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Abstract: Compositions of MgNi-based amorphous-monocrystalline thin films produced by radio
frequency (RF) sputtering with a varying composition target have been optimized. The composition
Mgs:NiszgCosMnyg is identified to possess the highest initial discharge capacity of 640 mAh- g’l
with a 50 mA-g~! discharge current density. Reproduction in bulk form of Mgs,NizgCozMng alloy
composition was prepared through a combination of melt spinning (MS) and mechanical alloying
(MA), shows a sponge-like microstructure with >95% amorphous content, and is chosen as the metal
hydride (MH) alloy for a sequence of electrolyte experiments with various hydroxides including
LiOH, NaOH, KOH, RbOH, CsOH, and (C,Hs5)4N(OH). The electrolyte conductivity is found to be
closely related to cation size in the hydroxide compound used as 1 M additive to the 4 M KOH aqueous
solution. The degradation performance of MgzNi3gCozMng alloy through cycling demonstrates
a strong correlation with the redox potential of the cation in the alkali hydroxide compound used
as 1 M additive to the 5 M KOH aqueous solution. NaOH, CsOH, and (C;Hs5)4N(OH) additions are
found to achieve a good balance between corrosion and conductivity performances.

Keywords: alkali hydroxide; organic hydroxide; electrolyte; corrosion; ionic conductivity

1. Introduction

Mg-based metal hydride (MH) alloys are very attractive for various hydrogen storage applications
due to Mg’s abundance, low cost, light weight, and the availability of many intermetallic compounds.
In particular, two groups of MgNi-based MH alloys have been proposed for use as the negative
electrode active material in nickel/metal hydride (Ni/MH) battery: amorphous MgNi and crystalline
Mg,Ni. The former has a higher initial discharge capacity but a much lower cycle stability due to
its amorphous nature, which makes protection layer formation very difficult compared to that in the
latter [1]. Research into these two alloy families were reviewed in 2013 [2]. More recently, additives
such as B [3], Ti [4,5], Pt [4], Pd [4], Nd [6], Cr [7], ABs [8], La [9], Co [10], nano-sized Ni [11], Li [12],
and Cu [5,13] were added to the bulk or surface of Mg, Ni-based MH alloys to improve the capacity,
cycle stability, and high-rate dischargeability (HRD). For MgNi-based MH alloys, TiO, addition [14],
Ni coating [15], Mn substitution [16], and Nb substitution [17] were experimented for electrochemical
property enhancements. Alloy modifications including annealing, addition of anti-corrosion agents,
and composition modification in both the surface and bulk, control of charge input, and alloy
particle size selection have been previously proposed to improve the cycle stability of MgNi-based
electrodes [18-21], but reducing the corrosive nature of electrolyte has never been investigated.
Advantages of the current method that uses 30 wt% KOH aqueous solution as the electrolyte are low
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cost, high ionic conductivity, low toxicity, and low freezing point. However, KOH aqueous solution
at such concentration rapidly reacts with amorphous MgNi MH alloy. Therefore, an adjustment in
electrolyte composition is necessary to balance some of the high ionic conductivity with a reduction in
corrosive nature of electrolyte. Salt additives in KOH aqueous solution were previously investigated
as the modified electrolytes in our laboratory, and the results have been reported [22], leaving cations
in various hydroxides as the main topic in this paper.

Many studies investigating the alkali cation species and electrolyte concentrations in Ni/MH
battery were previously conducted and are summarized in Table 1. However, none of these studies
focused on amorphous MgNi MH alloy, which has the highest capacity but is also the most susceptible
to electrolyte oxidation. Furthermore, while there is only a limited number of soluble inorganic
hydroxides, several organic hydroxides are available. The cations of organic hydroxides are much larger
than those in inorganic hydroxides, and their effects on electrochemical performances as the electrolyte
additives is a subject of acute interest. Therefore, a study of inorganic and organic hydroxides in
electrolyte was launched in the U.S. Department of Energy (DOE)-sponsored Robust Affordable Next
Generation EV-storage (RANGE) program [23], and the obtained results are summarized in this paper.
We will discuss MgNi-based thin film composition optimization, bulk MgNi-based alloy powder
process optimization, electrolyte conductivity, and, finally, MgNi-based electrode degradation in
electrolytes composed of various hydroxides.

2. Experimental Setup

Thin film was prepared using the radio frequency (RF) sputtering technique with an MRC Model
8667 RF Sputtering System (Material Research Corporation, Gilbert, AZ, USA). Bulk powder was
prepared by a combination of melt spinning (MS) and mechanical alloying (MA) processes, which were
conducted using a homebuilt system with a 2 kg induction furnace and a 20” diameter rotating
copper wheel (rotation speed up to 100 rpm) and a SC-10 attritor (Union Process, Akron, OH, USA),
respectively. Microstructure was examined via a Philips X'Pert Pro X-ray diffractometer (XRD, Philips,
Amsterdam, The Netherlands) and a CM200/FEG transmission electron microscope (TEM, Philips).
Electrochemical testing was performed with a CTE MCL2 Mini cell test system (Chen Tech Electric
MFG. Co., Ltd., New Taipei, Taiwan). Approximately 70 mg of AR3 (Mgs,NizgCozMny) alloy powder,
made by MS + MA, was compacted onto an expanded nickel substrate using a 10 ton press to form
the negative working electrode, which was approximately 0.2 mm in thickness, without any binder.
Different concentrations of KOH aqueous solutions (up to 6 M) and various levels of X(OH), (X = Li,
Na, Rb, Cs, tetraethylammonium (tEA, (CoHs)4N), Mg, Ca, Sr, or Ba, iy = 1 or 2) replacements/additions
in KOH aqueous solutions (with the total concentration of OH™ up to 6.5 M) were prepared and used
as the electrolyte. Two halves of a sintered Ni(OH),-positive electrode, each 1 cm? in area and 1.5 mm
in thickness, were connected by a nickel tab strip and used as the counter electrode. A piece of grafted
polypropylene/polyethylene separator was folded in half twice and used to sandwich the negative
electrode, so that two layers of separator were on each side of the negative electrode. Next, the wrapped
negative electrode was again sandwiched with the two halves of positive electrode. The electrode
assembly was placed into a plastic sleeve, which was then slid into an acrylic cell holder. The sleeve
was filled with the electrolyte using a pipette. After absorbing the electrolyte for five minutes,
the sleeve was refilled with the electrolyte so that the half-cell is in a flooded cell configuration. For the
discharge capacity measurement, the half-cell was first charged at a current density of 100 mA-g~!
for 5 h and then discharged at a current density of 100 mA-g~! until a cut-off voltage of 0.9 V was
reached. Then, the cell was discharged at a current density of 24 mA-g~! until a cut-off voltage of 0.9 V
was reached, and finally discharged at a current density of 8 mA-g~! until a cut-off voltage of 0.9 V
was reached. There were 10 cycles of the charge/discharge procedure performed for each half-cell.
Full discharge capacity is the sum of capacities measured at 100, 24, and 8 mA-g~! for each cycle.
Electrolyte conductivity was measured with an YSI Model 3200 Conductivity Meter (YSI Incorporated,
Yellow Springs, OH, USA).
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Table 1. Summary of previous electrolyte studies on alkali cations in a chronological order. LT, RT, and HT denote low temperature (<0 °C), room temperature, and
high temperature (>40 °C), respectively. A and B in the alloy formula represent misch metals (La, Ce, Pr, and/or Nd) and transition metals (Ni, Co, Mn, and/or Al),
respectively. MH: metal hydride; and HRD: high-rate dischargeability.

Tested Electrode Hydroxide Main Findings Reference
Ni(OFD From LiOH to CsOH RbOH and CAOH incresse 1T charge acceptance 24
Ni(OH), From LiOH to CsOH CsOH and a low concentration of RbOH do not promote a-NiOOH. [25]
Ni(OH), From LiOH to CsOH Highest capacities obtained from LiOH and NaOH at HT, KOH at RT, and RbOH and CsOH at LT. [26]

Not specified KOH Conductivities of KOH at various concentrations and temperatures were reported. [27]
ABs 8.7 M KOH-0.5 M NaOH-0.7 M LiOH Corrosion behavior was reported. [28]
(Ti,Zr)B, 8.5 M mixture of LiOH, NaOH, KOH Corrosion behavior was reported. [29]
Zircaloy (ZrSn) From LiOH to CsOH Relative corrosion rates: LiOH > NaOH > KOH > RbOH > CsOH. [30]
Ni(OH), LiOH additive LiOH increases HT capacity and discharge voltage. [31]
ABs Mixture of LiOH, NaOH, KOH Best results observed with a mixture of 78% KOH, 20% NaOH, and 2% LiOH. [32]
ABs Mixture of LiOH, NaOH, KOH NaOH improves HT. ‘ . . e 33]

Best HT result observed with a mixture of 36% KOH, 43% NaOH, and 6% LiOH.
ABs KOH, NaOH NaOH reduces the corrosion rate of AB; MH alloy. [34]
ABs From LiOH to CsOEL Best LT electrolyte is 6.2 M KOH + 1.2 M LiOH. [35]

RbOH and CsOH help LT performance.
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Table 1. Cont.

Tested Electrode Hydroxide Main Findings Reference
ABs Mixture of LiOH, NaOH, KOH Suggestion of a ternary mixture to improve LT performance. [36]
ABs Mixture of LiOH, NaOH, KOH Highest capacity at —18 °C is obtained from mixture of 3.6 M KOH, 3.38 M NaOH, and 0.14 M LiOH. [37]

LaNis KOH, NaOH KOH has better performance at LT compared to NaOH. [38,39]
LaNis KOH, NaOH NaOH is good for HT but bad for LT. [40]
LaBs 1 M KOH and 8 M KOH 1 M KOH has higher capacity and lower corrosion. [41]
(Ti,Zr)Ni 6 M KOH and 8 M KOH 8 M KOH has higher capacity and corrosion. [42]
ABs KOH, NaOH KOH is good for LT, and NaOH is good for HT. [43]
LaCrOs 5.6-12.5 M KOH Higher concentrations of KOH increase capacity. [44]
ABs LiOH, KOH 2§% KOH has a n.mch better. cycle life than 431% KOH. N . 3 [45]
LiOH prevents Ni(OH), grain growth and increases charge efficiency in the positive electrode.
LaBs 2,4,6,8 M KOH 6 M KOH and 8 M KOH correspond to the highest capacity and HRD. [46]
. 4 M KOH corresponds to the best cycle stability.
(Ti,Zr)B, 24,68 MKOH 8 M KOH corresponds to the highest capacity. 471
A%, From LiOH to C<OH Highet coroson aten e found with KOOI 9]
ABsg LiOH, KOH KOH demonstrate better activation and lower corrosion. [49]

4 0f 20
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3. Results

The current study begins with MgNi-based alloy composition optimization, which is performed
with thin film deposition using RF sputtering technique. After identifying the compositions
that demonstrated the highest electrochemical capacities in the thin film form, bulk powder
process consisting of MS + MA was adopted to reproduce the optimized compositions. Once the
electrochemical performances of alloys in the bulk form were confirmed, the most suitable alloy
composition in the bulk form was then selected for the investigation on modified electrolytes
composed of various hydroxides. The abovementioned developments are discussed in detail in
the following sections.

3.1. MgNi-Based Thin Film Prepared by Radio Frequency Sputtering

Thin film deposition was performed in a multi-target RF sputtering unit with a modified target
and sample holder (Figure 1). The deposition rate was approximately 0.5 um-h~!, and the resulting
average film thickness was approximately 1 pm. In each run, 10-25 nickel substrates (1 cm x 1 cm)
were deposited by thin films with different compositions, which were determined by energy-dispersive
X-ray spectroscopy from the silicon witness samples placed among the nickel substrates. Results from
the binary composition optimization are shown in Table 2. Discharge capacity maximizes at the
composition Mgz, Nigg (AR1), which is used as the basis for ternary Mg-Ni-Co and then quaternary
Mg-Ni-Co-Mn composition optimizations (Figure 2). Among all the compositions in the ternary and
quaternary matrices, AR2 (Mgsp 1Niys51Cop ) and AR3 (Mgs;NizgCo3Mng) demonstrate the highest
discharge capacities, respectively (Table 3). Furthermore, the cycle stabilities of several RF-sputtered
thin films are shown in Figure 3, where three films with different chemical positions show similar
capacity degradation in the first 20 cycles. More specifically, two or three activation cycles are needed
for the thin film electrodes; once the electrodes are fully activated, steady capacity degradation is
observed until around cycle 10; capacity remains stable thereafter. According to the XRD analysis,
formation of Mg(OH), on the surface impedes further electrochemical reaction and is the major source
for capacity degradation (approximately 1.2% per cycle).

Figure 1. An radio frequency (RF)-sputtering unit with an 8” nickel target decorated with different
amounts of modifying elements (bottom) and an array of sandblasted nickel substrates with silicon
witness substrates for composition measurements (top). The substrates are taped to a copper plate
with circulating ice water or liquid nitrogen.
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Table 2. Maximum discharge capacities of Mg-Ni binary thin films deposited on ice water-cooled
nickel substrates with 20 mA- g‘1 charge and discharge current densities. Mgs,Nigg (AR1) is identified
as the composition with the highest discharge capacity. Microstructures and phase abundances were
obtained from the X-ray diffraction (XRD) patterns in reference [50].

Alloy Composition ~ Discharge Capacity (mAh-g—1) Microstructure
MgugNis, 302 30% microcrystalline + 70% amorphous
Mgz, Nigg 327 20% microcrystalline + 80% amorphous
Mgs7Niy3 260 10% polycrystalline + 90% amorphous
Mgg1Nizg 75 20% polycrystalline + 80% amorphous
MggsNizs 20 30% polycrystalline + 70% amorphous
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Figure 2. Maximum discharge capacities of (a) Mg-Ni-Co ternary and (b) Mg-Ni-Co-Mn quaternary
thin films deposited on liquid nitrogen-cooled nickel substrates with 50 mA-g~! charge and discharge
current densities. AR2 (Mgs,.1Nig51Cop8) and AR3 (Mgs,NizgCozMnyg) are identified as compositions
corresponding to the highest discharge capacities.
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Figure 3. Cycling performances of Mg-Ni-Co thin film: #1 (Mgy; 9Nisp9Coy, deposited on liquid
nitrogen-cooled nickel substrate); #2 (Mga4 gNiss §Co0g 4 deposited on liquid nitrogen-cooled nickel
substrate); and #3 (Mg377Nis4 ¢Coy 7 deposited on ice water-cooled nickel substrate) with 100 mA- g_1
charge and discharge current densities. All films show similar cycling behavior. Two or three cycles
are needed for activation, and once the electrodes are fully activated, steady capacity degradation is
observed until around cycle 10. Capacity maintains stability from cycle 10 to 20.
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Table 3. Evolution of an MgNi-based MH alloy formula with increasing degree of disorder (number of
constituent elements). Bulk powder was produced by melt spinning (MS) + mechanical alloying MA.

Formula Composition Thin Film Discharge  Bulk Powder Discharge Power Cvdle Life
Name P Capacity (mAh-g™1) Capacity (mAh-g™1) 4
AR1 MgsoNigg 327 - Low Low
AR2 Mg52'1Ni45‘1C02'8 662 - Low Low
AR3 MgzaNizgCozMng 639 791 Medium Low
AR4 Mgs1 5NizzCogMnyFeq 5 823 472 Medium Improved
AR5 Mg50Ni40Co6Mn3Zr1 592 456 Good Good

3.2. MgNi-Based Alloy Powder Prepared by Melt Spinning + Mechanical Alloying

According to the Mg-Ni binary phase diagram, AR2 and AR3 compositions cannot be reproduced
by the conventional melt-and-cast method [51]. Therefore, we used a powder fabrication method
combining the MS and MA techniques. The former (see Figure 4a for the MS system) produces ribbons
with closely packed polycrystalline Mg, Ni and MgNi, phases, and the latter (see Figure 4b for the
MA attritor system) produces powder with an amorphous MgNi phase and therefore reproduces the
microstructure and electrochemical capacity of the thin film work.

Figure 4. Photos of (a) a home-built MS system with a 2 kg induction furnace (top) and a rotating
copper wheel (center) and (b) an attritor enclosed in a glovebox filled with argon gas. Powder is
collected in a canister (bottom) that can be separated from the system by a butterfly valve.

Compared to the method of using MA with raw material in elemental powder form alone,
incorporation of MS in the alloy fabrication process can reduce the MA time from 72 h to 12 h and
lower the material cost. The polycrystalline and amorphous natures of MS ribbon before and after
the MA process, respectively, are revealed by XRD, as shown in Figure 5. The cycle stability of
the AR3 powder made by MS + MA, shown in Figure 6, is much more severe than that of its thin
film counterpart. More specifically, degradation of the bulk AR3 powder occurs at approximately
10% per cycle in the first 10 cycles. While the addition of 1 wt% Si or Zr in the MA process does not
affect the cycling performance, the addition of 1 wt% Fe reduces the capacity degradation to around
4% per cycle in the first 10 cycles. Furthermore, although the initial capacity is decreased with the
addition of Fe to AR3 powder, the maintained capacity at higher cycle number is much higher than
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the original or modified AR3 powder with other additions. Addition of Fe also shows significant

improvement in cycle stability in our thin film results.
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Figure 5. XRD patterns from MS AR3 ribbon samples (a) before and (b) after MA. With MA,

the microstructure changes from polycrystalline Mg;Ni and MgNi, phases to amorphous MgNi

and microcrystalline Mg,Ni and MgNi, phases.
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Figure 6. Cycling performances of MS + MA AR3 powders with (a) no additive; (b) 1 wt% Fe;
(c) 1 wt% Si; and (d) 1 wt% Zr MA for 3 h with 100 mA~g‘1 charge and discharge current densities.
Cycle stability in the bulk form is much worse compared to that in the thin film form. While the
addition of Si or Zr in the MA process does not affect the cycling performance, the addition of Fe
reduces the capacity degradation. Although the initial capacity is decreased with the addition of Fe,
the maintained capacity at higher cycle number is much higher than the original or modified AR3

powder with other additions.
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Figure 7 shows TEM micrographs of the AR3 powder sample made by MS + MA, and it reveals
that the material density is not uniform. Large areas with lower density (brighter contrast) are
found alongside the scroll-type denser regions (darker contrast). This type of microstructure cannot
form the protective oxide layer that prevents further oxidation found in other MH alloys [52] and
consequently causes the more severe degradation observed in the bulk form compared to that the
thin film form. Therefore, in order to magnify the effect of electrolyte composition modification,
the AR3 powder made by MS + MA is the perfect candidate for the current study on corrosion of
MH alloy in electrolytes composed of various hydroxides, despite the fact that we have developed
a series of new compositions based on the quaternary AR3 composition, new surface treatments,
coatings, binder/surfactant additions, and other methods to improve the cycle stability of MgNi-based
MH alloys.

Figure 7. Transmission electron microscope (TEM) micrographs at (a) x100,000 and (b) x200,000

magnifications of the AR3 powder made by MS + MA at different magnifications. The cellular
structures seen in the micrographs are from the cross-section of a sponge-scroll type of microstructure.
Areas with darker contrast represent the scroll-type denser regions.

3.3. Conductivities of Various Hydroxide Electrolytes

Room temperature conductivities of different concentrations of KOH and other hydroxide aqueous
solutions were measured and then normalized to that of 6 M KOH aqueous solution, and the results
are summarized in Table Al in Appendix. Due to its low solubility, no effect on conductivity is
observed with the addition of Mg(OH),, Ca(OH),, Sr(OH),, or Ba(OH), in 6 M KOH aqueous solution.
Moreover, as a representative example, the electrolyte conductivities are plotted against the total OH™
concentration in solution for 1 M LiOH, NaOH, RbOH, and CsOH, and 0.6 M and 1.2 M tEAOH
(tetraethylammonium hydroxide) in various concentrations of KOH aqueous solutions in Figure 8.
As the total OH™ concentration increases, the electrolyte conductivity increases. Also, at any fixed
KOH concentration, the electrolyte conductivity increases in agreement with the following trend:
tEAOH < LiOH < NaOH < RbOH < CsOH addition. However, none of the conductivities of mixed
hydroxide electrolytes exceeds that of pure KOH aqueous solution. According to Stokes” Law, as the
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object size increases, it experiences more friction or drag when moving through fluid, as indicated in
the equation for a spherical particle object:

(= 6mr (1)

where ( is the drag coefficient of object, n is the fluid viscosity, and r is the object radius. The drag
coefficient also presents in the Einstein relation:

D= — 2)
where D is the diffusion coefficient, kg is the Boltzmann's constant, and T is the absolute temperature.

Thus, the diffusion coefficient can be directly related to the size of object moving in fluid by combining
Equations (1) and (2), which gives the Stokes-Einstein-Sutherland equation:

kgT
D=_— 3)
67mmr
110
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v 3
g 90
8T 80
EQO
S ; 70
> i
T o €0 ——1 M LiOH
£ %5 501 -#-1M NaOH
-é ® 40 A =41 M RbOH
€% 30 -e-1M CsOH
(O] 20 | —=0.6 M tEAOH
~5¢12 MtEAOH
10 T T T T T
0.0 1.0 2.0 3.0 40 5.0 6.0 7.0

Total [OH"] in electrolyte (M)

Figure 8. Plot of conductivities normalized to that of 6 M KOH aqueous solution vs. the total
OH™ concentration in solution for various hydroxide aqueous solutions. The KOH concentration is
the difference between the total OH™ concentration and additive concentration. As the total OH™
concentration increases, the electrolyte conductivity increases. Also, at any fixed KOH concentration,
the electrolyte conductivity increases in the order of tetraethylammonium hydroxide (tEAOH) < LiOH
< NaOH < RbOH < CsOH addition.

Furthermore, molar conductivity of each ionic species in solution can be linked to the diffusion
coefficient by the Nernst-Einstein equation:

A0 <F2> 2D, 4)
m,l RT 11

where A?n,i is the limiting molar conductivity (molar conductivity at the limit of infinite dilution)
of ionic species, F is the Faraday constant, R is the gas constant, z; is the charge number of ionic
species, and D; is the diffusion coefficient of ionic species. In the case of hydroxide solution,
electrolyte conductivity is determined by the combination of contributions from both the cation
and anion species, which can be expressed by the Kohlrausch’s law of independent migration of ions:

AL =viAd v A (5)

where A?n, Agll 4, and A?n,_ are the limiting molar conductivities of electrolyte, cation, and anion,
respectively, and v, and v_ are the stoichiometric coefficients of cation and anion, respectively. Since the
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anion species in the current study is unchanged, the observed differences in overall electrolyte
conductivity are caused by the various cation species. As the cation size increases, the diffusion
coefficient decreases, and the limiting molar conductivity consequently decreases. Among all the cation
species in the current study, tEA™ is the largest and results in the lowest conductivity upon tEAOH
addition. However, this trend is not observed with the smaller alkali cations. When the cation size is
very small, the cation has higher charge density and therefore shows a higher tendency to attract water
molecules. In other words, a smaller cation has a larger amount of surrounding water, which makes
its transport in solution more difficult (higher drag coefficient and lower diffusion constant) and
contributes to the observed lower electrolyte conductivity. The normalized electrolyte conductivities
of alkali hydroxides at the same level of addition in 4 M KOH aqueous solution are plotted against the
cation radii in Figure 9, and a linear dependency with a very high correlation factor (R?) is clearly
demonstrated. In addition, adding hydroxides with other alkali cations in KOH aqueous solution
reduces the electrolyte conductivity slightly compared to pure KOH aqueous solution (5 M KOH
aqueous solution has approximately the same conductivity as 6 M KOH aqueous solution at room
temperature, which has the normalized conductivity value of 100%), indicating that a pure electrolyte
system may have higher electrolyte conductivity than a heterogeneous electrolyte system at the same
OH™ solution concentration. Such a phenomenon is interesting to observe and deserves further
investigation of, for example, the effect of interaction between cations in a heterogeneous hydroxide
electrolyte system on conductivity.

100

4 M KOH +1M XOH

\O
a1
1

Conductivity compared
to that of 6 M KOH (%)
\O
(=}

85 T T
0.50 1.00 1.50 2.00

Ion size (A)

Figure 9. Plot of the conductivities of 4 M KOH + 1 M XOH aqueous solutions normalized to that of
6 M KOH aqueous solution vs. the cation sizes of alkali elements Xs.

3.4. Corrosion Performances in Various Hydroxide Electrolytes

The AR3 powder made by MS + MA is used as the negative electrode material for the
corrosion study in various hydroxide aqueous solutions. Before studying the relative corrosion
strengths of different electrolytes, an evaluation of capacity degradation must be established. We use
three hypothetic electrolytes (Electrolytes 1, 2, and 3) in Figure 10 as the representatives to explain and
describe the differences in discharge characteristics in various hydroxide aqueous solutions observed
in the current study. Looking closely at the first cycle discharge voltage profiles from half-cells with
the three different electrolytes (Figure 10a), the largest initial discharge capacity is observed with
Electrolyte 1. The difference in discharge voltage curve length indicates that Electrolyte 1 has the
strongest activation power compared to Electrolytes 2 and 3. In other words, Electrolyte 1 activates the
largest portion of MH alloy within the same initial charging period as in Electrolytes 2 and 3, which is
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the main reason for its superior initial capacity performance. However, higher activation power also
corresponds to stronger corrosion strength, increasing in the order of Electrolyte 3 < Electrolyte 2
< Electrolyte 1. The discharge capacities are plotted against the cycle number in Figure 10b, and the
degradation in Electrolyte 1 is worse (higher capacity loss per cycle) compared to that in Electrolyte 3.
Therefore, in order to separate the contribution of activation to degradation, degradation calculation in
this study is defined as:

Caphigh — Capiow

Degradation in capacity loss % per cycle =
(”high - "llow) Capnigh

x 100% (6)

where Cappgp, and Capyq,, are the highest and lowest capacities throughout cycling (Capp;gh is usually
the initial capacity in the current study), respectively, and np;g, and nj,, are the corresponding cycle
numbers. It is worth noting that a positive correlation is found between the activation power and
electrolyte conductivity in the current study, i.e., electrolyte conductivity increases in the order of
Electrolyte 3 < Electrolyte 2 < Electrolyte 1. The highest conductivity of Electrolyte 1 (or the lowest
internal resistance, as observed from its highest voltage plateau in Figure 10a) is also a contributing
factor for its highest initial capacity, albeit minor compared to the influence of activation power.
Therefore, the contribution of conductivity on capacity is neglected in the degradation calculation.

13 ®
Electrolyte 1 100 —o—Electrolyte 1
12 4 Electrolyte 2 90 - —o—Electrolyte 2
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Figure 10. Schematics of (a) the first cycle discharge voltage profiles and (b) capacity cycle data
from three hypothetical electrolytes with different activation powers (Electrolyte 3 < Electrolyte 2
< Electrolyte 1). Electrolyte 1 with the fastest activation shows the highest plateau voltage
(lowest impedance) and consequently the highest initial capacity. However, activation power is
strongly associated with corrosion strength, so Electrolyte 1 also exhibits the highest degradation rate.

Room temperature degradation of different concentrations of KOH and/or other hydroxide
aqueous solutions were measured, and the results are summarized in Table A2 in Appendix. Due to its
low solubility, no effect on degradation is observed with the addition of Mg(OH),, Ca(OH),, Sr(OH),,
or Ba(OH), in 6 M KOH aqueous solution. For the pure KOH aqueous solution systems at various
concentrations, the initial capacities and degradations normalized to those of 6 M KOH aqueous
solution are plotted against the total OH™ concentration in solution in Figure 11a,b, respectively.
Even after the attempt to eliminate the contribution of activation on degradation, a strong similarity
between the initial capacity and degradation performances is still present, meaning that activation and
corrosion are very closely related and cannot be completely separated by our calculation for KOH-based
electrolytes. Such correlation can also be seen in mixed electrolytes. For example, a resemblance
between the initial capacity (Figure 12a) and degradation (Figure 12b) performances in various
electrolyte mixtures of KOH and LiOH can be observed. It is also interesting to find that higher
OH™ concentrations in electrolytes do not necessarily correspond to higher corrosion.
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Figure 11. Plots of (a) the initial capacities and (b) degradation performances normalized to those of
6 M KOH aqueous solution vs. the total OH™ concentration in solution for several pure KOH aqueous
solution systems.
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Figure 12. Plots of (a) the initial capacities and (b) degradation performances normalized to those
of 6 M KOH aqueous solution vs. the total OH™ concentration in solution for various electrolyte
mixtures of KOH and LiOH. The trends in activation power (indicated by the initial capacity) and
degradation are similar: higher total OH™ concentration in solution corresponds to higher activation
power and degradation. However, an exception is observed with the KOH-free solution with lower
OH™ concentration (the leftmost data point of the 3 M LiOH series), which unexpectedly shows
a higher activation power and a higher degradation compared to the mixed solutions in the same series.
Such abnormality was found in many similar cases in this study (see data in Table A2 in Appendix).

As a representative example, the degradation performances compared to that of 6 M KOH
aqueous solution are plotted against the total OH™ concentration in solution for 1 M LiOH, NaOH,
RbOH, and CsOH, and 0.6 M tEAOH in 5 M KOH aqueous solution in Figure 13. With regard to
lowering the corrosion strength of pure KOH aqueous solution, both NaOH and tEAOH additions are
beneficial while CsOH, RbOH, and LiOH additions worsen the degradation behavior. More specifically,
the degradation performance improves in the trend of LiOH < RbOH < CsOH < KOH < tEAOH
< NaOH addition. Since the anion species in the current study is unchanged, the differences in
degradation are caused by the various cation species. The trend in reactivity series of alkali elements
was considered to be responsible for the observed degradation trend, which increases in the order
of Cs < Rb < K < Na < Li. Interestingly, it is clear that the two trends do not correlate very well.
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Determination of reactivity relies on the element characteristics alone, so the trend in reactivity
series is similar to another qualitative measure: ionization energy. However, the element’s reaction
partner also affects the reactivity of reaction. For example, for the reaction of an alkali element
in water, the element’s characteristics and interaction with water, such as enthalpy of sublimation
(M(s) = Mg)), ionization energy (M) — M(Jr) + e ), and enthalpy of dissolution (M(fg) — Mz;q) ),
must be taken into consideration in predicting iow reactive the reaction is. Therefore, the qualitative
electrochemical series is used to correlate with the degradation trend. The degradation performances
of alkali hydroxides at the same level of addition in 5 M KOH aqueous solution are plotted against
the standard redox potential in Figure 14, resulting in a linear dependency with a high R2. Due to the
lowest and highest redox potentials of Li and Na, respectively, the addition of LiOH appears to be
the most corrosive while the addition of NaOH retards degradation. Consequently, NaOH is used as
an electrolyte supplement for HT applications, where corrosion is much more aggressive, and LiOH
is added in electrolyte to increase electrolyte activity for the LT discharge performance in Ni/MH
battery [53].
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Figure 13. An example from the electrolyte degradation study. The KOH concentration is 5 M, and the
concentrations of additions are 1 M for LiOH, NaOH, RbOH, and CsOH, and 0.6 M for tEAOH.
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Figure 14. Plot of the degradation performances of 5 M KOH + 1 M XOH aqueous solutions normalized
to that of 6 M KOH aqueous solution vs. the standard redox potentials of alkali elements Xs.
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The entire data sets from Appendix are plotted in Figure 15. Most of the data plot to Quadrant III
(with lower degradation but also lower conductivity). Those points in Quadrant II show lower
conductivity and higher degradation and represent the most unsuitable electrolytes. From this chart,
we also find that while NaOH and CsOH additions can reduce the corrosive nature of an electrolyte
without sacrificing excessive amounts of conductivity, tEAOH is also a good candidate if electrolyte
conductivity is not a major concern for the application (e.g., high energy Ni/MH battery without
strict power requirements). We plan to continue this electrolyte study with additions of other
organic hydroxides and amphoteric hydroxides/oxides, such as quaternary ammonium hydroxides,
bis(ethylenediamine) copper(Il) hydroxide, choline base solution, tetrabutylphosphonium hydroxide,
hexamethonium hydroxide, and zinc oxide/hydroxide, in order to find possible candidates that fall in
Quadrant IV.
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Figure 15. Plot of the degradation performances vs. the conductivities for various hydroxide aqueous
solutions. Both quantities are normalized to those of 6 M KOH aqueous solution. Vertical and
horizontal lines corresponding to the values from standard 6 M KOH aqueous solution divide the plot
into Quadrants I, II, III, and IV. While the solutions in Quadrant II are less desirable (lower conductivity
and higher degradation), those in Quadrant III represent a compromise between conductivity and
degradation (lower conductivity and lower degradation). Future research will focus on finding
solutions in Quadrant IV. Data originate from Appendix.

4. Conclusions

Using a quaternary MgNiCoMn MH alloy powder prepared by MS followed by MA, we have
shown a clear map of the balancing of conductivity for a reduction in corrosive nature of electrolyte
and lower capacity degradation in KOH-based electrolytes. Among all modifying hydroxides, NaOH,
CsOH, and (C;Hs5)4N(OH) show the best conductivity /degradation results. Combining the results
from this study on various hydroxides with other methods of improving negative electrode cyclability,
such as salt/surfactant additions, surface coatings/treatments, and composition optimizations, the use
of high-capacity MgNi-based MH alloy in commercial Ni/MH battery is possible.
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Abbreviations

MH Metal hydride

Ni/MH Nickel/metal hydride

HRD High-rate dischargeability

LT Low temperature

RT Room temperature

HT High temperature

DOE U.S. Department of Energy
RANGE Robust affordable next generation EV-storage
RF Radio frequency

MS Melt spinning

MA Mechanical alloying

XRD X-ray diffractometer

TEM Transmission electron microscope
tEAOH Tetraethylammonium hydroxide
R? Correlation factor

Appendix

Table A1l. Room temperature conductivities of electrolytes with various concentrations of KOH and

other hydroxides normalized to that of 6 M KOH aqueous solution. Electrolyte with conductivity value

higher than 100% implies that it is more conductive compared to the standard electrolyte (6 M KOH

aqueous solution).

KOH X(OH), [OH"] Conductivity KOH X(OH), [OH"] Conductivity
Content "y "o () %) Content o oD o %)
0.00 3.00 3.00 43.43 0.00 1.00 1.00 32.70
0.00 4.00 4.00 51.15 0.00 2.00 2.00 53.15
1.00 3.00 4.00 59.61 0.00 3.00 3.00 62.71
1.00 4.00 5.00 64.96 0.00 4.00 4.00 65.23
2.00 1.00 3.00 66.64 0.00 5.00 5.00 63.33
X=Liy=1 2.00 3.00 5.00 72.41 0.00 6.00 6.00 58.47
2.00 4.00 6.00 73.06 1.00 1.00 2.00 57.48
3.00 1.00 4.00 80.02 1.00 2.00 3.00 67.98
4.00 1.00 5.00 88.65 1.00 3.00 4.00 72.19
5.00 1.00 6.00 93.29 1.00 4.00 5.00 70.02
5.50 0.50 6.00 97.23 X=Na,y=1 1.00 5.00 6.00 64.41
6.00 0.50 6.50 98.03 ! 2.00 1.00 3.00 72.13
0.00 1.00 1.00 28.79 2.00 2.00 4.00 77 .44
0.00 2.00 2.00 50.18 2.00 3.00 5.00 75.93
0.00 3.00 3.00 66.16 2.00 4.00 6.00 71.31
0.00 4.00 4.00 51.08 3.00 1.00 4.00 82.89
0.00 5.00 5.00 58.26 3.00 2.00 5.00 82.71
0.00 6.00 6.00 89.38 3.00 3.00 6.00 78.60
1.00 1.00 2.00 54.83 4.00 1.00 5.00 89.96
1.00 2.00 3.00 69.90 5.00 1.00 6.00 92.27
1.00 3.00 4.00 53.39 5.50 0.50 6.00 95.16
1.00 4.00 5.00 61.53 6.00 0.50 6.50 97.21
X=Rb,y=1 1.00 5.00 6.00 68.47 0.00 1.00 1.00 36.18
4 2.00 1.00 3.00 74.04 0.00 3.00 3.00 78.65
2.00 2.00 4.00 83.90 0.00 4.00 4.00 78.10
2.00 3.00 5.00 88.69 0.00 5.00 5.00 53.39
2.00 4.00 6.00 70.78 0.00 6.00 6.00 100.31
3.00 1.00 4.00 84.95 1.00 1.00 2.00 59.81
3.00 2.00 5.00 91.47 1.00 2.00 3.00 50.59
3.00 3.00 6.00 94.65 1.00 4.00 5.00 61.59
4.00 1.00 5.00 93.68 X=Cs y=1 1.00 5.00 6.00 71.33
4.00 2.00 6.00 96.59 ’ 2.00 1.00 3.00 79.92
5.00 1.00 6.00 98.66 2.00 3.00 5.00 60.30
5.50 0.50 6.00 99.68 2.00 4.00 6.00 71.26
6.00 0.50 6.50 100.93 3.00 1.00 4.00 88.99
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KOH X(OH), [OH™] Conductivity KOH X(OH), [OH"] Conductivity
Y Y R V) %) Content o oD %)

0.00 0.62 0.62 20.13 3.00 3.00 6.00 69.31
0.00 1.24 1.24 24.55 4.00 1.00 5.00 95.97
0.00 1.86 1.86 24.83 5.00 1.00 6.00 98.78
1.00 0.62 1.62 38.87 5.50 0.50 6.00 99.95
1.00 1.24 2.24 37.29 6.00 0.50 6.50 101.21
1.00 1.86 2.86 32.94
2.00 0.62 2.62 52.90 _ _
200 1.24 324 4627 X=Mg,y=2 6.00 0.0130  6.0259 99.58

X=tEA,y=1 2.00 1.86 3.86 38.71
2.00 248 4.48 31.31
3.00 0.62 3.62 61.80 X=Ca,y=2 6.00 0.0180  6.0360 98.81
3.00 1.24 4.24 56.29
3.00 1.86 4.86 41.75
4.00 0.62 4.62 69.22 X=5r,y=2 6.00 0.0004 6.0008 98.73
4.00 1.24 5.24 73.48
5.00 0.62 5.62 75.74
5.50 0.31 5.81 83.96 X=Ba,y=2 6.00 0.0005 6.0011 98.74
6.00 0.31 6.31 85.68

Table A2. Room temperature degradation performances (defined as percentage capacity loss per cycle)

of electrolytes with various concentrations of KOH and other hydroxides normalized to that of

6 M KOH aqueous solution. Electrolyte with degradation value higher than 100% implies that it

is more corrosive compared to the standard electrolyte (6 M KOH aqueous solution).

Content KOH X(OH), [OH"] Degradation Content KOH X(OH), [OH"] Degradation
™M) M) ™M) (%) M) M) (M) (%)
1.00 0.00 1.00 101.92 0.00 1.00 1.00 82.11
2.00 0.00 2.00 104.64 0.00 2.00 2.00 117.41
3.00 0.00 3.00 110.26 0.00 3.00 3.00 114.34
4.00 0.00 4.00 104.69 0.00 4.00 4.00 75.89
5.00 0.00 5.00 116.52 0.00 5.00 5.00 65.91
5.50 0.00 5.50 83.76 0.00 6.00 6.00 67.41
6.00 0.00 6.00 100.00 1.00 1.00 2.00 89.07
0.00 3.00 3.00 108.06 1.00 2.00 3.00 103.36
0.00 4.00 4.00 104.05 1.00 3.00 4.00 78.91

X=Liy=1 1.00 3.00 4.00 109.58 1.00 4.00 5.00 65.76
1.00 4.00 5.00 113.00 X=Na,y=1 1.00 5.00 6.00 64.64
2.00 1.00 3.00 97.59 ! 2.00 1.00 3.00 91.91
2.00 3.00 5.00 107.62 2.00 2.00 4.00 106.48
2.00 4.00 6.00 112.67 2.00 3.00 5.00 89.88
3.00 1.00 4.00 104.37 2.00 4.00 6.00 89.46
4.00 1.00 5.00 101.92 3.00 1.00 4.00 89.90
5.00 1.00 6.00 114.28 3.00 2.00 5.00 105.34
5.50 0.50 6.00 108.68 3.00 3.00 6.00 103.66
6.00 0.50 6.50 117.71 4.00 1.00 5.00 103.81
0.00 1.00 1.00 107.00 5.00 1.00 6.00 92.73
0.00 2.00 2.00 104.29 5.50 0.50 6.00 94.45
0.00 3.00 3.00 92.36 6.00 0.50 6.50 112.35
0.00 4.00 4.00 86.38 0.00 1.00 1.00 82.36
0.00 5.00 5.00 95.83 0.00 2.00 2.00 81.80
0.00 6.00 6.00 102.33 0.00 3.00 3.00 85.26
1.00 1.00 2.00 101.22 0.00 4.00 4.00 77.61
1.00 2.00 3.00 107.25 0.00 5.00 5.00 90.85
1.00 3.00 4.00 84.30 0.00 6.00 6.00 107.00
1.00 4.00 5.00 86.97 1.00 1.00 2.00 76.35

X=Rb,y=1 1.00 5.00 6.00 88.66 1.00 2.00 3.00 79.92

! 2.00 1.00 3.00 98.37 1.00 3.00 4.00 82.31
2.00 2.00 4.00 112.52 1.00 4.00 5.00 94.88
2.00 3.00 5.00 95.00 1.00 5.00 6.00 92.78
2.00 4.00 6.00 92.46 X=Cs,y=1 2.00 1.00 3.00 88.79
3.00 1.00 4.00 104.29 2.00 2.00 4.00 77.35
3.00 2.00 5.00 111.65 2.00 3.00 5.00 86.31
3.00 3.00 6.00 98.37 2.00 4.00 6.00 93.55
4.00 1.00 5.00 107.25 3.00 1.00 4.00 89.42
4.00 2.00 6.00 112.63 3.00 2.00 5.00 81.53
5.00 1.00 6.00 112.52 3.00 3.00 6.00 86.18
5.50 0.50 6.00 111.65 4.00 1.00 5.00 103.22
6.00 0.50 6.50 109.97 4.00 2.00 6.00 76.46
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Table A2. Cont.

ot O TORT DG Gy YR ot 08T Degon

000 062 0.62 82.42 5.00 1.00  6.00 104.51
0.00 1.24 1.24 76.59 5.50 0.50 6.00 97.03
0.00 1.86 1.86 76.97 6.00 0.50 6.50 104.57
000 248 248 85.49
1.00 062 1.62 78.96
1.00 1.24 224 74.06 X=Mg,y=2 600 00130 6.0259 98.38
1.00 1.86 2.86 75.89
100 248 3.48 75.15
200 062 2.62 76.65

X=tEA,y=1 ;:88 }:ég g:é‘é gg% X=Ca,y=2 600 00180 6.0360 98.29
200 248 4.48 93.69
300 062 3.62 81.94
388 1?61 iég gigg X=6r,y=2 6.00 0.0004  6.0008 96.13
400 062 4.62 83.07
4.00 1.24 5.24 84.43
e e oo X=Ba,y=2 600 00005 60011 9790
6.00 0.31 6.31 97.26
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