.50
Cycled in 6.77 M KOH 294 44.0 40 3.0 19.6 0.67
Cycled in 6.44 M KOH + 0.33 M Cs,CO3 39.2 321 43 26 21.8 1.22
Cycled in 6.11 M KOH + 0.66 M Cs,CO3 41.2 323 37 58 17.0 1.27
Cycled in 5.77 M KOH + 1.00 M Cs,CO3 42.8 35.1 6.7 49 10.5 1.22
Cycled in 5.44 M KOH + 1.33 M Cs,CO3 45.3 32.8 7.1 3.6 11.2 1.38

The chemical compositions of fresh and cycled MH alloys determined by ICP are compared
in Table 6. Similar to the results in previous reports, the bulk composition changes slightly after
cycling [5,6]. The loss of Mg occurs at approximately 1.5%, and results in an increase in the
concentrations of other elements.

Table 6. ICP results in at % of the fresh and cycled AR3 in five different electrolytes.

Condition Co Ni Mn Mg
Pristine 2.94 38.17 5.69 53.20
Cycled in 6.77 M KOH 3.15 37.89 5.86 50.92

Cycled in 6.44 M KOH + 0.33 M Cs,CO3 3.10 39.16 5.59 52.25
Cycled in 6.00 M KOH + 0.77 M Cs,CO3 3.04 39.41 5.88 51.67
Cycled in 5.77 M KOH + 1.00 M Cs,CO3 3.04 39.56 6.19 51.21
Cycled in 5.44 M KOH + 1.33 M Cs,CO3 2.99 41.04 6.18 49.79

Cole—Cole plots obtained from the alternating current (AC) impedance measurements are shown
in Figure 6. The reported equivalent circuit model for Ni-MH batteries using Mg-based alloy anodes
is shown in Figure 7 [63-67]. Constant phase elements are used in this circuit model, due to the
inhomogeneity properties of the electrode surface, such as porosity and roughness. Results obtained
from the Cole—Cole plots are presented in Table 7. Ry represents the resistance of ions traveling through
the electrolyte and separator. The electrolyte containing 6.44 M KOH + 0.33 M Cs,CO3 shows the
lowest Ry, which is consistent with its high discharge capacity, low degradation, and similar HRD
compared with the 6.77 M KOH electrolyte. R; is the resistance among alloy particles and increases
as the Cs,CO3 concentration increases. R, is the whole electrode resistance, and the addition of
Cs,CO;3 greatly decreases Ry compared with the pure KOH electrolyte. C; represents the particle
capacitance, which is closely related to the contact area among alloy particles. With increasing
CspCO3 concentration, C; decreases. C; is the electrode capacitance, which is an indication of the
amount of the active area in the electrode. Table 7 shows that the addition of Cs,COj3 decreases
Cy as well. The product of R, and C, represents the electrode activity performance [68,69], and a
smaller value suggests better electrochemical performances. Table 7 shows an optimized R, -C, value
at 5.77 M KOH + 1.00 M Cs,COs.
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Figure 6. (a) Full Cole—Cole plots of AR3 in the 6.77 M KOH, 6.44 M KOH + 0.33 M Cs,CO3, 6.11 M
KOH + 0.66 M Csp,CO3, 5.77 M KOH + 1.00 M Cs,CO3, and 5.44 M KOH + 1.33 M Cs,CO3 electrolytes,
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Figure 7. Proposed equivalent circuit model for NiMH batteries using Mg-based anodes [63].

Table 7. Data obtained by the AC impedance measurements of AR3 cycled in five different electrolytes.

Electrolyte Composition Ry (Q-g) Ry (Q-g) Cy (F-g™h Ry (Q-g) C, (F-g™h) R1:C1 () Ry-C5 (s)
6.77 M KOH 0.0369 0.0326 0.0033 1.2483 0.5929 1.079 x 104 0.7401
6.44 M KOH + 0.33 M Cs,CO3 0.0363 0.0353 0.0022 1.1811 0.5786 7.812 x 107° 0.6834
6.00 M KOH + 0.77 M Cs,CO3 0.0400 0.0372 0.0019 1.0730 0.5357 7.115 x 1075 0.5748
5.77 M KOH + 1.00 M Cs,CO3 0.0407 0.0423 0.0018 1.0269 0.4629 7.490 x 1075 0.4753
5.44 M KOH + 1.33 M Cs,CO3 0.0417 0.0428 0.0017 1.0713 0.4643 7.099 x 10~ 0.4974

3.3. Discussion

Results obtained from the current study indicate that the addition of Cs,COs3 alters the
chemical and physical properties of the KOH electrolyte. As shown in Figure 6 and Table 7,
an addition of 0.33 M CspCOj3 decreases the solution resistance. Even if the electrolyte concentration
was fixed at 6.77 M, the number of conductive ions increased with the addition of Cs,COs.
Therefore, the 6.44 M KOH + 0.33 M Cs,COj3 electrolyte has a decreased resistance and increased
conductivity. While a low Cs,COj3 concentration promotes proton transfer in the system and improves
both the discharge capacity and cycling performance, a higher Cs,COj3 concentration increases the
solution resistivity due to the increased concentrations of larger cations (Cs*) and anions (CO32~) in
the electrolyte, according to Stokes” Law [12].

Cs,CO;5 also changes the alloy surface structure during cycling. The FTIR results show that a
small addition of Cs;COj3 decreases the strength of surface metal-O bond, but generates the C-O
bond on the alloy surface. By further increasing the CspCOj3 concentration, the C=O bond begins to
appear, in relation with decreasing C—O bond. The changes in surface groups by electrolyte additive
consequently change the chemical and physical properties of the alloy particles. In our previous
work [52], 32 types of salt additives in KOH electrolytes were tested, and some oxyacid salts were
reported to create more surface groups that promoted proton transfer. In the current study, the addition
of Cs,CO3 provides C-O and C=0O bonds as new active sites for proton transfer. However, protons
bond to the two active sites differently; protons are covalently bound to C-O, but electrostatically
bound to C=0 [52,66]. With the stronger attraction to C-O, more protons can be bound and later
transferred (driven by voltage). Therefore, the largest number of C-O bonds, which occur at a small
addition of Cs,CO3 (6.44 M KOH + 0.33 M Cs,CO3), were demonstrated to be the most effective in
improving the electrochemical performances among all of the electrolytes tested in the current study.

The addition of Cs,COj3 also changes the bulk structure of the alloy particles. The TEM images
show a layer of solid covering the MH alloy particle (Figure 3), which ranges from 20 nm to 500 nm.
This surface layer decreases the contact area among alloy particles (as shown by the decrease in C1) and
increases the barrier for proton transfer among the particles (as shown by the increase in Ry). The ICP
results show that a small amount of Cs,COj3 results in this decrease, but further increases in Cs,COj3
concentration increase the loss of Mg after cycling. For the pure KOH electrolyte, the alloy particles are
covered by Mg(OH),. However, a small addition of CspCOj3 reduces the particle size of Mg(OH); on
the surface, as indicated by the increase in full width at half maximum of the Mg(OH), peaks (Figure 5).
Smaller Mg(OH), crystals are more strongly adsorbed on the surface of the MH alloy, which is not
easily removed from the electrolyte, and also protects the bulk alloy from further oxidation. As the
CspCO3 concentration further increases in the electrolyte, more MgCOj starts to form on the alloy
surface. Since the solubility of MgCO3 in KOH solution is greater than that of Mg(OH),, the loss of
Mg occurs at a higher rate at higher Cs,CO3 concentrations. Therefore, high Cs,CO3 concentrations
are not suggested for Mg-Ni alloys. On the other hand, if properly balanced with the loss of Mg,
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an appropriate amount of carbonate formation by adding Cs,COj3 can promote the dissolution of
surface oxidation products and consequently reveal a clean metal surface exposed to the electrolyte,
which can lead to a decrease in electrode resistance (as shown by the decrease in R; as the Cs;COs
concentration increases).

4. Conclusions

The effects of Cs,CO3 addition in a KOH-based electrolyte for Ni/MH batteries were investigated.
Four different MH alloys (three Laves phase-related BCC and one MgNi-based) were used as the anode
materials, and B-Ni(OH), was used as the cathode material. A proper amount of Cs,CO3 addition
greatly improved electrochemical performances. For the Laves phase-related BCC alloys, adding
Cs,COs into the electrolyte improved the cycle stability (for all three alloys tested) and the discharge
capacity (for Al-containing alloys). For the MgNi-based alloy, the discharge capacity increased to 132%,
while degradation decreased to 87% in the 6.44 M KOH + 0.33 M Cs,COj3 electrolyte (compared with
those in the 6.77 M KOH electrolyte). The effects of Cs,CO3; addition on the electrolyte and alloy
properties are summarized as follows:

(1) A small addition of Cs,COj3 decreases the electrolyte resistance and increases the conductivity.

(2) A newly-formed fluffy C-containing surface oxide by the addition of Cs,CQO3 is believed to be
the main cause of the decrease in capacity decay during cycling.

(3) The addition of Cs,COs in the electrolyte changes the alloy surface structure after cycling by
creating more surface groups in addition to metal-O bonds, including C-O and C=0O bonds,
and the C-O bond is more effective than the C=0 bond during proton transfer.

(4) For MgNi-based alloys, the addition of Cs,CO3 changes the alloy bulk structure after cycling.
A small addition of Cs,COj strengthens the Mg(OH), layer on the alloy surface and prevents
loss of Mg. However, a large addition of Cs,COj3 causes the formation of MgCOs with higher
solubility in the KOH solution, and consequently a more severe loss of Mg.
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Abbreviations

Ni/MH Nickel/metal hydride

M Metal

MH Metal hydride alloy

MH Hydrided metal

HRD High-rate dischargeability

BCC Body-centered-cubic

Caphigh The highest value of discharge capacity in the initial 10 cycles

Capiow The lowest value of discharge capacity in the initial 10 cycles

Mhigh The cycle number of the highest discharge capacity in the initial 10 cycles

Now The cycle number of the lowest discharge capacity in the initial 10 cycles

10 high The cycle number of the highest discharge capacity in the initial 10 cycles for 6.77 M KOH electrolyte
110, Jow The cycle number of the lowest discharge capacity in the initial 10 cycles for 6.77 M KOH electrolyte
FTIR Fourier transform infrared

XRD X-ray diffraction

TEM Transmission electron microscopy
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ICP-OES  Inductively coupled plasma-optical emission spectroscopy

AC Alternating current

Ry Resistance of ions traveling through the electrolyte and separator

Ry Resistance among alloy particles

Ry Whole electrode resistance

C1 Particle capacitance

@) Electrode capacitance
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