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Abstract

Zinc electrodeposition and electrodissolution in methanesulfonic acid (MSA)
electrolytes mixed with chloride or sulfate are investigated in a 3-electrode
cell for eventual use in divided and undivided zinc-cerium redox flow batte-
ries (RFB). Cyclic voltammetry and polarization experiments show that the
addition of chloride to methanesulfonate-based electrolytes shifts the nucleation
potential in the positive direction, lowers the nucleation overpotential and en-
hances the kinetics of Zn deposition and subsequent dissolution relative to that
achieved when sulfate is added or MSA is the only anion present. In addition,
the diffusion coefficient of Zn(II) and the resulting limiting current density for
Zn deposition have been found to be moderately higher in mixed methanesulfo-
nate/chloride media than when chloride is absent. The effects of temperature,
MSA concentration, Zn(II) concentration and current density on the Zn/Zn(II)
system have also been investigated under potentiostatic and galvanostatic con-
ditions. Although an increase in temperature and/or MSA concentration tends
to lower the charge efficiency for Zn deposition in both mixed and MSA-only
electrolytes due to the higher rate of hydrogen evolution, the amount of zinc
deposited, charge and voltage efficiency always remain significantly higher in
the mixed methanesulfonate/chloride media than the pure MSA media. Thus,

the use of a mixed methanesulfonate/chloride media should enable both divided
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and undivided zinc-cerium RFBs to operate over a wider range of temperatures
and MSA concentrations compared to the case with pure MSA electrolyte. The
addition of sulfate to MSA-based electrolytes, however, does not improve the
performance of the Zn/Zn(II) system relative to that possible in the MSA-only
electrolytes.

Keywords: deposition, dissolution, mixed electrolyte, redox flow battery, zinc

1. Introduction

In the last few years, the interest in energy storage devices has intensified
[1,2]. A reliable and cost-effective energy storage unit can dramatically enhance
the integration of renewable energies such as solar and wind into the electrical
grid and can smooth out the large inherent fluctuations in the availability of
these sources. The energy produced from renewable sources under the proper
conditions (time and climate) can be stored in a storage unit and discharged
during periods of high demand. If successful, these storage devices will enable
the electrical grid to be far less reliant on energy sources such as fossil fuels that
are responsible for major environmental problems (climate change, acid rain,
air pollution).

One of the most recent and promising technologies for energy storage are
redox flow batteries (RFB). Since the active material in RFBs is stored exter-
nally from the cell in storage tanks, the energy and power of such batteries
are independent and so they can be scaled up more easily than other types of
storage devices [3]. Over the past decades, different RFB systems have been
developed. Among these systems, zinc-based RFBs have gained a great deal of
attention due to the availability and low price of zinc and the successful use of
zinc electrodes in many other battery systems. More importantly, the zinc redox
couple provides a large negative potential in aqueous media with a two-electron
transfer reaction. Zinc-cerium RFBs are relatively new systems developed by
Plurion Inc. [4]. This system offers the highest open-circuit voltage (2.4 V)
among the other RFBs, which can lead to high energy densities when the elec-
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trolyte contains high concentrations of the electroactive species. In this battery,
methanesulfonic acid (MSA) has been used as the supporting electrolyte for
both the negative Zn/Zn(II) and positive Ce(III)/Ce(IV) half-cells. Divided
two-compartment zinc-cerium RFB cells have been operated with 0.8 mol dm =3
cerous methanesulfonate dissolved in 4 moldm—2 MSA for the positive half-cell
and 1.5 moldm 2 zinc methanesulfonate in 1 moldm—3 MSA for the negative
half-cell [5]. Lower MSA concentrations are used in the negative half-cell since
higher concentrations lead to lower zinc deposition/dissolution efficiencies due
to competition from the hydrogen evolution reaction [6]. This battery has been
operated at 40-60°C [7] due to the higher reversibility and improved kinetics of
the Ce(III)/Ce(IV) redox couple at higher temperatures [7], [8].

Despite these advantages, the zinc-cerium system faces a number of obstacles
that must be overcome if RFBs based on this chemistry are to become commer-
cially feasible. This has led to considerable research activity on this system in
recent years. Despite its favourable thermodynamics, the Ce(III)/Ce(IV) redox
reaction has sluggish kinetics [7]. The solubility of Ce(III) rises as the MSA
concentration is reduced, whereas the solubility of Ce(IV) is affected in the op-
posite way [9]. Thus, a compromise must be made to maintain high solubility
of both cerium species in the electrolyte. In order to improve the reversibility
and kinetics of the Ce(III)/Ce(IV) redox couple and solubility of both cerium
species, the use of a mixed-electrolyte media has been investigated as a potential
remedy [10,11]. The addition of moderate concentrations (0.5 — 1 moldm~3) of
hydrochloric acid to the base MSA electrolyte has been shown to significantly
improve the reversibility and kinetics of the Ce(III)/Ce(IV) redox reaction [11].
Moreover, the diffusion coefficient of Ce(III) was also found to be enhanced
in these mixed electrolytes [11]. Although the presence of sulfate rather than
chloride in mixed methanesulfonate media also has a positive influence on the
Ce(III)/Ce(IV) reaction, its effect does not appear to be as strong [11]. One
beneficial effect is an increase in the solubility of Ce(IV) to 1.0 moldm™2 in 2
mol dm~? methanesulfonate / 0.5 mol dm~? sulfate solution [10], while it is less

than 0.5 moldm™3 in 2.5 moldm =2 pure MSA electrolyte [9]. The introduction
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of a mixed acid media has also been used in all-vanadium redox flow batteries
and also found to have positive effects [12,13]. A mixed chloride/sulfate electro-
lyte enhanced the operating temperature range and stability of vanadium species
which was attributed to the formation of stable and soluble vanadium-chloride
intermediate complexes [14].

Leung et al. have investigated the use of a membrane-less single compart-
ment zinc-cerium RFB [15]. Elimination of the expensive ion-exchange mem-
brane from RFBs is a very attractive option since it would significantly reduce
the cost of materials, simplify the design of the battery and reduce the ohmic
resistance across the cell. Moreover, the proposed undivided zinc/cerium RFB
is operated at room temperature [15], which is more desirable than the 50°C
considered for a divided zinc/cerium RFB [5]. As mentioned before, a high
MSA concentration is required for a high solubility of Ce(IV) [9], while the
efficiency of zinc deposition/dissolution reaction decreases at high MSA con-
centrations due to excessive hydrogen evolution [6]. Thus, in a membrane-less
battery where a single electrolyte is used, a compromise must be made between
a high Ce(IV) solubility and high efficiency of the Zn/Zn(II) redox reaction.
Consequently, membrane-less zinc-cerium RFBs have been operated at lower
acid concentrations (~ 0.2 moldm~2 — 0.5 moldm~3) and lower Ce concen-
trations (0.2 moldm=3 — 0.4 moldm=3 Ce(III) ) [15,16]. The most successful
undivided battery to date has reportedly achieved a current efficiency of 90%
and an energy efficiency of 75% at 20 mA cm~2 [15].

As mentioned previously, mixed-acid media, particularly MSA-chloride elec-
trolyte, have been shown to significantly enhance the reversibility and kinetics
of the Ce(III)/Ce(IV) half-cell reaction [11]. Hence, we expect that it would be
beneficial to use such mixed-acid media in a membrane-less zinc-cerium RFB
as well. Since both electrodes and half-cells are exposed to the same electrolyte
in a membrane-less RFB, it is essential to first investigate the influence of such
mixed electrolytes on the zinc deposition and dissolution reactions that occur at
the negative electrode during the charge and discharge of a zinc-cerium RFB.

The Zn/Zn(I1) half-cell reaction has been studied in methanesulfonic [6,17],
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sulfuric [18,19,20,21] and chloride [21,22,23] baths. However, to the best of our
knowledge, no study on this system in a mixed electrolyte has been reported.
The standard rate constant reported in pure chloride solutions is 8.78 x 1073
cms ™! [24], which is about an order of magnitude higher than the value of 0.16 x
1073 cms™! obtained in MSA-only electrolytes [25]. This reflects the beneficial
role of chlorides in enhancing the kinetics of the zinc redox reaction. Based
on the well-known behavior of metal deposition systems in general, we expect
that the addition of chloride ions to the base MSA electrolyte will be beneficial
to zinc deposition. It has been reported that the presence of chloride in zinc
electrowinning baths leads to lower polarization resistance and higher charge
efficiency of zinc deposition [26]. Additionally, cyclic voltammetry experiments
have shown that the overpotential is reduced and the cathodic peak potential is
shifted in the positive direction when zinc deposition is carried out in chloride-
only baths rather than sulfate-only electrolytes [21]. Chloride ions have also
improved the deposition performance of other metals and alloys such as nickel
[27], copper [28], chromium [29], indium [30] and Co-Ni alloys [31]. Thus, it is
reasonable to investigate the use of chloride ions to facilitate the zinc deposition
process.

In terms of the effect of electrolyte composition on zinc electrodissolution, a
thermometric study has shown that both chloride and sulfate tend to promote
the oxidation of zinc in acidic media and should be considered as corrosive
anions although it was not possible to easily differentiate between their relative
strengths as corrosion promoters [32]. Although the effect of chloride on zinc
dissolution in highly acidic methanesulfonate-based electrolytes has not been
reported to date, halogens including chloride have been shown to increase the
rate of the Zn(IT) /Zn(Hg) reduction and oxidation reaction when they are added
to a NaClOy base electrolyte [33], [34].

In this experimental study, we use a 3-electrode system to determine the
electrolyte composition and operating conditions that optimize the kinetics of
zinc electrodeposition and electrodissolution in mixed-electrolyte media with

particular emphasis on methanesulfonate/chloride solutions. Carbon electrodes
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have been commonly used in RFB systems due to their chemically inert nature.
In some applications, the carbon electrode must be coated to avoid corrosion by
corrosive ions (i.e. cerium in the case of an undivided zinc cerium RFB). More-
over, the negative electrode can be modified to inhibit undesired side reactions.
For example, indium-modified graphite electrodes can be used on the negative
side of the zinc-cerium RFBs to reduce hydrogen evolution [35]. In this work,
we use a glassy carbon disk electrode as the working electrode. Since the ulti-
mate aim is to determine the optimum operating conditions for a zinc-cerium
RFB, we apply compositions that are typically used for this application. The
undivided zinc-cerium RFBs are operated at lower acid concentrations (~ 0.2
mol dm~2 — 0.5 mol dm~2 MSA base electrolyte) [15,16], while the negative half-
cell of a divided zinc-cerium RFB typically contains a higher acid concentration
of ~ 1 moldm™3 MSA. Thus, in order to address both possible situations, we
investigate Zn electrodeposition/electrodissolution in two sets of solutions con-
taining either 0.2 moldm =2 or 1 moldm~3 MSA base electrolyte. In particular,
the effects of temperature, acid concentration and Zn(II) concentration on the

behavior of the Zn/Zn(II) system in mixed-electrolyte media are determined.

2. Experimental

For these experiments, a custom-made three-electrode water-jacketed glass
cell (Adams & Chittenden Scientific Glass) was employed. The capacity of the
cell is ~ 200 ml and the outer cell has the dimensions of 110 mm diameter X
55 mm height. This cell was connected to a circulating bath (Neslab RTE-8) to
control the electrolyte temperature throughout the experiments. All electroche-
mical experiments were carried out using an EPP-400 potentiostat (Princeton
Applied Research). The reference electrode was a saturated glass body calo-
mel electrode (Fisher Scientific) and the counter electrode was a graphite rod
(6.15 mm diameter x 50 mm long). All electrode potentials reported herein
correspond to the SCE scale. The working electrode was a glassy carbon (GC)
disk of 3 mm diameter (area ~ 0.071 cm?). The GC electrode tip has a PTFE
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holder that was fitted to the EDI101 rotator and CTV speed control unit (Ra-
diometer Analytical) for the rotating disk electrode (RDE) experiments. The
GC electrode was polished manually with 0.05 pm alumina powder (Buehler)
on a MicroCloth polishing pad (Buehler) for several minutes to a mirror fi-
nish prior to each experiment. The electrode was then rinsed thoroughly with
ultra-pure water (resistivity ~ 18 MQ c¢m). It has been shown that the ferricya-
nide/ferrocyanide redox reaction is sensitive to the cleanliness and preparation
method of GC electrodes [36]. Thus, the cleanliness of the GC electrode was
assessed by carrying out a cyclic voltammetry scan first from 0.6 to 0 V vs SCE

1'in a solution

and then reversing back to 0.6 V at a scan rate of 100 mV s~
containing 1 mmoldm ™2 ferricyanide and 1 moldm~2 KCI and measuring the
separation between the cathodic and anodic potential peaks for the ferricya-
nide/ferrocyanide redox couple. Ideally the separation should be close to 60
mV, as expected for a l-electron reaction. We measured the peak separation
using our clean GC electrode to be 69 mV, which is close to the reported va-
lue. After each test with ferricyanide, the electrode surface was again rinsed
thoroughly with water.

All solutions used for the zinc deposition/dissolution experiments were pre-
pared with analytical grade reagents and ultra-pure water (resistivity ~ 18
MQ cm). To prevent possible interference from the oxygen reduction reaction,
the solutions were purged with nitrogen gas prior to each deposition experiment
for 10 minutes and the subsequent experiments were conducted under a blan-
ket of nitrogen gas. The zinc(II) methanesulfonate solutions were prepared by
dissolving the appropriate amounts of high purity zinc oxide (Zochem Inc.) in
70% methanesulfonic acid (Alfa Aesar), while sodium methanesulfonate solu-
tions were prepared by dissolving sodium carbonate decahydrate (Alfa Aesar)
in 70% methanesulfonic acid. The resulting solutions were colorless with no
sign of any precipitate forming. Anhydrous zinc chloride (99% purity; Fisher
Scientific) and zinc sulfate heptahydrate (98% purity; Alfa Aesar) were added
to these solutions in order to introduce the chloride and sulfate ions into the

mixed-electrolyte media. In order to compare the mixed-electrolyte media with
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pure chloride and sulfate baths, solutions were also made with hydrochloric acid
(Sigma Aldrich) and sulfuric acid (Sigma Aldrich) instead of methanesulfonic
acid. Solutions that contain MSA, HCI and H2SO,4 have a pH close to zero. In
order to increase the pH of the solutions to higher values (pH 4) for the RDE
experiments, 0.5 moldm~3 sodium methanesulfonate, sodium chloride (EMD
Millipore) and sodium sulfate (EMD Millipore) were added to the sulfonic-,
chloride- and sulfate-based solutions, respectively, followed by the appropriate
amounts of MSA, HCI and HySOy, respectively. The kinematic viscosity of the
solutions was measured using a Cannon-Fenske viscometer tube. The pH of the
solutions was measured with an Orion (420A) pH meter.

The electrochemical techniques conducted included cyclic voltammetry, li-
near polarization and galvanostatic deposition/dissolution under unstirred con-
ditions and linear sweep voltammetry using a rotating disk electrode. Zinc depo-
sition onto the GC electrode was carried out galvanostatically for 30 seconds at
a constant current density of 25 mA cm ™2, followed by zinc dissolution with the
same current density. To prevent excessive oxidation of the electrode surface,
zinc dissolution was halted when the potential shifted to values more positive
than -0.5 versus SCE. For the morphology study, deposition onto a glassy car-
bon plate (Alfa Aesar) was carried out. The plate was taped with an insulating
polyester tape (Cole-Parmer) to ensure that the area of the working electrode

exposed to the solution was 0.5 x 0.5 cm?

. In this case, zinc deposition was
done galvanostatically at a current density of 50 mA cm~2 for 1 minute. The
images of the deposits were taken with a scanning electron microscope model

Zeiss FESEM 1530.

3. Results and Discussion

Table 1 shows the compositions of the different electrolytes investigated in
this study. As can be seen, MSA is the base acid in most of the samples. MSA
is less corrosive than hydrochloric acid and sulfuric acid, but has comparable

conductivity [37]. Moreover, only moderately high concentrations of chloride
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are suitable for the electrolyte to be used in a membrane-less zinc-cerium RFB
due to the possibility of chlorine gas forming in the presence of Ce(IV). Also, it
has been reported that the solubility of Ce(III) in sulfate baths is considerably
lower than in MSA media [9]. With these considerations, MSA is the better

choice as the base electrolyte.

Table 1: Electrolyte compositions investigated in this study

Low acid concentration

Base electrolyte ZnMSA ZnCl, ZnSO4

(moldm~3) (moldm™=3) (moldm™3) (moldm—3)
0.2 MSA 0.7 0 0
0.2 MSA 0.5 0.2 0
0.2 MSA 0.5 0 0.2
0.2 MSA 0.3 04 0
0.2 MSA 0.3 0 0.4
0.2 HCI* 0 0.7 0

0.2 HSO4* 0 0 0.7

High acid concentration

1.0 MSA 1.5 0 -
1.0 MSA 1.3 0.2 -
1.0 MSA 1.2 0.3 -
1.0 HCI* 0 1.5 -

* For comparison

Since undivided zinc-cerium RFBs are usually operated at lower acid con-
centrations [15,16], a 0.2 moldm 2 MSA base electrolyte containing a total of
0.7 moldm~3 Zn(II) is used for one series of voltammetry experiments (Table
1). The total Zn(II) concentration is kept fixed in order to fairly compare the
results obtained in the various solutions. For this series of experiments, soluti-
ons with mixed methanesulfonate/sulfate have also been prepared since it has
been reported that the solubility of Ce(IV) increases in the mixed methanesulfo-
nate/sulfate system [10] which would be beneficial for an undivided zinc-cerium

RFB. On the other hand, divided zinc-cerium RFBs operate at much higher



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

Zn(II) concentrations (1.5 moldm =3 ZnMSA in 1 moldm =2 MSA [5]). Thus, 1
mol dm ™3 MSA base electrolytes containing a total of 1.5 moldm™2 Zn(II) are

used for another series of voltammetry experiments (Table 1).

3.1. Effect of mized methanesulfonate/chloride electrolyte

Figure 1 shows the cyclic voltammograms obtained in the different mixed
methanesulfonate/chloride electrolytes with a total of 0.7 moldm™=3 Zn(II) in
0.2 moldm ™3 MSA (Table 1) at 25°C on a static glassy carbon electrode. The
potential is swept first from -0.5 to -1.3 V vs SCE and then reversed back to -0.5
V at a scan rate of 20 mVs~'. A nucleation loop appears during the cathodic
scan obtained in each solution and is typical of that observed during metal
electrodeposition. In each case, an oxidation peak during the reverse scan arises
due to the anodic stripping of Zn(II) into the solution from the metal coating
deposited during the previous cathodic portion of the scan.

The voltammograms clearly show that the addition of chloride ions to the
electrolyte significantly increases the cathodic and anodic current densities at
any particular potential during the scans and decreases the nucleation overpo-
tential (NOP). The NOP is the difference between the nucleation potential E,
(point A) at which cathodic current is first observed during the scan and the
crossover potential E., (point B) at which the current switches from cathodic
to anodic during the reverse scan and represents the degree of polarization of
the cathode [38]. As shown in Table 2, the reduction in the NOP obtained
in the mixed methanesulfonate/chloride electrolytes containing a total of 0.7
moldm ™3 Zn(II) relative to that in the MSA-only solution reaches as high as
50 mV. The amount of zinc deposited during the cathodic portion of each scan
can be determined by measurement of the anodic charge (Qa,) during the re-
verse scan. Analysis of the CVs in Figure 1 shows that the amount of zinc
deposited has increased by 57% and 129% when 0.2 and 0.4 moldm ™2 chloride
ion, respectively, replace MSA in the electrolyte (Table 2). Note that the total
Zn(II) concentration is kept fixed at 0.7 moldm™ in these solutions so that

these differences can be attributed to the amount of chloride present.

10



250

251

252

253

254

255

256

257

258

259

260

261

262

200 4
—0.7 M ZnMSA

150 1 0.5 MZnMSA +0.2 M znCl,

0.3 M ZnMSA + 0.4 M ZnCl,

—0.7 M zncl, /

100

w
o
L

i/ mAcm?
, o

-0.5 -0.4

-50

-100

E/V (SCE)

Figure 1: Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm2) in different mixed
methanesulfonate/chloride media with 0.2 mol dm=3 MSA base electrolyte at 25°C and a scan
rate of 20 mVs~1.

A similar trend is observed in the cyclic voltammograms in Figure 2 obtained
in the different mixed methanesulfonate/chloride electrolytes listed in Table
1 which contain a total of 1.5 moldm=2 Zn(II) in 1 moldm~2 MSA (typical
composition of the negative half-cell in divided RFBs). As shown in Table 2,
the NOP decreases by 90 mV when 0.3 moldm~3 chloride ion substitutes for
MSA in the electrolyte. Furthermore, Q,, increases by 113% relative to the
value obtained in the 1.5 moldm™3 ZnMSA solution when MSA is replaced
by 0.2 moldm™—2 chloride and by 179% when it is replaced by 0.3 moldm™3
chloride.

Due to the highly acidic environment of the studied electrolytes, hydrogen
evolution (HER) also accompanies zinc deposition during cathodic polarization.
In order to determine if the higher cathodic current density obtained in the

mixed methanesulfonate/chloride media is due to zinc deposition or hydrogen

11
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Figure 2: Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm2) in different mixed
methanesulfonate/chloride media with 1.0 mol dm=3 MSA base electrolyte at 25°C and a scan
rate of 20 mVs~1.

evolution, the charge efficiency (CE) over each of the voltammograms has been
determined and included in Table 2. The charge efficiency is calculated as the
ratio of the charge passed during the anodic portion of the scan to that obtained
during the cathodic portion. Table 2 shows that higher charge efficiency is
achieved in the mixed-electrolyte media than in the MSA-only electrolyte. Thus,
the mixed methanesulfonate/chloride electrolyte does not appear to promote the
HER and the higher current densities observed in the presence of chloride can
be attributed to an increase in the zinc deposition/dissolution rate.

Although a higher concentration of chloride ions in the mixed-electrolyte
media improves the zinc half-cell reaction kinetics, it would be preferable to
maintain the Cl~ concentration at lower levels in a membrane-less zinc-cerium
RFB due to the concern that it could be oxidized by Ce(IV) also present in

the electrolyte. Thus, based on the results of this section, a composition of

12
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Table 2: Effect of electrolyte composition on Eny, NOP, Qan and CE of zinc deposition in

mixed electrolyte solutions compared to pure methanesulfonate, chloride and sulfate solutions.

0.2 moldm~2 MSA base electrolyte
Composition (mol dm™) E,, (V) -NOP (mV) Q.. (mAs) CE (%)

0.7 ZnMSA -1.15 120 42.9 85
0.5 ZnMSA+ 0.2 ZnCly -1.11 80 67.4 93
0.3 ZnMSA + 0.4 ZnCly -1.11 70 98.4 89
0.7 ZnCl, -1.09 60 114.2 88
0.5 ZnMSA+ 0.2 ZnSOy4 -1.17 130 27.1 88
0.3 ZnMSA+ 0.4 ZnSOy4 -1.17 130 25.2 85
0.7 ZnSOy4 -1.18 130 31.3 89
1.0 moldm =3 MSA base electrolyte
1.5 ZnMSA -1.15 140 73.4 83
1.3 ZnMSA+ 0.2 ZnCl, -1.11 100 156.1 94
1.2 ZnMSA + 0.3 ZnCl, -1.07 50 204.8 90
1.5 ZnCl, -1.05 30 277.7 87

0.5 moldm = ZnMSA /0.2 moldm 2 ZnCls in 0.2 moldm~2 MSA is chosen for
subsequent analysis as an electrolyte in an undivided RFB (see section 3.4).
For a divided zinc-cerium RFB, higher chloride concentrations can be used with
the MSA base electrolyte. Thus, for this application, we will focus on the
composition of 1.2 moldm=2 ZnMSA /0.3 moldm~2 ZnCls in 1 moldm~3 MSA.
Although not included here, experiments have also been conducted in solutions
containing more ZnCly (i.e., 1.0 moldm=2 ZnMSA /0.5 moldm =3 ZnCly in 1
moldm~2 MSA), but little further change in the electrode response from that
obtained in 1.2 moldm™3 ZnMSA /0.3 moldm~3) ZnCly in 1 moldm—3 MSA
was observed. Thus, no further experiments in electrolytes containing more

than 0.3 moldm ™3 ZnCl, have been conducted.

3.2. Effect of mized methanesulfonate/sulfate electrolyte

Figure 3 shows cyclic voltammograms of the Zn/Zn(II) system in different
mixed methanesulfonate/sulfate electrolytes and the corresponding pure elec-

trolytes containing a total dissolved Zn(II) concentration of 0.7 moldm~3 in
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0.2 moldm~=2 MSA (Table 1). As Table 2 shows, the presence of sulfate ions
has a different effect from that of chloride by leading to a slight increase in
Enu (~ 20 mV), reflecting of a larger overpotential and more difficult onset of
zinc electrodeposition in mixed methanesulfonate/sulfate electrolyte compared
to the pure ZnMSA electrolyte. Although the charge efficiencies are compa-
rable in both pure and mixed electrolytes, the current density throughout the
cathodic portion of the scan and the anodic charge reflecting the amount of zinc
deposited are lower in the sulfate-containing solutions. Thus, although a mixed
methanesulfonate/sulfate electrolyte would have some benefits in an undivided
zinc/cerium RFB since it enhances the Ce(IV) solubility [10], our results show

that the kinetics of the Zn/Zn(II) redox reaction will suffer.

100 4

—0.7 M ZnMSA
80 -
—0.5 M ZnMSA + 0.2 M ZnSO,
60 -
0.3 M ZnMSA + 0.4 M ZnSO,,
40 -
—0.7 M ZnSO,
'E 20 +
o
< S I P,
€ 0 e
=~ 14 1 0.9 0.8 0.7 0.6 0.5 0.4
_20 4
-40 -
_60 4
-80 -

-100 -
E/ V (SCE)

Figure 3: Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm?) in different mixed
methanesulfonate/sulfate media with 0.2 moldm~=2 MSA base electrolyte at 25°C and a scan

rate of 20 mVs—!.

The CVs in these previous two sections clearly show that the addition of

chloride ions to the MSA base electrolyte leads to larger cathodic and anodic
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current densities and more zinc deposition compared to that obtained in the
pure MSA and sulfate-containing electrolytes. Also, the effect of the anions
on the overpotential for zinc deposition on glassy carbon electrode increases in
the following order: Cl~<CH3S0O5 <SOj . As previously mentioned, chloride
ions have been shown to enhance the electrodeposition of other metals as well.
One proposed mechanism for this effect is the bridging effect of chloride ions
[30,39]. In this mechanism, the chloride ions adsorb on the electrode substrate
and facilitate the electron transfer between the metal cations and the electrode
by forming bridges between them [30].

Another important factor is the strength of the interaction between Zn(II)
and the various ligands present which must be overcome in order to discharge
and deposit the metal. Consequently, the more stable a zinc ion-pair or complex
is, the slower should be the rate of zinc nucleation and deposition. One measure
of the strength of such an interaction is the magnitude of the stability constant
for its formation. The stability constant for the formation of the ZnCl* complex
at zero ionic strength is 109 [40]. On the other hand, the stability constant
for the formation of ZnSO, complex at zero ionic strength is 10%-3% [40]. Based
on this criterion, it should be easier to discharge Zn(II) and deposit metal in
the former than the latter electrolyte. This can explain the lower overpoten-
tial for Zn(IT) reduction in a mixed methanesulfonate/chloride bath compared
to a mixed methanesulfonate/sulfate electrolyte. No data were found in the
literature for the stability constant of zinc methanesulfonate complexes. Howe-
ver, it has been reported that methanesulfonate ions are stronger complexing
agents than chloride for other metals such as lead and cadmium [41]. Additio-
nally, a previous study on nickel deposition has shown that the overpotential for
Ni(II) reduction increases in the sequence ClO,; <CH3SO3 <SSO, , which leads
to the expectation that nickel-methanesulfonate complexes are less thermodyn-
amically favored than nickel-sulfate complexes and more than those containing
chloride [42]. In this study, we have found a similar trend in the overpotential for
Zn(II) reduction and thus propose that the stability of zinc-methanesulfonate

complexes is also higher than that of zinc-chloride complexes, leading to the
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mixed methanesulfonate/chloride bath being the most favorable electrolyte for

deposition.

3.8. Determination of exchange current density

159 038 -
11 s - o 1.5 M ZnMSA
05 / ~+1.3 M ZNMSA +0.2 M ZnCl,
04

< 0 1.2 M ZnMSA +0.3 M ZnCl,
£ 135 125 115 L 095 085 075 02 |
=05 < ~15Mzncl,
= | —15MZnMsA £
g | >0

-L5 1—1.3 M ZnMSA +0.2 M ZnCl, 1435 -+ ? 0995 -0-985

1.2 M ZnMSA +0.3 M ZnCl,

|—1.5Mznc,
E/ V (SCE) 08 - E/V (SCE)
() (b)
Figure 4: (a) Semi-log plot of current versus potential on a glassy carbon electrode (~ 0.071
cm?) immersed in different mixed methanesulfonate/chloride media obtained at a scan rate

of 2 mVs~!. (b) Linear polarization measurements for zinc on a glassy carbon electrode

obtained at a scan rate of 0.167 mVs~1.

Our results in Table 2 suggest that the addition of chloride enhances the
kinetics of the zinc redox reaction. Thus, we have conducted polarization ex-
periments to find the change in the values of exchange current densities upon
addition of chloride to the solution. Figure 4a is obtained by scanning the po-
tential at a sweep rate of 2 mVs~! up to 0.250 V in both directions from the
open circuit potential for each electrolyte shown in Table 3. The Butler-Volmer
equation (Eqn (1)) has been fitted to the experimental data to obtain the ex-
change current density (ig), 8, and .. A non-linear least-square method that
makes use of the trust region reflective algorithm (TRF) has been used to do

this fitting.

) (exp(2.3(E — Eoep)

i=1p 5 ) —exp(—

2-3(Eﬂ—c Eocp)))
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As Table 3 shows, the exchange current density increases from 11.3 x 1073
Acm™2t021.7x 1073 A cm ™2 upon addition of 0.2 mol dm ™~ ZnCl, and rises to
24.0 x 1073 A cm~2 when 0.3 moldm~3 ZnCl, is added. The highest exchange
current density was found for the pure ZnCly solution. These values are in the
same range (1073 A cm~?) as the reported values for zinc redox reaction in pure
chloride and MSA electrolytes [43,44]. It should be noted that as Table 3 shows,
the 8. and [, extracted from Figure 4a are all larger than the expected value
for a two-electron transfer (60 mV decade™!). However, they are in agreement
with the values reported in previous studies on zinc deposition and dissolution
reaction in pure MSA solutions [45].

For the linear polarization technique, a potential sweep rate of 0.117 mV s~}
was used and the potentials were limited to 0.010 V from the open circuit
potential. In this range of overpotential, current changes linearly with voltage
(Figure 4b). Similar to the results found from fitting the Butler-Volmer equation
to the experimental data, the exchange current densities increase as the chloride
concentration is raised. The difference between the values obtained by these
two methods has also been reported in a previous study on zinc redox reaction
in pure MSA electrolyte [45] and is attributed to the occurrence of hydrogen
evolution reaction particularly at higher overpotentials.

Table 3: Open circuit potential (Eocp), —B and B, along with the exchange current density

(i) calculated from fitting the Butler-Volmer equation to experimental data and use of the

linear polarization method.

<3 L»
Compomﬁc{m Fitting of Butler-Volmer Equation 11.1ear.
(moldm~3) polarization
Eocp _5C ﬁa iO i0
(V)  (mVdecade ') (mVdecade™’) mAcm—?2 mA cm 2
1.5 ZnMSA -1.008 177 170 11.3 5.4
1.3 ZnMSA + 0.2 ZnCly -1.011 170 170 21.7 12.7
1.2 ZnMSA + 0.3 ZnCly -1.014 200 200 24.0 15.2
1.5 ZnCly -1.023 181 200 27.0 21.9
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3.4. Determination of diffusion coefficients for Zn(II)

In order to study the possible effect of chloride and sulfate ions on the
transport properties of Zn(II), we conducted a series of linear sweep voltammetry
experiments on a rotating GC electrode in various Zn(II)-containing solutions
over the potential range where zinc deposition occurs. As mentioned previously,
zinc deposition is accompanied by HER in all the electrolytes considered so far in
this study due to their acidic conditions. This greatly complicates the accurate
determination of the diffusion coefficient of Zn(II) using the Levich equation
since the limiting current plateaus for its reduction do not clearly appear in the
linear sweep voltammograms obtained in these solutions. Consequently, we have
chosen to measure the Zn(II) diffusion coefficients in electrolytes that contain
lower Zn(II) concentrations and are less acidic to ensure that it is possible for
the measured current to be controlled by diffusion of Zn(II) alone. Table 4
shows the composition of the electrolytes used for estimation of the diffusion
coefficients. The pure MSA and mixed electrolyte solutions are adjusted to
pH 4 by adding 0.5 moldm~2 NaMSA and the appropriate amount of MSA.
Solutions with pure chloride and sulfate ions have also been characterized for
comparison. 0.5 moldm™3 NaCl or NaySO, are added to these solutions and
the pH is adjusted to 4 using the appropriate amount of HC1 or HySOy.

Figure 5a shows the cyclic voltammograms obtained in the different mixed
methanesulfonate/chloride electrolytes containing a total of 0.02 mol dm ™3 Zn(II)
(Table 4) at 25°C on a static glassy carbon electrode. In these experiments, the
potential is swept first from -0.8 to -1.4 V vs SCE and then reversed back to
-0.8 V at a scan rate of 20 mV s~!. Similar to that observed previously in the
more concentrated solutions, the addition of chloride shifts the E,, to more
positive values and increases the current density and amount of zinc deposited.
As reported previously [6], the limiting current density iy, is an important factor
in the charge/discharge of RFBs. Operation at current densities higher than
i, leads to excessive hydrogen evolution and hence a lower charge efficiency
when the battery is being re-charged. Figure 5b shows the electrode responses

obtained at 1600 rpm for the same compositions shown in Figure 5a. As can
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Figure 5: (a) Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm?) immersed
in different mixed methanesulfonate/chloride media at 25°C obtained at a scan rate of 20

mVs~!. (b) Comparison of linear sweep voltammograms for RDE rotating at 1600 rpm for

the same compositions shown in Figure 5a. Scan rate = 20 mVs~!.

be seen, these plots show that the limiting current density for Zn(II) reduction
is increased significantly by the presence of chloride (e.g., an increase from ~
-18 mAcm~2 to ~ -29 mA cm~2 as the ZnCl, concentration is raised from 0
to 0.016 mol dm~—3) despite the fact that the total amount of Zn(II) in solution
remains unchanged. A similar trend is observed at the other rotation speeds.
Linear sweep experiments over the potential range from -1.0 V to -1.9 V
vs SCE at a scan rate of 20 mVs~! on an RDE operating at rotation speeds
of 400, 900, 1600, 2500 and 3600 rpm have been conducted for each composi-
tion given in Table 4. Figure 6a shows an example of the set of linear sweep
voltammograms obtained in one of the solutions (0.01 moldm~2 ZnMSA/0.01
moldm—2 ZnCly in 0.5 moldm~2 NaMSA) at pH 4. The current density for
the mass transport-limited reaction of an electroactive species at a rotating disk

electrode is described by the Levich equation [46]

ir, = 0.620nF D?/3,1/2y=1/6¢ (2)

where n is the number of transferred electrons (2 in this case), F' is the Fara-

day constant, D is the diffusion coefficient, w is the rotation speed expressed in
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rads~!, v is the kinematic viscosity and c is the concentration of the electro-

1/2 according to the Levich

active species. Figure 6b shows a plot of ij, versus w
equation for the solution considered in Figure 6a. As predicted by the Levich
equation, the plot is linear and passes through the origin. Although not inclu-
ded here, similar results are obtained for the other solutions. Table 4 shows the
diffusion coefficients obtained from the slope of the best straight line plot for
various electrolytes. Also included in the table are the corresponding kinematic
viscosities measured directly in our study. The dimensionless Schmidt number
which is the ratio of the dynamic viscosity of the electrolyte to the diffusion coef-
ficient is also included in this table. This number is important for characterizing
the flow conditions and is relevant to the design of redox flow batteries. The dif-
fusion coefficient of zinc in pure methanesulfonate, sulfate and chloride solutions
is found to be 4.6 x 1076 cm?s71, 4.4 x 107 cm?s™!, 8.6 x 107% cm?s™!, re-
spectively. The values obtained in the sulfate- and chloride-only solutions are in
good agreement with those reported previously [18,22]. In a previous study [10]
the diffusion coefficient of Zn(I) in a pure methanesulfonate solution was found
to have a somewhat higher value of 7.5 x 1075 cm?s~! than that reported here
although it should be noted that this earlier measurement was conducted in a
solution with a different concentration (0.01 mol dm~2 ZnMSA in 0.5 moldm~3
NaMSA). Also, in this earlier study, the kinematic viscosity of the electrolyte
was not measured and instead a value from the literature was assumed for the

purpose of estimating diffusion coefficient.
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Figure 6: (a) Linear sweep voltammograms for Zn(II) reduction on a glassy carbon electrode

(~ 0.071 cm?) obtained at a scan rate of 20 mVs~! and different rotation speeds in 0.01

moldm ™3 ZnMSA/0.01 moldm™3 ZnCly and 0.5 moldm~—3 NaMSA at pH 4. (b) Plot of

limiting current density versus w

solution.

1/2

according to the Levich equation obtained in the same

Table 4: Kinematic viscosity, diffusion coefficient and Schmidt number measured in various

mixed electrolytes.

. _ Kinematic viscosity Diffusion coefficient = Schmidt
Composition (moldm~3) / B B B
(1072 em?s™1) (1076 em?s71) number
0.02 ZnMSA 1.064 4.6 0.23
0.016 ZnMSA + 0.004 ZnCl, 1.092 5.3 0.21
0.01 ZnMSA + 0.01 ZnCl, 1.076 6.0 0.18
0.004 ZnMSA + 0.016 ZnCl; 1.088 8.3 0.13
0.02 ZnCly 1.012 8.5 0.12
0.016 ZnMSA + 0.004 ZnSO4 1.052 4.4 0.24
0.01 ZnMSA + 0.01 ZnSOy4 1.064 5.1 0.21
0.004 ZnMSA + 0.016 ZnSO4 1.052 5.7 0.18
0.02 ZnSOy4 1.360 4.4 0.31

** pH of all solutions adjusted to 4 through additions of 0.5 moldm~3 NaMSA to
the methanesulfonate solutions and 0.5 moldm =2 NaCl or Na;SO, to the chloride-

or sulfate-only solutions.

The results in Table 4 show that as more ZnMSA is replaced with ZnCl,

in the electrolyte, the diffusion coefficient increases and approaches the value
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obtained in a solution containing ZnCl; alone. On the other hand, the diffu-
sion coefficients in the mixed methanesulfonate /sulfate media differ only slightly
from the values observed in the sulfate-only or methanesulfonate-only electro-

lytes.

3.5. Effect of operating parameters in mized methanesulfonate/chloride electro-
lyte
3.5.1. Effect of temperature

Temperature is one of the important operating variables for redox flow bat-
teries. Whereas the proposed undivided zinc-cerium RFB has been operated at
room temperature [15], higher temperatures (40°C-60°C) have been used for the
divided zinc-cerium RFBs [5]. Thus, the effect of temperature on the Zn/Zn(II)
system in mixed methanesulfonate/chloride media is compared to that in the
MSA-only electrolyte for compositions used on the zinc negative half-cell side
of a divided zinc-cerium RFB.

Figure 7 shows the cyclic voltammograms obtained in solutions containing
1.2 moldm =3 ZnMSA /0.3 moldm~—3 ZnCly in 1 moldm~—2 MSA compared to
those obtained in the MSA-only electrolyte (1.5 moldm =3 ZnMSA in 1 mol dm—3
MSA) at 25, 35 and 45°C. The values of E,,, NOP | I,. and Q., determined
from these plots for both electrolytes at the three temperatures are summa-
rized in Table 5. These data show that an increase in temperature leads to
a positive shift of E,, in both electrolytes, but has much less effect in the
mixed methanesulfonate/chloride solution. An increase of E, is expected from
both thermodynamic and kinetic points of view. The electrode potential for
Zn/Zn(1I1) increases with temperature according to the Nernst equation, while
the rate of formation of metal clusters large enough to ensure spontaneous gro-
wth should also rise with temperature as given in classical nucleation theory and
the Volmer-Weber equation [47]. The data in Table 6 indicate that an increase
in temperature causes the amount of zinc deposited during the scan to rise and
NOP to decline in both electrolytes. However, they also reveal that the rise in

Enu and the amount of zinc deposited during the cathodic scan are significantly
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higher and NOP is always smaller in the mixed system than in the MSA-only
electrolyte at each temperature. At 45 °C, the amount of deposited zinc is 50%
higher and the NOP is 86% lower when the mixed electrolyte is used than when
MSA-only media are used. Although the NOP tends to decrease in magnitude
with temperature, the value for the pure MSA electrolyte at 45°C is 93 mV,
which is still higher than the value of 50 mV in the methanesulfonate/chloride
electrolyte. This highlights the important role that chloride plays in facilitating
zinc deposition. In fact, the improved kinetics achieved at 45°C in the pure
MSA electrolyte is already observed in the methanesulfonate/chloride solution
at room temperature.

To accurately determine the effect of temperature on the charge efficiency
of Zn deposition, we also have conducted experiments in which the GC elec-
trode immersed in the solutions of interest is galvanostatically polarized at 25
mA cm~? first in the cathodic direction for 30 s and then with the same magni-
tude of current in the anodic direction. Figure 8 shows the resulting response of
the electrode potential over this time obtained in the mixed and the MSA-only
electrolytes at the three temperatures, while Table 6 summarizes the correspon-
ding data for these experiments. The transient curves for both electrolytes
show that the electrode is immediately depolarized at the onset of the cathodic
polarization until a plateau is reached. This is not surprising given that the
nucleation overpotential for zinc deposition should decrease as the zinc depo-
sit begins to build on the GC substrate and is consistent with the features of
the cyclic voltammograms shown in Figure 7 and Table 5. When the polarity
is reversed and anodic current is applied, the response of the system is extre-
mely rapid and a plateau is reached almost immediately in both electrolytes
regardless of the temperature. This continues for ~ 25-30 s of anodic polariza-
tion until all of the zinc metal deposited during cathodic polarization has been
stripped, at which point the potential increases very sharply in the positive di-
rection and the experiment is terminated. The curves in Figure 8 clearly show
that temperature has a much smaller effect on the electrode response obtained

in the mixed electrolyte than in the MSA-only electrolyte, which is consistent
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with the effects on E,, and NOP observed in the CV scans in Figure 7 and
listed in Table 5. The curves in Figure 8 are relevant to battery applications in
that they give the response of the negative Zn electrode that might be expected
during a short charge/discharge cycle of a system operating at a given current
density. Comparison of the curves reveals a number of benefits of using the
mixed methanesulfonate/chloride electrolyte rather than the pure MSA electro-
lyte. The electrode potential reaches a plateau level where the rate of growth or
re-dissolution of zinc is constant almost immediately during both the cathodic
and anodic (charge and discharge) portions of the cycle at the three tempera-
tures. On the other hand, the electrode potential never levels off to a constant
value by the end of the 30—s duration of cathodic polarization in the MSA-only
solution at any temperature. Once the polarity of the current is reversed in the
anodic direction, the polarization of the electrode continues to gradually rise
until the Zn deposit has completely dissolved from the electrode when carried
out in the MSA-only electrolyte, whereas the electrode is able to maintain an
almost constant potential until the Zn deposit has deposit has been removed in
the case of the mixed electrolyte.

The operation of a rechargeable battery is most efficient when the polariza-
tion of both electrodes is as low as possible during both charge and discharge.
Thus, it is desirable for the electrode potential to be as positive as possible
during charge when Zn(II) reduction occurs and as negative as possible during
discharge when Zn oxidation occurs. The result will be the smallest change
in the electrode potential during the course of a complete charge/discharge cy-
cle. When viewed this way, a comparison of the transient curves in Figure 8
clearly shows that with the exception of cathodic polarization at 45°C better
performance is achieved in the mixed electrolyte than the pure MSA system.

Since the magnitude of the applied current is the same during both stages of
these experiments, the charge efficiency for Zn deposition can simply be obtai-
ned from the data in Figure 8 from the ratio of the elapsed time required to
completely strip the Zn deposit from the substrate during the anodic polari-

zation to the period allowed for cathodic polarization (30 s in this case). The
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sharp rise in the electrode potential observed when the Zn deposit has been
removed makes the determination of the charge efficiency from these plots very
straightforward. Although the solution conductivity and voltage efficiency both
increase as temperature is raised, the charge efficiency for Zn deposition in pure
MSA electrolyte has been previously shown to decrease due to the higher rate
of the HER [6]. The effect of temperature in the case of mixed electrolytes
has not previously been reported. The results in Table 6 not only confirm that
temperature has a similar effect in the MSA-only electrolyte investigated in our
study but that this effect extends to the mixed electrolyte as well. Thus, the
larger cathodic current density observed during the scans in Figure 7 as the
temperature is raised in both solutions is due to the higher rates of both zinc
deposition and hydrogen evolution.

Nevertheless, for the most part, our results clearly show the enhanced perfor-
mance of the Zn/Zn(II) reaction in mixed-electrolyte media in terms of higher
voltage and charge efficiency compared to that achieved in MSA-only electrolyte
at each temperature, which leads to a significantly larger energy efficiency. Even
with the decrease in the charge efficiency with temperature due to the higher
rate of the HER, the energy efficiency at 45°C in the mixed media is still grea-
ter than the energy efficiency achieved at room temperature in the pure MSA
electrolyte. This observation is particularly important for divided zinc-cerium
RFBs that are operated at higher temperatures to enhance the kinetics of the
Ce(III) /Ce(IV) reaction. By using the mixed methanesulfonate/chloride elec-
trolyte, the Zn/Zn(II) half-cell performance at 45°C is superior in terms of Ey,,
NOP, voltage and charge efficiency to that achieved in pure MSA electrolytes

at room temperature.
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Figure 7: Cyclic voltammograms obtained on a glassy carbon electrode (~ 0.071 cm?) in
mixed methanesulfonate/chloride media (solid line) and MSA-only electrolyte (dashed line)

at three different temperatures.
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Figure 8: Variation of electrode potential with time during galvanostatic cathodic and anodic
polarization of glassy carbon electrode (~ 0.071 cm?) at 25 mA cm™2 in mixed methanesul-

fonate/chloride media (solid line) and MSA-only electrolyte (dashed line) at three different

temperatures.
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Table 5: Effect of temperature, MSA and zinc concentration on Eny, NOP, I,c and Qan of zinc deposition in mixed methanesulfonate/chloride and
MSA-only electrolytes. The corresponding figures and compositions for each temperature, MSA and zinc concentration are explained in sections

3.4.1, 3.4.2 and 3.4.3, respectively.

O t. t Enu 'NOP Iac Qan

eratin arameter

P &P (V) (mV) (mA cm™2) (mA s)
MSA  Mixed MSA  Mixed MSA  Mixed MSA Mixed

-only electrolyte -only electrolyte -only electrolyte -only electrolyte

Temperature (°C)

25 -1.15 -1.07 140 50 131.6 2724 73.4 204.8
35 -1.12 -1.07 122 50 174.8 301.9 111.9 230.0
45 -1.08 -1.05 93 50 220.7 373.2 152.9 309.4
MSA concentration (moldm™?)

0.2 -1.15 -1.11 120 80 7.7 123.0 42.9 67.4
0.5 -1.15 -1.12 130 80 113.7 147.0 61.1 85.0
1.0 -1.16 -1.14 150 90 125.1 208.8 64.9 90.0
Zinc concentration (moldm—?)

0.7 -1.15 -1.11 120 80 7.7 123.0 42.9 67.4
1.0 -1.14 -1.10 120 70 98.0 158.6 57.9 118.7

1.5 -1.13 -1.06 120 50 118.8 213.1 74.5 174.7
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Table 6: Half-cell efficiencies of zinc deposition and dissolution of zinc in mixed MSA /chloride

electrolyte and MSA-only electrolytes. The corresponding figures and compositions for each

temperature, MSA, zinc concentration and current density are explained in sections 3.4.1,

3.4.2, 3.4.3 and 3.4.4 respectively.

Operating parameter VE% CE% EE%

MSA Mixed Mixed S Mixed

-only -only -only
Temperature (°C)
25 87.7 92.6 86.0 97.3 75.4 90.1
35 89.2 93.0 82.3 94.3 73.5 87.7
45 91.2 93.9 7.3 86.9 70.6 80.6
MSA concentration (moldm™3)
0.2 81.1 90.9 77.0 95.0 62.4 86.4
0.5 82.9 90.6 76.0 91.7 63.0 83.5
1.0 83.9 93.6 71.3 88.7 59.8 83.0
Zinc concentration (moldm—?)
0.7 81.1 90.9 77.0 95.0 62.4 86.4
1.0 84.6 91.1 82.3 96.7 69.6 88.1
1.5 86.2 92.0 87.3 97.7 75.3 89.9
Current density (mA cm=2)
5 95.5 97.1 80.0 87.7 76.4 83.1
25 87.7 92.6 86.0 97.3 75.4 90.1
35 84.5 91.0 86.7 92.7 73.2 84.3
45 80.4 87.3 85.0 93.7 68.3 81.8
59 77.6 86.7 84.3 92.3 65.4 80.9

8.5.2. Effect of methanesulfonic acid concentration

Cyclic voltammograms showing the effect of the addition of different amounts

of methanesulfonic acid to a mixed methanesulfonic acid/chloride solution (0.5

moldm—2 ZnMSA /0.2 moldm~2 ZnCly) and to a pure MSA electrolyte (0.7

moldm~3 ZnMSA) are presented in Figure 9. The corresponding data obtai-

ned from these plots are given in Table 5. The data show that the nucleation

potential is largely independent of the MSA concentration and shifts only slig-

htly in the negative direction as the MSA concentration is increased. The NOP
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is affected more strongly, particularly in the MSA-only solution where it rises
from 120 mV to 150 mV as the MSA level is increased from 0.2 moldm~3 to
1.0 moldm™3. As can be seen, the cathodic current density and amount of zinc
deposited during the scans increase in both electrolytes (pure and mixed) when
the concentration of the base MSA electrolyte is raised. However, these values
always remain higher for the case of the mixed electrolyte. In addition, the
onset potential for zinc deposition is more positive and the NOP is significantly
lower in the mixed electrolyte than in the MSA-only system.

Figure 10 shows the effect of MSA concentration on the electrode potential
during the course of galvanostatic cathodic and anodic polarization of the GC
electrode at 25 mA cm™2 in the mixed and pure MSA electrolytes, while Table
6 presents the voltage, charge and energy efficiencies obtained from these ex-
periments. A comparison of these transients shows the clear superiority of the
system performance when the mixed electrolyte is used in terms of the lower
extent of polarization required to sustain the applied current during both the
cathodic and anodic stages, faster attainment of plateau and charge efficiency
of Zn deposition.

When the effect of MSA level in each electrolyte is considered, these data
reveal that a rise in its concentration leads to more metal deposition, but favors
the HER even more. This effect is perfectly understandable given that MSA is
the source of H* ions. It should be noted that although the charge efficiency
decreases as the MSA concentration increases in both solutions, the charge effi-
ciency in the mixed methanesulfonate/chloride media remains higher than in the
MSA-only electrolyte at each MSA concentration. Furthermore, although the
energy efficiency of zinc deposition decreases with increasing MSA concentrati-
ons due to reduction in the charge efficiency, the energy efficiency in the mixed
media containing 1.0 moldm=3 MSA is significantly higher than that in pure
MSA electrolyte with 0.2 moldm™3 base MSA. Thus, by employing the mixed
electrolyte system, it is possible to operate the cell over a wider range of MSA
concentrations without the Zn/Zn(IT) reaction being negatively affected. Again,

this advantage of the mixed electrolyte is particularly important for an undivi-
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ded zinc-cerium RFB where high MSA concentrations are required to dissolve
the Ce(IV). It has been reported that the optimum composition from the point
of view of the solubility of cerium species is approximately 0.8 mol dm =3 Ce(III)
ion in 4.0 moldm ™ MSA [7]. However, at this high MSA concentration, the
HER becomes dominant on the zinc side. Thus, for an undivided zinc-cerium
RFB, a compromise must be made between a lower hydrogen evolution rate at
the zinc side and higher solubility of cerium in the electrolyte. This normally
requires that the battery be operated at low MSA concentrations and conse-
quently only at a low Ce(III) concentration (~ 0.2 moldm—2) [15]. This leads
to a low energy density of 11 WhL™! for an undivided system. Hence, it would
be beneficial to achieve higher charge efficiencies for zinc electrodeposition when
the solution contains a higher MSA concentration and the battery can produce
a higher energy density. As shown in this study, this is possible by using a mixed
methanesulfonate/chloride electrolyte, which enables the charge and voltage ef-
ficiency for zinc deposition achieved in the presence of 1.0 moldm =2 MSA to be

better to that achieved when only 0.2 moldm 2 MSA has been added.
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Figure 9: Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm?) obtained in 0.5
moldm ™3 ZnMSA /0.2 moldm~3 ZnCls (solid line) and in 0.7 mol dm ™3 electrolyte (dashed
line) containing three different MSA base concentrations (0.2, 0.5 and 1.0 moldm™3).
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Figure 10: Variation of electrode potential with time during galvanostatic cathodic and ano-
dic polarization of glassy carbon electrode (~ 0.071 cm?) at 25 mAcm~2 in 0.5 moldm~—3
ZnMSA /0.2 moldm~2 ZnCls (solid line) and in 0.7 moldm 3 electrolyte (dashed line) con-
taining three different MSA base concentrations (0.2, 0.5 and 1.0 moldm~3).
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3.5.3. Effect of zinc ion concentration in mized methanesulfonate/chloride me-
dia

In order to investigate the effect of the Zn(IT) concentration on the Zn/Zn(IT)
system, cyclic voltammograms have been obtained in each of the electrolytes
listed in Table 4. In this series of experiments, the total Zn(II) concentration
in the mixed electrolyte is increased from 0.7 moldm~3 to 1.0 moldm 3 and
1.5 moldm 3, while the molar ratio of methanesulfonate ions to chloride ions
is kept fixed at 5:2. Three solutions with 0.7 moldm~3, 1.0 moldm~3 and
1.5 moldm~=2 Zn(II), but in MSA-only electrolytes, are also investigated for
comparison purposes. Also, 0.2 moldm~3 MSA has been added to each of these
mixed and pure solutions.

Not surprisingly, the cathodic and anodic current density, cumulative charges
over the course of the scans of Zn deposition increase as the Zn(II) concentra-
tion rises in both electrolytes (Table 5). Also, this change causes the nucleation
potential to become more positive. More interesting is the comparison of the
effect of the Zn(II) concentration in the two types of electrolytes. E,, is more
positive, NOP is smaller, while the amount of metal deposited is larger at each
Zn(IT) concentration when the process is conducted in the mixed methanesul-
fonate/chloride electrolyte than in the MSA-only electrolyte. Furthermore, the
positive effect of the Zn(II) concentration on the amount of metal deposited is
significantly larger in the mixed methanesulfonate/chloride electrolyte than in
the MSA-only electrolyte.

Figure 12 shows the effect of the Zn(II) concentration on the electrode po-
tential during the course of galvanostatic cathodic polarization and anodic po-
larization at 25 mA cm ™2 in the mixed and pure MSA electrolytes. Obviously,
zinc deposition becomes increasingly favored over the HER by the increase in
the Zn(1II) concentration. Previous studies also found that the charge efficiency
increases from 78% in 0.5 moldm =3 Zn(II) to 92% in 2.0 mol dm ™3 Zn(II) when
1.5 moldm™2 pure MSA electrolyte is used [6]. The transients in Figure 12

show that this leads to less polarization during reduction in both electrolytes
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although the effect of the Zn(II) concentration is larger in the MSA-only case.
On the other hand, the Zn(II) concentration has no effect on the electrode po-
tential in both solutions as Zn is being oxidized during the anodic polarization.
Comparison of the transients also reveals once again the benefits of using the
mixed electrolyte over that of the pure MSA electrolyte at each of the Zn(IT)
levels (less polarization throughout both stages of the cycle, faster attainment
of plateau and higher charge efficiency of Zn deposition).

The data in Table 6 reveal that at each Zn(II) concentration, the charge and
voltage efficiencies are significantly higher in the mixed electrolyte than in the
pure MSA solution. It is desirable to use a higher Zn(II) concentration since
this reduces the likelihood that mass transfer will affect battery performance at
all states-of-charge and permits the battery to be charged at higher current den-
sities. By using the mixed electrolyte rather than the MSA-only solution, it is
possible to achieve a higher energy efficiency with lower nucleation overpotential

at high Zn(II) concentrations.

Table 7: Different compositions used to study the effect of Zn(II) concentration in mixed

methanesulfonate/chloride and pure MSA electrolytes that also contain 0.2 moldm~3 MSA.

ZnMSA (moldm~3)  ZnCly(moldm~3)

0.7 0
1.0 0
1.5 0
0.5 0.2
0.714 0.285
1.072 0.42
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Figure 11: Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm?) obtained in

mixed methanesulfonate/chloride media (solid line) and MSA-only electrolyte (dashed line)

containing 0.7, 1.0
Table 7.

and 1.5 moldm™3 total Zn(IT). The solution compositions are listed in
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Figure 12: Variation of electrode potential with time during galvanostatic cathodic and anodic

polarization of glassy carbon electrode (~ 0.071 cm?) at 25 mA cm ™2 in mixed methanesul-

fonate/chloride media (solid line) and MSA-only electrolyte (dashed line) containing 0.7, 1.0

and 1.5 moldm™3 total Zn(IT). The solution compositions are listed in Table 7.
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8.5.4. Effect of current density

Figure 13 shows the effect of current density on the charge/discharge of the
zinc redox reaction in solutions containing 1.2 moldm =3 ZnMSA /0.3 mol dm—3
ZnCl, in 1 moldm™—3 MSA compared to those obtained in the MSA-only elec-
trolyte (1.5 moldm ™ ZnMSA in 1 moldm~—3 MSA). Similar to previous studies
[6,18], higher energy efficiency is found at a moderate current density of 25
mA cm~2. The corresponding data in Table 5 show that the voltage efficiency
decreases in both types of electrolytes as the current density is increased. Alt-
hough the VE% is very high at a low current density of 5 mA cm™2, due to
the high self-discharge of zinc, the resulting charge efficiency is the lowest. As
the current density is raised above 25 mA cm ™2, the current efficiency slightly
decreases but is generally independent of the applied current density, which is
in agreement with previous literature [48]. The data in Table 6 reveal that
regardless of the applied current density, the charge, voltage and the resulting
energy efficiency are higher in the mixed electrolyte compared to the pure MSA
media and the highest energy efficiency is obtained at a current density of 25

mA cm 2.

35



671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

E\ V (SCE)

25 —35 —45 —55
0.7 1

06 -

05 4 T-°5 ---=225 35 -----45 -

-0.4

Time /s

Figure 13: Variation of electrode potential with time during galvanostatic cathodic and anodic
polarization of glassy carbon electrode (~ 0.071 cm?) in mixed methanesulfonate/chloride

media (solid line) and MSA-only electrolyte (dashed line) at different applied current densities.

Current densities are in mA cm—2.

3.6. Deposit morphology

Figure 14 shows the micrographs of zinc deposited from solutions contai-
ning 0.5 moldm=2 ZnMSA /0.2 moldm ™3 ZnCl, compared to those obtained
in the MSA-only electrolyte (0.7 moldm=3 ZnMSA). The base electrolyte was
0.2 moldm =2 MSA for both solutions. During deposition, the parallel hydro-
gen evolution reaction resulted in hydrogen bubbles covering many sites on the
electrode surface. At some sites, these hydrogen bubbles could undercut and
dislodge part of the zinc deposit. The poor surface adhesion of zinc onto glassy
carbon electrode and the incomplete coverage of the GC electrode surface by
zinc deposits have also been reported in a previous study on the comparison
of different carbon materials for the negative side of the zinc-cerium redox flow
batteries [45]. It should be noted that the use of carbon composite materials
such as polyvinyl ester (PVE) and polyvinylidene difluoride (PVDF) largely
solves these problems [45].

For both electrolytes, the deposited zinc is made up of hexagonal grains that
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are randomly oriented on the electrode surface. This type of morphology for
zinc deposits have also been reported in various previous studies [6,18,21]. By
comparing the two images, it is clear that the addition of chloride has resul-
ted in denser deposits with a more packed morphology. This is supported by
our results in Table 5 which showed that regardless of the operating parame-
ters, the anodic charge (which corresponds to the amount of deposited zinc) is

significantly higher in mixed electrolytes than in the pure MSA media.

(a) (b)

Figure 14: The SEM images of zinc deposited from (a) 0.5 moldm~—3 ZnMSA /0.2 moldm—3
ZnCly and (b) 0.7 moldm™3 ZnMSA onto glassy carbon plate (~ 0.25 cm?). The deposition

was done galvanostatically under constant current of 50 mA cm~2 for 1 minute.

4. Conclusions

e Cyclic voltammetry and polarization experiments show that the intro-
duction of moderate concentrations of chloride ions ( 0.2 — 0.3 moldm™~?)
to MSA-based electrolytes leads to a significant increase in the rate and
amount of Zn deposition, positive shift in the nucleation potential, re-
duction in the nucleation overpotential and enhanced exchange current

densities.

e The addition of sulfate ions into the MSA-based electrolyte leads to a
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lower rate of Zn deposition, slightly higher nucleation overpotential and

similar charge efficiency to that attained in MSA-only electrolytes.

e The use of a mixed electrolyte has also been found to improve the transport
properties of Zn(II). The diffusion coefficient of Zn(II) is found to be 6.0 x
107% em?s™! in 0.01 moldm™=3 ZnMSA/0.01 moldm~2 ZnCly compared
to 4.6 x 107% cm?s™! in 0.02 mol dm—3 ZnMSA.

e Both potentiostatic and galvanostatic experiments conducted at 25, 35
and 45°C show that the rate, charge efficiency and voltage efficiency of
Zn deposition are higher in the mixed methanesulfonate/chloride solution

than in the MSA-only solution at each temperature.

e Although an increase in the base MSA concentration lowers the charge
efficiency for Zn deposition in both pure and mixed MSA electrolytes, the
use of a mixed methanesulfonate/chloride system leads to higher charge

and voltage efficiency than in pure MSA electrolyte.

e The microghraph of zinc deposited from a mixed methansulfonate/chloride
solution resulted in more packed morphology compared to the deposits

from pure MSA electrolyte.

Since mixed methanesulfonate/chloride electrolytes have also been shown to
increase the reversibility and kinetics of the Ce(III)/Ce(IV) half-cell reaction
[11], it is also viable to use them as the common electrolytes in undivided zinc-
cerium RFBs. However, before any further work on an undivided RFB is done,
a thorough study on the effect of Ce(III) and Ce(IV) on the Zn/Zn(II) half-cell

reaction is necessary and is the subject of our ongoing research.

Acknowledgement

The authors acknowledge the financial support of the Natural Sciences and
Engineering Research Council of Canada (NSERC) through Discovery Grant
170912 which enabled this research to be carried out. They also express their

38



728

729

730

731

732

733

734

735

736

737

738

739

740

742

743

744

745

746

747

748

749

750

751

752

753

gratitude to Dr. Neil McManus for providing the glassy carbon electrode used

in this research.

References

1]

G. PleBmann, M. Erdmann, M. Hlusiak, C. Breyer, Global energy storage
demand for a 100% renewable electricity supply, Energy Procedia 46 (2014)
22-31. d0i:10.1016/j.egypro.2014.01.154.

C. Bussar, M. Moos, R. Alvarez, P. Wolf, T. Thien, H. Chen, Z. Cai,
M. Leuthold, D. U. Sauer, A. Moser, Optimal allocation and capacity
of energy storage systems in a future european power system with 100%
renewable energy generation, Energy Procedia 46 (2014) 40-47. doi:
10.1016/j.egypro.2014.01.156.

C. Ponce-de Leén, A. Frias-Ferrer, J. Gonzélez-Garcia, D. Szanto, F. C.
Walsh, Redox flow cells for energy conversion, Journal of Power Sources

160 (1) (2006) 716-732. doi:10.1016/j.jpowsour.2006.02.095.

R. L. Clarke, B. Dougherty, S. Harrison, P. J. Millington, S. Mohanta,
Cerium batteries, US Patent 7,625,663 (Dec. 1 2009).

P. K. Leung, C. Ponce-de Leén, C. T. J. Low, A. Shah, F. C. Walsh,
Characterization of a zinc—cerium flow battery, Journal of Power Sources

196 (11) (2011) 5174-5185.

P. K. Leung, C. Ponce-de Leén, C. T. J. Low, F. C. Walsh, Zinc deposition
and dissolution in methanesulfonic acid onto a carbon composite electrode
as the negative electrode reactions in a hybrid redox flow battery, Elec-
trochimica Acta 56 (18) (2011) 6536-6546. doi:10.1016/j.electacta.
2011.04.111.

P. K. Leung, C. Ponce-de Ledn, C. T. J. Low, F. C. Walsh, Ce(III)/Ce(IV)

in methanesulfonic acid as the positive half cell of a redox flow battery,

39


http://dx.doi.org/10.1016/j.egypro.2014.01.154
http://dx.doi.org/10.1016/j.egypro.2014.01.156
http://dx.doi.org/10.1016/j.egypro.2014.01.156
http://dx.doi.org/10.1016/j.egypro.2014.01.156
http://dx.doi.org/10.1016/j.jpowsour.2006.02.095
http://dx.doi.org/10.1016/j.electacta.2011.04.111
http://dx.doi.org/10.1016/j.electacta.2011.04.111
http://dx.doi.org/10.1016/j.electacta.2011.04.111

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

e

778

779

780

781

[10]

[12]

[13]

Electrochimica Acta 56 (5) (2011) 2145-2153. doi:10.1016/j.electacta.
2010.12.038.

M. Matheswaran, S. Balaji, S. J. Chung, I. S. Moon, Electro-oxidation
kinetics of cerium (III) in nitric acid using divided electrochemical cell for
application in the mediated electrochemical oxidation of phenol, Bulletin-

korean chemical society 28 (8) (2007) 1329.

R. P. Kreh, R. M. Spotnitz, J. T. Lundquist, Mediated electrochemical
synthesis of aromatic aldehydes, ketones, and quinones using ceric metha-

nesulfonate, The Journal of Organic Chemistry 54 (7) (1989) 1526-1531.

7. Xie, F. Xiong, D. Zhou, Study of the Ce3* /Ce** redox couple in mixed-
acid media (CH3SOsH and H2SOy4) for redox flow battery application,
Energy & Fuels 25 (5) (2011) 2399-2404. doi:10.1021/e£200354b.

G. Nikiforidis, W. A. Daoud, Effect of mixed acid media on the positive
side of the hybrid zinc-cerium redox flow battery, Electrochimica Acta 141

(2014) 255-262. doi:10.1016/j.electacta.2014.06.142.

S. Peng, N.-F. Wang, X.-J. Wu, S.-Q. Liu, D. Fang, Y.-N. Liu, K.-L. Huang,
Vanadium species in CH3SO3H and H3SO4 mixed acid as the supporting
electrolyte for vanadium redox flow battery, International Journal of Elec-

trochemical Science 7 (1) (2012) 643-649.

S. Kim, E. Thomsen, G. Xia, Z. Nie, J. Bao, K. Recknagle, W. Wang,
V. Viswanathan, Q. Luo, X. Wei, A. Crawford, G. Coffey, G. Maupin,
V. Sprenkle, 1 kW/1 kWh advanced vanadium redox flow battery utilizing
mixed acid electrolytes, Journal of Power Sources 237 (2013) 300-309. doi:
10.1016/j. jpowsour.2013.02.045.

S. Kim, M. Vijayakumar, W. Wang, J. Zhang, B. Chen, Z. Nie, F. Chen,
J. Hu, L. Li, Z. Yang, Chloride supporting electrolytes for all-vanadium
redox flow batteries, Physical Chemistry Chemical Physics 13 (40) (2011)
18186. doi:10.1039/c1cp22638j.

40


http://dx.doi.org/10.1016/j.electacta.2010.12.038
http://dx.doi.org/10.1016/j.electacta.2010.12.038
http://dx.doi.org/10.1016/j.electacta.2010.12.038
http://dx.doi.org/10.1021/ef200354b
http://dx.doi.org/10.1016/j.electacta.2014.06.142
http://dx.doi.org/10.1016/j.jpowsour.2013.02.045
http://dx.doi.org/10.1016/j.jpowsour.2013.02.045
http://dx.doi.org/10.1016/j.jpowsour.2013.02.045
http://dx.doi.org/10.1039/c1cp22638j

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

[15]

[18]

[20]

[21]

P. K. Leung, C. Ponce-de Ledn, F. C. Walsh, An undivided zinc—cerium re-
dox flow battery operating at room temperature (295 k), Electrochemistry
Communications 13 (8) (2011) 770-773. doi:10.1016/j.elecom.2011.
04.011.

P. K. Leung, C. Ponce-de Leén, F. C. Walsh, The influence of operational
parameters on the performance of an undivided zinc—cerium flow battery,

Electrochimica Acta 80 (2012) 7-14.

L. F. Arenas, F. C. Walsh, C. Ponce-de Leén, The importance of cell geo-
metry and electrolyte properties to the cell potential of zn-ce hybrid flow
batteries, Journal of The Electrochemical Society 163 (1) (2016) A5170—
A5179.

J. Pan, Y. Wen, J. Cheng, J. Pan, Z. Bai, Y. Yang, Zinc deposition and
dissolution in sulfuric acid onto a graphite-resin composite electrode as
the negative electrode reactions in acidic zinc-based redox flow batteries,
Journal of Applied Electrochemistry 43 (5) (2013) 541-551. doi:10.1007/
s10800-013-05638-1.

C. Cachet, R. Wiart, Zinc deposition and passivated hydrogen evolution in
highly acidic sulphate electrolytes: Depassivation by nickel impurities (nov

1990). doi:10.1007/bf01019581.

I. Zouari, F. Lapicque, An electrochemical study of zinc deposition in a
sulfate medium, Electrochimica Acta 37 (3) (1992) 439-446. doi:10.1016/
0013-4686(92)87033-v.

J. Yu, H. Yang, X. Ai, Y. Chen, Effects of anions on the zinc electrode-
position onto glassy-carbon electrode, Russian journal of electrochemistry

38 (3) (2002) 321-325.

G. Trejo, Nucleation and growth of zinc from chloride concentrated so-
lutions, Journal of The Electrochemical Society 145 (12) (1998) 4090.
doi:10.1149/1.18389109.

41


http://dx.doi.org/10.1016/j.elecom.2011.04.011
http://dx.doi.org/10.1016/j.elecom.2011.04.011
http://dx.doi.org/10.1016/j.elecom.2011.04.011
http://dx.doi.org/10.1007/s10800-013-0538-1
http://dx.doi.org/10.1007/s10800-013-0538-1
http://dx.doi.org/10.1007/s10800-013-0538-1
http://dx.doi.org/10.1007/bf01019581
http://dx.doi.org/10.1016/0013-4686(92)87033-v
http://dx.doi.org/10.1016/0013-4686(92)87033-v
http://dx.doi.org/10.1016/0013-4686(92)87033-v
http://dx.doi.org/10.1149/1.1838919

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

[23]

[25]

[26]

[31]

J. Mcbreen, E. Gannon, ChemInform abstract: Electrodeposition of zinc on
glassy carbon from zinc chloride and zinc bromide electrolytes, Chemischer

Informationsdienst 14 (49) (1983) 47. doi:10.1002/chin.198349021.

L. H. Mendoza-Huizar, C. H. Rios-Reyes, M. G. Gémez-Villegas, Zinc elec-
trodeposition from chloride solutions onto glassy carbon electrode, Journal

of the Mexican Chemical Society 53 (4) (2009) 243-247.

G. Nikiforidis, L. Berlouis, D. Hall, D. Hodgson, Evaluation of carbon
composite materials for the negative electrode in the zinc—cerium redox

flow cell, Journal of Power Sources 206 (2012) 497-503.

H. Nakamura, S. Oue, N. Sogabe, H. Nakano, Effect of chloride ions
on the deposition behavior and morphology of zinc at initial stage from
electrowinning solution, Journal of MMIJ 131 (5) (2015) 164-169. doi:
10.2473/journalofmmij.131.164.

J. Yeager, J. P. Cels, E. Yeager, F. Hovorka, The electrochemistry of nic-
kel i. codeposition of nickel and hydrogen from simple aqueous solutions,

Journal of the electrochemical society 106 (4) (1959) 328-336.

Z. Nagy, Chloride ion catalysis of the copper deposition reaction, Journal of

The Electrochemical Society 142 (6) (1995) L87. doi:10.1149/1.2044254.

R. L. Pecsok, J. J. Lingane, Polarography of chromium (II), Journal of the
American Chemical Society 72 (1) (1950) 189-193.

J. Heyrovsky, Retarded electrodeposition of metals studied oscillographi-
cally with mercury capillary electrodes, Discussions of the Faraday Society

1 (1947) 212. doi:10.1039/d£9470100212.

J. Vazquez-Arenas, M. Pritzker, Effect of electrolyte and agitation on
the anomalous behavior and morphology of electrodeposited Co—Ni al-
loys, Journal of Solid State Electrochemistry 17 (2) (2012) 419-433. doi:
10.1007/s10008-012-1932~-z.

42


http://dx.doi.org/10.1002/chin.198349021
http://dx.doi.org/10.2473/journalofmmij.131.164
http://dx.doi.org/10.2473/journalofmmij.131.164
http://dx.doi.org/10.2473/journalofmmij.131.164
http://dx.doi.org/10.1149/1.2044254
http://dx.doi.org/10.1039/df9470100212
http://dx.doi.org/10.1007/s10008-012-1932-z
http://dx.doi.org/10.1007/s10008-012-1932-z
http://dx.doi.org/10.1007/s10008-012-1932-z

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

[32]

[34]

[35]

[38]

V. Gouda, M. Khedr, A. S. El Din, Role of anions in the corrosion and
corrosion-inhibition of zinc in aqueous solutions, Corrosion Science 7 (4)

(1967) 221-230.

J. Blackledge, N.-S. Hush, Mechanism of the Zn(II)/Zn(Hg) exchange: Part
2: catalysis by halide and thiocyanatk ions, Journal of Electroanalytical

Chemistry (1959) 5 (6) (1963) 435-449.

E. Ahlberg, H. Anderson, Simulating impedance spectra from a mechanis-
tic point of view: application to zinc dissolution, Acta Chemica Scandina-

vica(Denmark) 46 (1) (1992) 15-24.

G. Nikiforidis, W. A. Daoud, Indium modified graphite electrodes on highly
zinc containing methanesulfonate electrolyte for zinc-cerium redox flow bat-

tery, Electrochimica Acta 168 (2015) 394-402.

S. Ranganathan, T.-C. Kuo, R. L. McCreery, Facile preparation of active
glassy carbon electrodes with activated carbon and organic solvents, Ana-

lytical Chemistry 71 (16) (1999) 3574-3580. doi:10.1021/ac981386n.

M. D. Gernon, M. Wu, T. Buszta, P. Janney, Environmental benefits of
methanesulfonic acid, Green Chemistry 1 (3) (1999) 127-140. doi:10.
1039/a900157c.

Q. B. Zhang, Y. Hua, Effect of Mn?" ions on the electrodeposition of zinc
from acidic sulphate solutions, Hydrometallurgy 99 (3-4) (2009) 249-254.
doi:10.1016/j.hydromet.2009.09.002.

R. de Levie, Anion bridging and anion electrocatalysis on mercury, Jour-
nal of The Electrochemical Society 118 (8) (1971) 185C. doi:10.1149/1.
2408333.

L. G. Sillén, A. E. Martell, Stability constants of metallic-ion complexes,
Soil Science 100 (1) (1965) 74. doi:10.1097/00010694-196507000-00026.

43


http://dx.doi.org/10.1021/ac981386n
http://dx.doi.org/10.1039/a900157c
http://dx.doi.org/10.1039/a900157c
http://dx.doi.org/10.1039/a900157c
http://dx.doi.org/10.1016/j.hydromet.2009.09.002
http://dx.doi.org/10.1149/1.2408333
http://dx.doi.org/10.1149/1.2408333
http://dx.doi.org/10.1149/1.2408333
http://dx.doi.org/10.1097/00010694-196507000-00026

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

[41]

[43]

[46]

[47]

M. Capelato, J. Nobrega, E. Neves, Complexing power of alkanesulfonate
ions: the lead-methanesulfonate syste, Journal of Applied Electrochemistry

25 (4) (1995) 74. doi:10.1007/bf00249661.

F.I. Danilov, I. V. Sknar, Y. E. Sknar, Kinetics of nickel electroplating from
methanesulfonate electrolyte, Russian Journal of Electrochemistry 47 (9)

(2011) 1035-1042. doi:10.1134/s1023193511090114.

P. K. Leung, C. Ponce-de Leén, F. Recio, P. Herrasti, F. C. Walsh, Corro-
sion of the zinc negative electrode of zinc—cerium hybrid redox flow batteries
in methanesulfonic acid, Journal of Applied Electrochemistry 44 (9) (2014)
1025-1035.

D. Baik, D. Fray, Electrodeposition of zinc from high acid zinc chloride
solutions, Journal of applied electrochemistry 31 (10) (2001) 1141-1147.

G. Nikiforidis, L. Berlouis, D. Hall, D. Hodgson, A study of different carbon
composite materials for the negative half-cell reaction of the zinc cerium

hybrid redox flow cell, Electrochimica Acta 113 (2013) 412-423.
V. G. Levich, Physicochemical hydrodynamics, Prentice hall, 1962.

E. B. Budevski, Deposition and dissolution of metals and alloys. part
a: Electrocrystallization, in: Comprehensive treatise of electrochemistry,

Springer, 1983, pp. 399-450.

Q. B. Zhang, Y. X. Hua, T. G. Dong, D. G. Zhou, Effects of temperature
and current density on zinc electrodeposition from acidic sulfate electrolyte
with [BMIM] HSO, as additive, Journal of applied electrochemistry 39 (8)
(2009) 1207.

44


http://dx.doi.org/10.1007/bf00249661
http://dx.doi.org/10.1134/s1023193511090114

Electrodeposition and Electrodissolution of Zinc in
Mixed Methanesulfonate-Based Electrolytes

Kiana Amini, Mark D. Pritzker*

Department of Chemical Engineering, University of Waterloo, 200 University Avenue West,
Waterloo, Ontario, Canada N2L 3G1

Abstract

Zinc electrodeposition and electrodissolution in methanesulfonic acid (MSA)
electrolytes mixed with chloride or sulfate are investigated in a 3-electrode
cell for eventual use in divided and undivided zinc-cerium redox flow batteries
(RFB). Cyclic voltammetry and linear polarization experiments show that the
addition of chloride to methanesulfonate-based electrolytes shifts the nucleation
potential in the positive direction, lowers the nucleation overpotential and en-
hances the kinetics of Zn deposition and subsequent dissolution relative to that
achieved when sulfate is added or MSA is the only anion present. In addition,
the diffusion coefficient of Zn(II) and the resulting limiting current density for
Zn deposition have been found to be moderately higher in mixed methanesulfo-
nate/chloride media than when chloride is absent. The effects of temperature,
MSA concentration, Zn(II) concentration and current density on the Zn/Zn(II)
system have also been investigated under potentiostatic and galvanostatic con-
ditions. Although an increase in temperature and/or MSA concentration tends
to lower the charge efficiency for Zn deposition in both mixed and MSA-only
electrolytes due to the higher rate of hydrogen evolution, the amount of zinc
deposited, charge and voltage efficiency always remain significantly higher in
the mixed methanesulfonate/chloride media than the pure MSA media. Thus,

the use of a mixed methanesulfonate/chloride media should enable both divided
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and undivided zinc-cerium RFBs to operate over a wider range of temperatures
and MSA concentrations compared to the case with pure MSA electrolyte. The
addition of sulfate to MSA-based electrolytes, however, does not improve the
performance of the Zn/Zn(II) system relative to that possible in the MSA-only
electrolytes.

Keywords: deposition, dissolution, mixed electrolyte, redox flow battery, zinc

1. Introduction

In the last few years, the interest in energy storage devices has intensified
[1,2]. A reliable and cost-effective energy storage unit can dramatically enhance
the integration of renewable energies such as solar and wind into the electrical
grid and can smooth out the large inherent fluctuations in the availability of
these sources. The energy produced from renewable sources under the proper
conditions (time and climate) can be stored in a storage unit and discharged
during periods of high demand. If successful, these storage devices will enable
the electrical grid to be far less reliant on energy sources such as fossil fuels that
are responsible for major environmental problems (climate change, acid rain,
air pollution).

One of the most recent and promising technologies for energy storage are
redox flow batteries (RFB). Since the active material in RFBs is stored exter-
nally from the cell in storage tanks, the energy and power of such batteries
are independent and so they can be scaled up more easily than other types of
storage devices [3]. Over the past decades, different RFB systems have been
developed. Among these systems, zinc-based RFBs have gained a great deal of
attention due to the availability and low price of zinc and the successful use of
zinc electrodes in many other battery systems. More importantly, the zinc redox
couple provides a large negative potential in aqueous media with a two-electron
transfer reaction. Zinc-cerium RFBs are relatively new systems developed by
Plurion Inc. [4]. This system offers the highest open-circuit voltage (2.4 V)
among the other RFBs, which can lead to high energy densities when the elec-
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trolyte contains high concentrations of the electroactive species. In this battery,
methanesulfonic acid (MSA) has been used as the supporting electrolyte for
both the negative Zn/Zn(II) and positive Ce(III)/Ce(IV) half-cells. Divided
two-compartment zinc-cerium RFB cells have been operated with 0.8 mol dm =3
cerous methanesulfonate dissolved in 4 moldm—2 MSA for the positive half-cell
and 1.5 moldm 2 zinc methanesulfonate in 1 moldm—3 MSA for the negative
half-cell [5]. Lower MSA concentrations are used in the negative half-cell since
higher concentrations lead to lower zinc deposition/dissolution efficiencies due
to competition from the hydrogen evolution reaction [6]. This battery has been
operated at 40-60°C [7] due to the higher reversibility and improved kinetics of
the Ce(III)/Ce(IV) redox couple at higher temperatures [7], [8].

Despite these advantages, the zinc-cerium system faces a number of obstacles
that must be overcome if RFBs based on this chemistry are to become commer-
cially feasible. This has led to considerable research activity on this system in
recent years. Despite its favourable thermodynamics, the Ce(III)/Ce(IV) redox
reaction has sluggish kinetics [7]. The solubility of Ce(III) rises as the MSA
concentration is reduced, whereas the solubility of Ce(IV) is affected in the op-
posite way [9]. Thus, a compromise must be made to maintain high solubility
of both cerium species in the electrolyte. In order to improve the reversibility
and kinetics of the Ce(III)/Ce(IV) redox couple and solubility of both cerium
species, the use of a mixed-electrolyte media has been investigated as a potential
remedy [10,11]. The addition of moderate concentrations (0.5 — 1 moldm~3) of
hydrochloric acid to the base MSA electrolyte has been shown to significantly
improve the reversibility and kinetics of the Ce(III)/Ce(IV) redox reaction [11].
Moreover, the diffusion coefficient of Ce(III) was also found to be enhanced
in these mixed electrolytes [11]. Although the presence of sulfate rather than
chloride in mixed methanesulfonate media also has a positive influence on the
Ce(III)/Ce(IV) reaction, its effect does not appear to be as strong [11]. One
beneficial effect is an increase in the solubility of Ce(IV) to 1.0 moldm™2 in 2
mol dm~? methanesulfonate / 0.5 mol dm~? sulfate solution [10], while it is less

than 0.5 moldm™3 in 2.5 moldm =2 pure MSA electrolyte [9]. The introduction
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of a mixed acid media has also been used in all-vanadium redox flow batteries
and also found to have positive effects [12,13]. A mixed chloride/sulfate electro-
lyte enhanced the operating temperature range and stability of vanadium species
which was attributed to the formation of stable and soluble vanadium-chloride
intermediate complexes [14].

Leung et al. have investigated the use of a membrane-less single compart-
ment zinc-cerium RFB [15]. Elimination of the expensive ion-exchange mem-
brane from RFBs is a very attractive option since it would significantly reduce
the cost of materials, simplify the design of the battery and reduce the ohmic
resistance across the cell. Moreover, the proposed undivided zinc/cerium RFB
is operated at room temperature [15], which is more desirable than the 50°C
considered for a divided zinc/cerium RFB [5]. As mentioned before, a high
MSA concentration is required for a high solubility of Ce(IV) [9], while the
efficiency of zinc deposition/dissolution reaction decreases at high MSA con-
centrations due to excessive hydrogen evolution [6]. Thus, in a membrane-less
battery where a single electrolyte is used, a compromise must be made between
a high Ce(IV) solubility and high efficiency of the Zn/Zn(II) redox reaction.
Consequently, membrane-less zinc-cerium RFBs have been operated at lower
acid concentrations (~ 0.2 moldm~2 — 0.5 moldm~3) and lower Ce concen-
trations (0.2 moldm=3 — 0.4 moldm=3 Ce(III) ) [15,16]. The most successful
undivided battery to date has reportedly achieved a current efficiency of 90%
and an energy efficiency of 75% at 20 mA cm~2 [15].

As mentioned previously, mixed-acid media, particularly MSA-chloride elec-
trolyte, have been shown to significantly enhance the reversibility and kinetics
of the Ce(III)/Ce(IV) half-cell reaction [11]. Hence, we expect that it would be
beneficial to use such mixed-acid media in a membrane-less zinc-cerium RFB
as well. Since both electrodes and half-cells are exposed to the same electrolyte
in a membrane-less RFB, it is essential to first investigate the influence of such
mixed electrolytes on the zinc deposition and dissolution reactions that occur at
the negative electrode during the charge and discharge of a zinc-cerium RFB.

The Zn/Zn(I1) half-cell reaction has been studied in methanesulfonic [6,17],
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sulfuric [18,19,20,21] and chloride [21,22,23] baths. However, to the best of our
knowledge, no study on this system in a mixed electrolyte has been reported.
The standard rate constant reported in pure chloride solutions is 8.78 x 1073
cms ™! [24], which is about an order of magnitude higher than the value of 0.16 x
1073 cms™! obtained in MSA-only electrolytes [25]. This reflects the beneficial
role of chlorides in enhancing the kinetics of the zinc redox reaction. Based
on the well-known behavior of metal deposition systems in general, we expect
that the addition of chloride ions to the base MSA electrolyte will be beneficial
to zinc deposition. It has been reported that the presence of chloride in zinc
electrowinning baths leads to lower polarization resistance and higher charge
efficiency of zinc deposition [26]. Additionally, cyclic voltammetry experiments
have shown that the overpotential is reduced and the cathodic peak potential is
shifted in the positive direction when zinc deposition is carried out in chloride-
only baths rather than sulfate-only electrolytes [21]. Chloride ions have also
improved the deposition performance of other metals and alloys such as nickel
[27], copper [28], chromium [29], indium [30] and Co-Ni alloys [31]. Thus, it is
reasonable to investigate the use of chloride ions to facilitate the zinc deposition
process.

In terms of the effect of electrolyte composition on zinc electrodissolution, a
thermometric study has shown that both chloride and sulfate tend to promote
the oxidation of zinc in acidic media and should be considered as corrosive
anions although it was not possible to easily differentiate between their relative
strengths as corrosion promoters [32]. Although the effect of chloride on zinc
dissolution in highly acidic methanesulfonate-based electrolytes has not been
reported to date, halogens including chloride have been shown to increase the
rate of the Zn(IT) /Zn(Hg) reduction and oxidation reaction when they are added
to a NaClOy base electrolyte [33], [34].

In this experimental study, we use a 3-electrode system to determine the
electrolyte composition and operating conditions that optimize the kinetics of
zinc electrodeposition and electrodissolution in mixed-electrolyte media with

particular emphasis on methanesulfonate/chloride solutions. Carbon electrodes
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have been commonly used in RFB systems due to their chemically inert nature.
In some applications, the carbon electrode must be coated to avoid corrosion by
corrosive ions (i.e. cerium in the case of an undivided zinc cerium RFB). More-
over, the negative electrode can be modified to inhibit undesired side reactions.
For example, indium-modified graphite electrodes can be used on the negative
side of the zinc-cerium RFBs to reduce hydrogen evolution [35]. In this work,
we use a glassy carbon disk electrode as the working electrode. Since the ulti-
mate aim is to determine the optimum operating conditions for a zinc-cerium
RFB, we apply compositions that are typically used for this application. The
undivided zinc-cerium RFBs are operated at lower acid concentrations (~ 0.2
mol dm~2 — 0.5 mol dm~2 MSA base electrolyte) [15,16], while the negative half-
cell of a divided zinc-cerium RFB typically contains a higher acid concentration
of ~ 1 moldm™3 MSA. Thus, in order to address both possible situations, we
investigate Zn electrodeposition/electrodissolution in two sets of solutions con-
taining either 0.2 moldm =2 or 1 moldm~3 MSA base electrolyte. In particular,
the effects of temperature, acid concentration and Zn(II) concentration on the

behavior of the Zn/Zn(II) system in mixed-electrolyte media are determined.

2. Experimental

For these experiments, a custom-made three-electrode water-jacketed glass
cell (Adams & Chittenden Scientific Glass) was employed. The capacity of the
cell is ~ 200 ml and the outer cell has the dimensions of 110 mm diameter X
55 mm height. This cell was connected to a circulating bath (Neslab RTE-8) to
control the electrolyte temperature throughout the experiments. All electroche-
mical experiments were carried out using an EPP-400 potentiostat (Princeton
Applied Research). The reference electrode was a saturated glass body calo-
mel electrode (Fisher Scientific) and the counter electrode was a graphite rod
(6.15 mm diameter x 50 mm long). All electrode potentials reported herein
correspond to the SCE scale. The working electrode was a glassy carbon (GC)
disk of 3 mm diameter (area ~ 0.071 cm?). The GC electrode tip has a PTFE
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holder that was fitted to the EDI101 rotator and CTV speed control unit (Ra-
diometer Analytical) for the rotating disk electrode (RDE) experiments. The
GC electrode was polished manually with 0.05 pm alumina powder (Buehler)
on a MicroCloth polishing pad (Buehler) for several minutes to a mirror fi-
nish prior to each experiment. The electrode was then rinsed thoroughly with
ultra-pure water (resistivity ~ 18 MQ c¢m). It has been shown that the ferricya-
nide/ferrocyanide redox reaction is sensitive to the cleanliness and preparation
method of GC electrodes [36]. Thus, the cleanliness of the GC electrode was
assessed by carrying out a cyclic voltammetry scan first from 0.6 to 0 V vs SCE

1'in a solution

and then reversing back to 0.6 V at a scan rate of 100 mV s~
containing 1 mmoldm ™2 ferricyanide and 1 moldm~2 KCI and measuring the
separation between the cathodic and anodic potential peaks for the ferricya-
nide/ferrocyanide redox couple. Ideally the separation should be close to 60
mV, as expected for a l-electron reaction. We measured the peak separation
using our clean GC electrode to be 69 mV, which is close to the reported va-
lue. After each test with ferricyanide, the electrode surface was again rinsed
thoroughly with water.

All solutions used for the zinc deposition/dissolution experiments were pre-
pared with analytical grade reagents and ultra-pure water (resistivity ~ 18
MQ cm). To prevent possible interference from the oxygen reduction reaction,
the solutions were purged with nitrogen gas prior to each deposition experiment
for 10 minutes and the subsequent experiments were conducted under a blan-
ket of nitrogen gas. The zinc(II) methanesulfonate solutions were prepared by
dissolving the appropriate amounts of high purity zinc oxide (Zochem Inc.) in
70% methanesulfonic acid (Alfa Aesar), while sodium methanesulfonate solu-
tions were prepared by dissolving sodium carbonate decahydrate (Alfa Aesar)
in 70% methanesulfonic acid. The resulting solutions were colorless with no
sign of any precipitate forming. Anhydrous zinc chloride (99% purity; Fisher
Scientific) and zinc sulfate heptahydrate (98% purity; Alfa Aesar) were added
to these solutions in order to introduce the chloride and sulfate ions into the

mixed-electrolyte media. In order to compare the mixed-electrolyte media with
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pure chloride and sulfate baths, solutions were also made with hydrochloric acid
(Sigma Aldrich) and sulfuric acid (Sigma Aldrich) instead of methanesulfonic
acid. Solutions that contain MSA, HCI and H2SO,4 have a pH close to zero. In
order to increase the pH of the solutions to higher values (pH 4) for the RDE
experiments, 0.5 moldm~3 sodium methanesulfonate, sodium chloride (EMD
Millipore) and sodium sulfate (EMD Millipore) were added to the sulfonic-,
chloride- and sulfate-based solutions, respectively, followed by the appropriate
amounts of MSA, HCI and HySOy, respectively. The kinematic viscosity of the
solutions was measured using a Cannon-Fenske viscometer tube. The pH of the
solutions was measured with an Orion (420A) pH meter.

The electrochemical techniques conducted included cyclic voltammetry, li-
near polarization and galvanostatic deposition/dissolution under unstirred con-
ditions and linear sweep voltammetry using a rotating disk electrode. Zinc depo-
sition onto the GC electrode was carried out galvanostatically for 30 seconds at
a constant current density of 25 mA cm ™2, followed by zinc dissolution with the
same current density. To prevent excessive oxidation of the electrode surface,
zinc dissolution was halted when the potential shifted to values more positive
than -0.5 versus SCE. For the morphology study, deposition onto a glassy car-
bon plate (Alfa Aesar) was carried out. The plate was taped with an insulating
polyester tape (Cole-Parmer) to ensure that the area of the working electrode

exposed to the solution was 0.5 x 0.5 cm?

. In this case, zinc deposition was
done galvanostatically at a current density of 50 mA cm~2 for 1 minute. The
images of the deposits were taken with a scanning electron microscope model

Zeiss FESEM 1530.

3. Results and Discussion

Table 1 shows the compositions of the different electrolytes investigated in
this study. As can be seen, MSA is the base acid in most of the samples. MSA
is less corrosive than hydrochloric acid and sulfuric acid, but has comparable

conductivity [37]. Moreover, only moderately high concentrations of chloride
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are suitable for the electrolyte to be used in a membrane-less zinc-cerium RFB
due to the possibility of chlorine gas forming in the presence of Ce(IV). Also, it
has been reported that the solubility of Ce(III) in sulfate baths is considerably
lower than in MSA media [9]. With these considerations, MSA is the better

choice as the base electrolyte.

Table 1: Electrolyte compositions investigated in this study

Low acid concentration

Base electrolyte ZnMSA ZnCl, ZnSO4

(moldm~3) (moldm™=3) (moldm™3) (moldm—3)
0.2 MSA 0.7 0 0
0.2 MSA 0.5 0.2 0
0.2 MSA 0.5 0 0.2
0.2 MSA 0.3 04 0
0.2 MSA 0.3 0 0.4
0.2 HCI* 0 0.7 0

0.2 HSO4* 0 0 0.7

High acid concentration

1.0 MSA 1.5 0 -
1.0 MSA 1.3 0.2 -
1.0 MSA 1.2 0.3 -
1.0 HCI* 0 1.5 -

* For comparison

Since undivided zinc-cerium RFBs are usually operated at lower acid con-
centrations [15,16], a 0.2 moldm 2 MSA base electrolyte containing a total of
0.7 moldm~3 Zn(II) is used for one series of voltammetry experiments (Table
1). The total Zn(II) concentration is kept fixed in order to fairly compare the
results obtained in the various solutions. For this series of experiments, soluti-
ons with mixed methanesulfonate/sulfate have also been prepared since it has
been reported that the solubility of Ce(IV) increases in the mixed methanesulfo-
nate/sulfate system [10] which would be beneficial for an undivided zinc-cerium

RFB. On the other hand, divided zinc-cerium RFBs operate at much higher
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Zn(II) concentrations (1.5 moldm =3 ZnMSA in 1 moldm =2 MSA [5]). Thus, 1
mol dm ™3 MSA base electrolytes containing a total of 1.5 moldm™2 Zn(II) are

used for another series of voltammetry experiments (Table 1).

3.1. Effect of mized methanesulfonate/chloride electrolyte

Figure 1 shows the cyclic voltammograms obtained in the different mixed
methanesulfonate/chloride electrolytes with a total of 0.7 moldm™=3 Zn(II) in
0.2 moldm ™3 MSA (Table 1) at 25°C on a static glassy carbon electrode. The
potential is swept first from -0.5 to -1.3 V vs SCE and then reversed back to -0.5
V at a scan rate of 20 mVs~'. A nucleation loop appears during the cathodic
scan obtained in each solution and is typical of that observed during metal
electrodeposition. In each case, an oxidation peak during the reverse scan arises
due to the anodic stripping of Zn(II) into the solution from the metal coating
deposited during the previous cathodic portion of the scan.

The voltammograms clearly show that the addition of chloride ions to the
electrolyte significantly increases the cathodic and anodic current densities at
any particular potential during the scans and decreases the nucleation overpo-
tential (NOP). The NOP is the difference between the nucleation potential E,
(point A) at which cathodic current is first observed during the scan and the
crossover potential E., (point B) at which the current switches from cathodic
to anodic during the reverse scan and represents the degree of polarization of
the cathode [38]. As shown in Table 2, the reduction in the NOP obtained
in the mixed methanesulfonate/chloride electrolytes containing a total of 0.7
moldm ™3 Zn(II) relative to that in the MSA-only solution reaches as high as
50 mV. The amount of zinc deposited during the cathodic portion of each scan
can be determined by measurement of the anodic charge (Qa,) during the re-
verse scan. Analysis of the CVs in Figure 1 shows that the amount of zinc
deposited has increased by 57% and 129% when 0.2 and 0.4 moldm ™2 chloride
ion, respectively, replace MSA in the electrolyte (Table 2). Note that the total
Zn(II) concentration is kept fixed at 0.7 moldm™ in these solutions so that

these differences can be attributed to the amount of chloride present.
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Figure 1: Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm2) in different mixed
methanesulfonate/chloride media with 0.2 mol dm=3 MSA base electrolyte at 25°C and a scan
rate of 20 mVs~1.

A similar trend is observed in the cyclic voltammograms in Figure 2 obtained
in the different mixed methanesulfonate/chloride electrolytes listed in Table
1 which contain a total of 1.5 moldm=2 Zn(II) in 1 moldm~2 MSA (typical
composition of the negative half-cell in divided RFBs). As shown in Table 2,
the NOP decreases by 90 mV when 0.3 moldm~3 chloride ion substitutes for
MSA in the electrolyte. Furthermore, Q,, increases by 113% relative to the
value obtained in the 1.5 moldm™3 ZnMSA solution when MSA is replaced
by 0.2 moldm™—2 chloride and by 179% when it is replaced by 0.3 moldm™3
chloride.

Due to the highly acidic environment of the studied electrolytes, hydrogen
evolution (HER) also accompanies zinc deposition during cathodic polarization.
In order to determine if the higher cathodic current density obtained in the

mixed methanesulfonate/chloride media is due to zinc deposition or hydrogen
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Figure 2: Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm2) in different mixed
methanesulfonate/chloride media with 1.0 mol dm=3 MSA base electrolyte at 25°C and a scan
rate of 20 mVs~1.

evolution, the charge efficiency (CE) over each of the voltammograms has been
determined and included in Table 2. The charge efficiency is calculated as the
ratio of the charge passed during the anodic portion of the scan to that obtained
during the cathodic portion. Table 2 shows that higher charge efficiency is
achieved in the mixed-electrolyte media than in the MSA-only electrolyte. Thus,
the mixed methanesulfonate/chloride electrolyte does not appear to promote the
HER and the higher current densities observed in the presence of chloride can
be attributed to an increase in the zinc deposition/dissolution rate.

Although a higher concentration of chloride ions in the mixed-electrolyte
media improves the zinc half-cell reaction kinetics, it would be preferable to
maintain the Cl~ concentration at lower levels in a membrane-less zinc-cerium
RFB due to the concern that it could be oxidized by Ce(IV) also present in

the electrolyte. Thus, based on the results of this section, a composition of
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Table 2: Effect of electrolyte composition on Eny, NOP, Qan and CE of zinc deposition in

mixed electrolyte solutions compared to pure methanesulfonate, chloride and sulfate solutions.

0.2 moldm~2 MSA base electrolyte
Composition (mol dm™) E,, (V) -NOP (mV) Q.. (mAs) CE (%)

0.7 ZnMSA -1.15 120 42.9 85
0.5 ZnMSA+ 0.2 ZnCly -1.11 80 67.4 93
0.3 ZnMSA + 0.4 ZnCly -1.11 70 98.4 89
0.7 ZnCl, -1.09 60 114.2 88
0.5 ZnMSA+ 0.2 ZnSOy4 -1.17 130 27.1 88
0.3 ZnMSA+ 0.4 ZnSOy4 -1.17 130 25.2 85
0.7 ZnSOy4 -1.18 130 31.3 89
1.0 moldm =3 MSA base electrolyte
1.5 ZnMSA -1.15 140 73.4 83
1.3 ZnMSA+ 0.2 ZnCl, -1.11 100 156.1 94
1.2 ZnMSA + 0.3 ZnCl, -1.07 50 204.8 90
1.5 ZnCl, -1.05 30 277.7 87

0.5 moldm = ZnMSA /0.2 moldm 2 ZnCls in 0.2 moldm~2 MSA is chosen for
subsequent analysis as an electrolyte in an undivided RFB (see section 3.4).
For a divided zinc-cerium RFB, higher chloride concentrations can be used with
the MSA base electrolyte. Thus, for this application, we will focus on the
composition of 1.2 moldm=2 ZnMSA /0.3 moldm~2 ZnCls in 1 moldm~3 MSA.
Although not included here, experiments have also been conducted in solutions
containing more ZnCly (i.e., 1.0 moldm=2 ZnMSA /0.5 moldm =3 ZnCly in 1
moldm~2 MSA), but little further change in the electrode response from that
obtained in 1.2 moldm™3 ZnMSA /0.3 moldm~3) ZnCly in 1 moldm—3 MSA
was observed. Thus, no further experiments in electrolytes containing more

than 0.3 moldm ™3 ZnCl, have been conducted.

3.2. Effect of mized methanesulfonate/sulfate electrolyte

Figure 3 shows cyclic voltammograms of the Zn/Zn(II) system in different
mixed methanesulfonate/sulfate electrolytes and the corresponding pure elec-

trolytes containing a total dissolved Zn(II) concentration of 0.7 moldm~3 in
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0.2 moldm~=2 MSA (Table 1). As Table 2 shows, the presence of sulfate ions
has a different effect from that of chloride by leading to a slight increase in
Enu (~ 20 mV), reflecting of a larger overpotential and more difficult onset of
zinc electrodeposition in mixed methanesulfonate/sulfate electrolyte compared
to the pure ZnMSA electrolyte. Although the charge efficiencies are compa-
rable in both pure and mixed electrolytes, the current density throughout the
cathodic portion of the scan and the anodic charge reflecting the amount of zinc
deposited are lower in the sulfate-containing solutions. Thus, although a mixed
methanesulfonate/sulfate electrolyte would have some benefits in an undivided
zinc/cerium RFB since it enhances the Ce(IV) solubility [10], our results show

that the kinetics of the Zn/Zn(II) redox reaction will suffer.
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Figure 3: Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm?) in different mixed
methanesulfonate/sulfate media with 0.2 moldm~=2 MSA base electrolyte at 25°C and a scan

rate of 20 mVs—!.

The CVs in these previous two sections clearly show that the addition of

chloride ions to the MSA base electrolyte leads to larger cathodic and anodic
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current densities and more zinc deposition compared to that obtained in the
pure MSA and sulfate-containing electrolytes. Also, the effect of the anions
on the overpotential for zinc deposition on glassy carbon electrode increases in
the following order: Cl~<CH3S0O5 <SOj . As previously mentioned, chloride
ions have been shown to enhance the electrodeposition of other metals as well.
One proposed mechanism for this effect is the bridging effect of chloride ions
[30,39]. In this mechanism, the chloride ions adsorb on the electrode substrate
and facilitate the electron transfer between the metal cations and the electrode
by forming bridges between them [30].

Another important factor is the strength of the interaction between Zn(II)
and the various ligands present which must be overcome in order to discharge
and deposit the metal. Consequently, the more stable a zinc ion-pair or complex
is, the slower should be the rate of zinc nucleation and deposition. One measure
of the strength of such an interaction is the magnitude of the stability constant
for its formation. The stability constant for the formation of the ZnCl* complex
at zero ionic strength is 109 [40]. On the other hand, the stability constant
for the formation of ZnSO, complex at zero ionic strength is 10%-3% [40]. Based
on this criterion, it should be easier to discharge Zn(II) and deposit metal in
the former than the latter electrolyte. This can explain the lower overpoten-
tial for Zn(IT) reduction in a mixed methanesulfonate/chloride bath compared
to a mixed methanesulfonate/sulfate electrolyte. No data were found in the
literature for the stability constant of zinc methanesulfonate complexes. Howe-
ver, it has been reported that methanesulfonate ions are stronger complexing
agents than chloride for other metals such as lead and cadmium [41]. Additio-
nally, a previous study on nickel deposition has shown that the overpotential for
Ni(II) reduction increases in the sequence ClO,; <CH3SO3 <SSO, , which leads
to the expectation that nickel-methanesulfonate complexes are less thermodyn-
amically favored than nickel-sulfate complexes and more than those containing
chloride [42]. In this study, we have found a similar trend in the overpotential for
Zn(II) reduction and thus propose that the stability of zinc-methanesulfonate

complexes is also higher than that of zinc-chloride complexes, leading to the
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mixed methanesulfonate/chloride bath being the most favorable electrolyte for

deposition.

3.8. Determination of exchange current density

159 038 -
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Figure 4: (a) Semi-log plot of current versus potential on a glassy carbon electrode (~ 0.071
cm?) immersed in different mixed methanesulfonate/chloride media obtained at a scan rate

of 2 mVs~!. (b) Linear polarization measurements for zinc on a glassy carbon electrode

obtained at a scan rate of 0.167 mVs~1.

Our results in Table 2 suggest that the addition of chloride enhances the
kinetics of the zinc redox reaction. Thus, we have conducted polarization ex-
periments to find the change in the values of exchange current densities upon
addition of chloride to the solution. Figure 4a is obtained by scanning the po-
tential at a sweep rate of 2 mVs~! up to 0.250 V in both directions from the
open circuit potential for each electrolyte shown in Table 3. The Butler-Volmer
equation (Eqn (1)) has been fitted to the experimental data to obtain the ex-
change current density (ip), S, and B.. A non-linear least-square method that
makes use of the trust region reflective algorithm (TRF) has been used to do

this fitting.

. <exp(2.3(E — Eoep)

i=1p 5 ) — exp(—

2-3(Eﬂ—c Eocy) )>
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As Table 3 shows, the exchange current density increases from 11.3 x 1073
Acm™2t021.7x 1073 A cm ™2 upon addition of 0.2 mol dm ™~ ZnCl, and rises to
24.0 x 1073 A cm~2 when 0.3 moldm~3 ZnCl, is added. The highest exchange
current density was found for the pure ZnCly solution. These values are in the
same range (1073 A cm~?) as the reported values for zinc redox reaction in pure
chloride and MSA electrolytes [43,44]. It should be noted that as Table 3 shows,
the 8. and [, extracted from Figure 4a are all larger than the expected value
for a two-electron transfer (60 mV decade™!). However, they are in agreement
with the values reported in previous studies on zinc deposition and dissolution
reaction in pure MSA solutions [45].

For the linear polarization technique, a potential sweep rate of 0.117 mV s~}
was used and the potentials were limited to 0.010 V from the open circuit
potential. In this range of overpotential, current changes linearly with voltage
(Figure 4b). Similar to the results found from fitting the Butler-Volmer equation
to the experimental data, the exchange current densities increase as the chloride
concentration is raised. The difference between the values obtained by these
two methods has also been reported in a previous study on zinc redox reaction
in pure MSA electrolyte [45] and is attributed to the occurrence of hydrogen
evolution reaction particularly at higher overpotentials.

Table 3: Open circuit potential (Eocp), —B and B, along with the exchange current density

(i) calculated from fitting the Butler-Volmer equation to experimental data and use of the

linear polarization method.

<3 L»
Compomﬁc{m Fitting of Butler-Volmer Equation 11.1ear.
(moldm~3) polarization
Eocp _5C ﬁa iO i0
(V)  (mVdecade ') (mVdecade™’) mAcm—?2 mA cm 2
1.5 ZnMSA -1.008 177 170 11.3 5.4
1.3 ZnMSA + 0.2 ZnCly -1.011 170 170 21.7 12.7
1.2 ZnMSA + 0.3 ZnCly -1.014 200 200 24.0 15.2
1.5 ZnCly -1.023 181 200 27.0 21.9
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3.4. Determination of diffusion coefficients for Zn(II)

In order to study the possible effect of chloride and sulfate ions on the
transport properties of Zn(II), we conducted a series of linear sweep voltammetry
experiments on a rotating GC electrode in various Zn(II)-containing solutions
over the potential range where zinc deposition occurs. As mentioned previously,
zinc deposition is accompanied by HER in all the electrolytes considered so far in
this study due to their acidic conditions. This greatly complicates the accurate
determination of the diffusion coefficient of Zn(II) using the Levich equation
since the limiting current plateaus for its reduction do not clearly appear in the
linear sweep voltammograms obtained in these solutions. Consequently, we have
chosen to measure the Zn(II) diffusion coefficients in electrolytes that contain
lower Zn(II) concentrations and are less acidic to ensure that it is possible for
the measured current to be controlled by diffusion of Zn(II) alone. Table 4
shows the composition of the electrolytes used for estimation of the diffusion
coefficients. The pure MSA and mixed electrolyte solutions are adjusted to
pH 4 by adding 0.5 moldm~2 NaMSA and the appropriate amount of MSA.
Solutions with pure chloride and sulfate ions have also been characterized for
comparison. 0.5 moldm™3 NaCl or NaySO, are added to these solutions and
the pH is adjusted to 4 using the appropriate amount of HC1 or HySOy.

Figure 5a shows the cyclic voltammograms obtained in the different mixed
methanesulfonate/chloride electrolytes containing a total of 0.02 mol dm ™3 Zn(II)
(Table 4) at 25°C on a static glassy carbon electrode. In these experiments, the
potential is swept first from -0.8 to -1.4 V vs SCE and then reversed back to
-0.8 V at a scan rate of 20 mV s~!. Similar to that observed previously in the
more concentrated solutions, the addition of chloride shifts the E,, to more
positive values and increases the current density and amount of zinc deposited.
As reported previously [6], the limiting current density iy, is an important factor
in the charge/discharge of RFBs. Operation at current densities higher than
i, leads to excessive hydrogen evolution and hence a lower charge efficiency
when the battery is being re-charged. Figure 5b shows the electrode responses

obtained at 1600 rpm for the same compositions shown in Figure 5a. As can

18



398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

15 4
—0.02 M ZnMSA

10 {—0.016 M ZnMSA + 0.004 M ZnCl,

0.01 M ZnMSA +0.01 M ZnCl,

|—0.004 M ZnMSA + 0.016 ZnCl,

10 E/V (SCE) E/V (SCE)
() (b)
Figure 5: (a) Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm?) immersed
in different mixed methanesulfonate/chloride media at 25°C obtained at a scan rate of 20

mVs~!. (b) Comparison of linear sweep voltammograms for RDE rotating at 1600 rpm for

the same compositions shown in Figure 5a. Scan rate = 20 mVs~!.

be seen, these plots show that the limiting current density for Zn(II) reduction
is increased significantly by the presence of chloride (e.g., an increase from ~
-18 mAcm~2 to ~ -29 mA cm~2 as the ZnCl, concentration is raised from 0
to 0.016 mol dm~—3) despite the fact that the total amount of Zn(II) in solution
remains unchanged. A similar trend is observed at the other rotation speeds.
Linear sweep experiments over the potential range from -1.0 V to -1.9 V
vs SCE at a scan rate of 20 mVs~! on an RDE operating at rotation speeds
of 400, 900, 1600, 2500 and 3600 rpm have been conducted for each composi-
tion given in Table 4. Figure 6a shows an example of the set of linear sweep
voltammograms obtained in one of the solutions (0.01 moldm~2 ZnMSA/0.01
moldm—2 ZnCly in 0.5 moldm~2 NaMSA) at pH 4. The current density for
the mass transport-limited reaction of an electroactive species at a rotating disk

electrode is described by the Levich equation [46]

ir, = 0.620nF D?/3,1/2y=1/6¢ (2)

where n is the number of transferred electrons (2 in this case), F' is the Fara-

day constant, D is the diffusion coefficient, w is the rotation speed expressed in
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rads~!, v is the kinematic viscosity and c is the concentration of the electro-

1/2 according to the Levich

active species. Figure 6b shows a plot of ij, versus w
equation for the solution considered in Figure 6a. As predicted by the Levich
equation, the plot is linear and passes through the origin. Although not inclu-
ded here, similar results are obtained for the other solutions. Table 4 shows the
diffusion coefficients obtained from the slope of the best straight line plot for
various electrolytes. Also included in the table are the corresponding kinematic
viscosities measured directly in our study. The dimensionless Schmidt number
which is the ratio of the dynamic viscosity of the electrolyte to the diffusion coef-
ficient is also included in this table. This number is important for characterizing
the flow conditions and is relevant to the design of redox flow batteries. The dif-
fusion coefficient of zinc in pure methanesulfonate, sulfate and chloride solutions
is found to be 4.6 x 1076 cm?s71, 4.4 x 107 cm?s™!, 8.6 x 107% cm?s™!, re-
spectively. The values obtained in the sulfate- and chloride-only solutions are in
good agreement with those reported previously [18,22]. In a previous study [10]
the diffusion coefficient of Zn(I) in a pure methanesulfonate solution was found
to have a somewhat higher value of 7.5 x 1075 cm?s~! than that reported here
although it should be noted that this earlier measurement was conducted in a
solution with a different concentration (0.01 mol dm~2 ZnMSA in 0.5 moldm~3
NaMSA). Also, in this earlier study, the kinematic viscosity of the electrolyte
was not measured and instead a value from the literature was assumed for the

purpose of estimating diffusion coefficient.
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Figure 6: (a) Linear sweep voltammograms for Zn(II) reduction on a glassy carbon electrode

(~ 0.071 cm?) obtained at a scan rate of 20 mVs~! and different rotation speeds in 0.01

moldm ™3 ZnMSA/0.01 moldm™3 ZnCly and 0.5 moldm~—3 NaMSA at pH 4. (b) Plot of

limiting current density versus w

solution.

1/2

according to the Levich equation obtained in the same

Table 4: Kinematic viscosity, diffusion coefficient and Schmidt number measured in various

mixed electrolytes.

. _ Kinematic viscosity Diffusion coefficient = Schmidt
Composition (moldm~3) / B B B
(1072 em?s™1) (1076 em?s71) number
0.02 ZnMSA 1.064 4.6 0.23
0.016 ZnMSA + 0.004 ZnCl, 1.092 5.3 0.21
0.01 ZnMSA + 0.01 ZnCl, 1.076 6.0 0.18
0.004 ZnMSA + 0.016 ZnCl; 1.088 8.3 0.13
0.02 ZnCly 1.012 8.5 0.12
0.016 ZnMSA + 0.004 ZnSO4 1.052 4.4 0.24
0.01 ZnMSA + 0.01 ZnSOy4 1.064 5.1 0.21
0.004 ZnMSA + 0.016 ZnSO4 1.052 5.7 0.18
0.02 ZnSOy4 1.360 4.4 0.31

** pH of all solutions adjusted to 4 through additions of 0.5 moldm~3 NaMSA to
the methanesulfonate solutions and 0.5 moldm =2 NaCl or Na;SO, to the chloride-

or sulfate-only solutions.

The results in Table 4 show that as more ZnMSA is replaced with ZnCl,

in the electrolyte, the diffusion coefficient increases and approaches the value
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obtained in a solution containing ZnCl; alone. On the other hand, the diffu-
sion coefficients in the mixed methanesulfonate /sulfate media differ only slightly
from the values observed in the sulfate-only or methanesulfonate-only electro-

lytes.

3.5. Effect of operating parameters in mized methanesulfonate/chloride electro-
lyte
3.5.1. Effect of temperature

Temperature is one of the important operating variables for redox flow bat-
teries. Whereas the proposed undivided zinc-cerium RFB has been operated at
room temperature [15], higher temperatures (40°C-60°C) have been used for the
divided zinc-cerium RFBs [5]. Thus, the effect of temperature on the Zn/Zn(II)
system in mixed methanesulfonate/chloride media is compared to that in the
MSA-only electrolyte for compositions used on the zinc negative half-cell side
of a divided zinc-cerium RFB.

Figure 7 shows the cyclic voltammograms obtained in solutions containing
1.2 moldm =3 ZnMSA /0.3 moldm~—3 ZnCly in 1 moldm~—2 MSA compared to
those obtained in the MSA-only electrolyte (1.5 moldm =3 ZnMSA in 1 mol dm—3
MSA) at 25, 35 and 45°C. The values of E,,, NOP | I,. and Q., determined
from these plots for both electrolytes at the three temperatures are summa-
rized in Table 5. These data show that an increase in temperature leads to
a positive shift of E,, in both electrolytes, but has much less effect in the
mixed methanesulfonate/chloride solution. An increase of E, is expected from
both thermodynamic and kinetic points of view. The electrode potential for
Zn/Zn(1I1) increases with temperature according to the Nernst equation, while
the rate of formation of metal clusters large enough to ensure spontaneous gro-
wth should also rise with temperature as given in classical nucleation theory and
the Volmer-Weber equation [47]. The data in Table 6 indicate that an increase
in temperature causes the amount of zinc deposited during the scan to rise and
NOP to decline in both electrolytes. However, they also reveal that the rise in

Enu and the amount of zinc deposited during the cathodic scan are significantly
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higher and NOP is always smaller in the mixed system than in the MSA-only
electrolyte at each temperature. At 45 °C, the amount of deposited zinc is 50%
higher and the NOP is 86% lower when the mixed electrolyte is used than when
MSA-only media are used. Although the NOP tends to decrease in magnitude
with temperature, the value for the pure MSA electrolyte at 45°C is 93 mV,
which is still higher than the value of 50 mV in the methanesulfonate/chloride
electrolyte. This highlights the important role that chloride plays in facilitating
zinc deposition. In fact, the improved kinetics achieved at 45°C in the pure
MSA electrolyte is already observed in the methanesulfonate/chloride solution
at room temperature.

To accurately determine the effect of temperature on the charge efficiency
of Zn deposition, we also have conducted experiments in which the GC elec-
trode immersed in the solutions of interest is galvanostatically polarized at 25
mA cm~? first in the cathodic direction for 30 s and then with the same magni-
tude of current in the anodic direction. Figure 8 shows the resulting response of
the electrode potential over this time obtained in the mixed and the MSA-only
electrolytes at the three temperatures, while Table 6 summarizes the correspon-
ding data for these experiments. The transient curves for both electrolytes
show that the electrode is immediately depolarized at the onset of the cathodic
polarization until a plateau is reached. This is not surprising given that the
nucleation overpotential for zinc deposition should decrease as the zinc depo-
sit begins to build on the GC substrate and is consistent with the features of
the cyclic voltammograms shown in Figure 7 and Table 5. When the polarity
is reversed and anodic current is applied, the response of the system is extre-
mely rapid and a plateau is reached almost immediately in both electrolytes
regardless of the temperature. This continues for ~ 25-30 s of anodic polariza-
tion until all of the zinc metal deposited during cathodic polarization has been
stripped, at which point the potential increases very sharply in the positive di-
rection and the experiment is terminated. The curves in Figure 8 clearly show
that temperature has a much smaller effect on the electrode response obtained

in the mixed electrolyte than in the MSA-only electrolyte, which is consistent
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with the effects on E,, and NOP observed in the CV scans in Figure 7 and
listed in Table 5. The curves in Figure 8 are relevant to battery applications in
that they give the response of the negative Zn electrode that might be expected
during a short charge/discharge cycle of a system operating at a given current
density. Comparison of the curves reveals a number of benefits of using the
mixed methanesulfonate/chloride electrolyte rather than the pure MSA electro-
lyte. The electrode potential reaches a plateau level where the rate of growth or
re-dissolution of zinc is constant almost immediately during both the cathodic
and anodic (charge and discharge) portions of the cycle at the three tempera-
tures. On the other hand, the electrode potential never levels off to a constant
value by the end of the 30—s duration of cathodic polarization in the MSA-only
solution at any temperature. Once the polarity of the current is reversed in the
anodic direction, the polarization of the electrode continues to gradually rise
until the Zn deposit has completely dissolved from the electrode when carried
out in the MSA-only electrolyte, whereas the electrode is able to maintain an
almost constant potential until the Zn deposit has deposit has been removed in
the case of the mixed electrolyte.

The operation of a rechargeable battery is most efficient when the polariza-
tion of both electrodes is as low as possible during both charge and discharge.
Thus, it is desirable for the electrode potential to be as positive as possible
during charge when Zn(II) reduction occurs and as negative as possible during
discharge when Zn oxidation occurs. The result will be the smallest change
in the electrode potential during the course of a complete charge/discharge cy-
cle. When viewed this way, a comparison of the transient curves in Figure 8
clearly shows that with the exception of cathodic polarization at 45°C better
performance is achieved in the mixed electrolyte than the pure MSA system.

Since the magnitude of the applied current is the same during both stages of
these experiments, the charge efficiency for Zn deposition can simply be obtai-
ned from the data in Figure 8 from the ratio of the elapsed time required to
completely strip the Zn deposit from the substrate during the anodic polari-

zation to the period allowed for cathodic polarization (30 s in this case). The
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sharp rise in the electrode potential observed when the Zn deposit has been
removed makes the determination of the charge efficiency from these plots very
straightforward. Although the solution conductivity and voltage efficiency both
increase as temperature is raised, the charge efficiency for Zn deposition in pure
MSA electrolyte has been previously shown to decrease due to the higher rate
of the HER [6]. The effect of temperature in the case of mixed electrolytes
has not previously been reported. The results in Table 6 not only confirm that
temperature has a similar effect in the MSA-only electrolyte investigated in our
study but that this effect extends to the mixed electrolyte as well. Thus, the
larger cathodic current density observed during the scans in Figure 7 as the
temperature is raised in both solutions is due to the higher rates of both zinc
deposition and hydrogen evolution.

Nevertheless, for the most part, our results clearly show the enhanced perfor-
mance of the Zn/Zn(II) reaction in mixed-electrolyte media in terms of higher
voltage and charge efficiency compared to that achieved in MSA-only electrolyte
at each temperature, which leads to a significantly larger energy efficiency. Even
with the decrease in the charge efficiency with temperature due to the higher
rate of the HER, the energy efficiency at 45°C in the mixed media is still grea-
ter than the energy efficiency achieved at room temperature in the pure MSA
electrolyte. This observation is particularly important for divided zinc-cerium
RFBs that are operated at higher temperatures to enhance the kinetics of the
Ce(III) /Ce(IV) reaction. By using the mixed methanesulfonate/chloride elec-
trolyte, the Zn/Zn(II) half-cell performance at 45°C is superior in terms of Ey,,
NOP, voltage and charge efficiency to that achieved in pure MSA electrolytes

at room temperature.
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Figure 7: Cyclic voltammograms obtained on a glassy carbon electrode (~ 0.071 cm?) in
mixed methanesulfonate/chloride media (solid line) and MSA-only electrolyte (dashed line)

at three different temperatures.
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Figure 8: Variation of electrode potential with time during galvanostatic cathodic and anodic
polarization of glassy carbon electrode (~ 0.071 cm?) at 25 mA cm™2 in mixed methanesul-

fonate/chloride media (solid line) and MSA-only electrolyte (dashed line) at three different

temperatures.
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Table 5: Effect of temperature, MSA and zinc concentration on Eny, NOP, I,c and Qan of zinc deposition in mixed methanesulfonate/chloride and
MSA-only electrolytes. The corresponding figures and compositions for each temperature, MSA and zinc concentration are explained in sections

3.4.1, 3.4.2 and 3.4.3, respectively.

O t. t Enu 'NOP Iac Qan

eratin arameter

P &P (V) (mV) (mA cm™2) (mA s)
MSA  Mixed MSA  Mixed MSA  Mixed MSA Mixed

-only electrolyte -only electrolyte -only electrolyte -only electrolyte

Temperature (°C)

25 -1.15 -1.07 140 50 131.6 2724 73.4 204.8
35 -1.12 -1.07 122 50 174.8 301.9 111.9 230.0
45 -1.08 -1.05 93 50 220.7 373.2 152.9 309.4
MSA concentration (moldm™?)

0.2 -1.15 -1.11 120 80 7.7 123.0 42.9 67.4
0.5 -1.15 -1.12 130 80 113.7 147.0 61.1 85.0
1.0 -1.16 -1.14 150 90 125.1 208.8 64.9 90.0
Zinc concentration (moldm—?)

0.7 -1.15 -1.11 120 80 7.7 123.0 42.9 67.4
1.0 -1.14 -1.10 120 70 98.0 158.6 57.9 118.7

1.5 -1.13 -1.06 120 50 118.8 213.1 74.5 174.7
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Table 6: Half-cell efficiencies of zinc deposition and dissolution of zinc in mixed MSA /chloride

electrolyte and MSA-only electrolytes. The corresponding figures and compositions for each

temperature, MSA, zinc concentration and current density are explained in sections 3.4.1,

3.4.2, 3.4.3 and 3.4.4 respectively.

Operating parameter VE% CE% EE%

MSA Mixed Mixed S Mixed

-only -only -only
Temperature (°C)
25 87.7 92.6 86.0 97.3 75.4 90.1
35 89.2 93.0 82.3 94.3 73.5 87.7
45 91.2 93.9 7.3 86.9 70.6 80.6
MSA concentration (moldm™3)
0.2 81.1 90.9 77.0 95.0 62.4 86.4
0.5 82.9 90.6 76.0 91.7 63.0 83.5
1.0 83.9 93.6 71.3 88.7 59.8 83.0
Zinc concentration (moldm—?)
0.7 81.1 90.9 77.0 95.0 62.4 86.4
1.0 84.6 91.1 82.3 96.7 69.6 88.1
1.5 86.2 92.0 87.3 97.7 75.3 89.9
Current density (mA cm=2)
5 95.5 97.1 80.0 87.7 76.4 83.1
25 87.7 92.6 86.0 97.3 75.4 90.1
35 84.5 91.0 86.7 92.7 73.2 84.3
45 80.4 87.3 85.0 93.7 68.3 81.8
59 77.6 86.7 84.3 92.3 65.4 80.9

8.5.2. Effect of methanesulfonic acid concentration

Cyclic voltammograms showing the effect of the addition of different amounts

of methanesulfonic acid to a mixed methanesulfonic acid/chloride solution (0.5

moldm—2 ZnMSA /0.2 moldm~2 ZnCly) and to a pure MSA electrolyte (0.7

moldm~3 ZnMSA) are presented in Figure 9. The corresponding data obtai-

ned from these plots are given in Table 5. The data show that the nucleation

potential is largely independent of the MSA concentration and shifts only slig-

htly in the negative direction as the MSA concentration is increased. The NOP
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is affected more strongly, particularly in the MSA-only solution where it rises
from 120 mV to 150 mV as the MSA level is increased from 0.2 moldm~3 to
1.0 moldm™3. As can be seen, the cathodic current density and amount of zinc
deposited during the scans increase in both electrolytes (pure and mixed) when
the concentration of the base MSA electrolyte is raised. However, these values
always remain higher for the case of the mixed electrolyte. In addition, the
onset potential for zinc deposition is more positive and the NOP is significantly
lower in the mixed electrolyte than in the MSA-only system.

Figure 10 shows the effect of MSA concentration on the electrode potential
during the course of galvanostatic cathodic and anodic polarization of the GC
electrode at 25 mA cm™2 in the mixed and pure MSA electrolytes, while Table
6 presents the voltage, charge and energy efficiencies obtained from these ex-
periments. A comparison of these transients shows the clear superiority of the
system performance when the mixed electrolyte is used in terms of the lower
extent of polarization required to sustain the applied current during both the
cathodic and anodic stages, faster attainment of plateau and charge efficiency
of Zn deposition.

When the effect of MSA level in each electrolyte is considered, these data
reveal that a rise in its concentration leads to more metal deposition, but favors
the HER even more. This effect is perfectly understandable given that MSA is
the source of H* ions. It should be noted that although the charge efficiency
decreases as the MSA concentration increases in both solutions, the charge effi-
ciency in the mixed methanesulfonate/chloride media remains higher than in the
MSA-only electrolyte at each MSA concentration. Furthermore, although the
energy efficiency of zinc deposition decreases with increasing MSA concentrati-
ons due to reduction in the charge efficiency, the energy efficiency in the mixed
media containing 1.0 moldm=3 MSA is significantly higher than that in pure
MSA electrolyte with 0.2 moldm™3 base MSA. Thus, by employing the mixed
electrolyte system, it is possible to operate the cell over a wider range of MSA
concentrations without the Zn/Zn(IT) reaction being negatively affected. Again,

this advantage of the mixed electrolyte is particularly important for an undivi-
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ded zinc-cerium RFB where high MSA concentrations are required to dissolve
the Ce(IV). It has been reported that the optimum composition from the point
of view of the solubility of cerium species is approximately 0.8 mol dm =3 Ce(III)
ion in 4.0 moldm ™ MSA [7]. However, at this high MSA concentration, the
HER becomes dominant on the zinc side. Thus, for an undivided zinc-cerium
RFB, a compromise must be made between a lower hydrogen evolution rate at
the zinc side and higher solubility of cerium in the electrolyte. This normally
requires that the battery be operated at low MSA concentrations and conse-
quently only at a low Ce(III) concentration (~ 0.2 moldm—2) [15]. This leads
to a low energy density of 11 WhL™! for an undivided system. Hence, it would
be beneficial to achieve higher charge efficiencies for zinc electrodeposition when
the solution contains a higher MSA concentration and the battery can produce
a higher energy density. As shown in this study, this is possible by using a mixed
methanesulfonate/chloride electrolyte, which enables the charge and voltage ef-
ficiency for zinc deposition achieved in the presence of 1.0 moldm =2 MSA to be

better to that achieved when only 0.2 moldm 2 MSA has been added.
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Figure 9: Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm?) obtained in 0.5
moldm ™3 ZnMSA /0.2 moldm~3 ZnCls (solid line) and in 0.7 mol dm ™3 electrolyte (dashed
line) containing three different MSA base concentrations (0.2, 0.5 and 1.0 moldm™3).

—0.2 M MSA
—0.5 M MSA
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Figure 10: Variation of electrode potential with time during galvanostatic cathodic and ano-
dic polarization of glassy carbon electrode (~ 0.071 cm?) at 25 mAcm~2 in 0.5 moldm~—3
ZnMSA /0.2 moldm~2 ZnCls (solid line) and in 0.7 moldm 3 electrolyte (dashed line) con-
taining three different MSA base concentrations (0.2, 0.5 and 1.0 moldm~3).
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3.5.3. Effect of zinc ion concentration in mized methanesulfonate/chloride me-
dia

In order to investigate the effect of the Zn(IT) concentration on the Zn/Zn(IT)
system, cyclic voltammograms have been obtained in each of the electrolytes
listed in Table 4. In this series of experiments, the total Zn(II) concentration
in the mixed electrolyte is increased from 0.7 moldm~3 to 1.0 moldm 3 and
1.5 moldm 3, while the molar ratio of methanesulfonate ions to chloride ions
is kept fixed at 5:2. Three solutions with 0.7 moldm~3, 1.0 moldm~3 and
1.5 moldm~=2 Zn(II), but in MSA-only electrolytes, are also investigated for
comparison purposes. Also, 0.2 moldm~3 MSA has been added to each of these
mixed and pure solutions.

Not surprisingly, the cathodic and anodic current density, cumulative charges
over the course of the scans of Zn deposition increase as the Zn(II) concentra-
tion rises in both electrolytes (Table 5). Also, this change causes the nucleation
potential to become more positive. More interesting is the comparison of the
effect of the Zn(II) concentration in the two types of electrolytes. E,, is more
positive, NOP is smaller, while the amount of metal deposited is larger at each
Zn(IT) concentration when the process is conducted in the mixed methanesul-
fonate/chloride electrolyte than in the MSA-only electrolyte. Furthermore, the
positive effect of the Zn(II) concentration on the amount of metal deposited is
significantly larger in the mixed methanesulfonate/chloride electrolyte than in
the MSA-only electrolyte.

Figure 12 shows the effect of the Zn(II) concentration on the electrode po-
tential during the course of galvanostatic cathodic polarization and anodic po-
larization at 25 mA cm ™2 in the mixed and pure MSA electrolytes. Obviously,
zinc deposition becomes increasingly favored over the HER by the increase in
the Zn(1II) concentration. Previous studies also found that the charge efficiency
increases from 78% in 0.5 moldm =3 Zn(II) to 92% in 2.0 mol dm ™3 Zn(II) when
1.5 moldm™2 pure MSA electrolyte is used [6]. The transients in Figure 12

show that this leads to less polarization during reduction in both electrolytes
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although the effect of the Zn(II) concentration is larger in the MSA-only case.
On the other hand, the Zn(II) concentration has no effect on the electrode po-
tential in both solutions as Zn is being oxidized during the anodic polarization.
Comparison of the transients also reveals once again the benefits of using the
mixed electrolyte over that of the pure MSA electrolyte at each of the Zn(IT)
levels (less polarization throughout both stages of the cycle, faster attainment
of plateau and higher charge efficiency of Zn deposition).

The data in Table 6 reveal that at each Zn(II) concentration, the charge and
voltage efficiencies are significantly higher in the mixed electrolyte than in the
pure MSA solution. It is desirable to use a higher Zn(II) concentration since
this reduces the likelihood that mass transfer will affect battery performance at
all states-of-charge and permits the battery to be charged at higher current den-
sities. By using the mixed electrolyte rather than the MSA-only solution, it is
possible to achieve a higher energy efficiency with lower nucleation overpotential

at high Zn(II) concentrations.

Table 7: Different compositions used to study the effect of Zn(II) concentration in mixed

methanesulfonate/chloride and pure MSA electrolytes that also contain 0.2 moldm~3 MSA.

ZnMSA (moldm~3)  ZnCly(moldm~3)

0.7 0
1.0 0
1.5 0
0.5 0.2
0.714 0.285
1.072 0.42
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Figure 11: Cyclic voltammograms on a glassy carbon electrode (~ 0.071 cm?) obtained in

mixed methanesulfonate/chloride media (solid line) and MSA-only electrolyte (dashed line)

containing 0.7, 1.0
Table 7.

and 1.5 moldm™3 total Zn(IT). The solution compositions are listed in
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Figure 12: Variation of electrode potential with time during galvanostatic cathodic and anodic

polarization of glassy carbon electrode (~ 0.071 cm?) at 25 mA cm ™2 in mixed methanesul-

fonate/chloride media (solid line) and MSA-only electrolyte (dashed line) containing 0.7, 1.0

and 1.5 moldm™3 total Zn(IT). The solution compositions are listed in Table 7.

34



654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

8.5.4. Effect of current density

Figure 13 shows the effect of current density on the charge/discharge of the
zinc redox reaction in solutions containing 1.2 moldm =3 ZnMSA /0.3 mol dm—3
ZnCl, in 1 moldm™—3 MSA compared to those obtained in the MSA-only elec-
trolyte (1.5 moldm ™ ZnMSA in 1 moldm~—3 MSA). Similar to previous studies
[6,18], higher energy efficiency is found at a moderate current density of 25
mA cm~2. The corresponding data in Table 5 show that the voltage efficiency
decreases in both types of electrolytes as the current density is increased. Alt-
hough the VE% is very high at a low current density of 5 mA cm™2, due to
the high self-discharge of zinc, the resulting charge efficiency is the lowest. As
the current density is raised above 25 mA cm ™2, the current efficiency slightly
decreases but is generally independent of the applied current density, which is
in agreement with previous literature [48]. The data in Table 6 reveal that
regardless of the applied current density, the charge, voltage and the resulting
energy efficiency are higher in the mixed electrolyte compared to the pure MSA
media and the highest energy efficiency is obtained at a current density of 25

mA cm 2.

35



671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

E\ V (SCE)

25 —35 —45 —55
0.7 1

06 -

05 4 T-°5 ---=225 35 -----45 -

-0.4

Time /s

Figure 13: Variation of electrode potential with time during galvanostatic cathodic and anodic
polarization of glassy carbon electrode (~ 0.071 cm?) in mixed methanesulfonate/chloride

media (solid line) and MSA-only electrolyte (dashed line) at different applied current densities.

Current densities are in mA cm—2.

3.6. Deposit morphology

Figure 14 shows the micrographs of zinc deposited from solutions contai-
ning 0.5 moldm=2 ZnMSA /0.2 moldm ™3 ZnCl, compared to those obtained
in the MSA-only electrolyte (0.7 moldm=3 ZnMSA). The base electrolyte was
0.2 moldm =2 MSA for both solutions. During deposition, the parallel hydro-
gen evolution reaction resulted in hydrogen bubbles covering many sites on the
electrode surface. At some sites, these hydrogen bubbles could undercut and
dislodge part of the zinc deposit. The poor surface adhesion of zinc onto glassy
carbon electrode and the incomplete coverage of the GC electrode surface by
zinc deposits have also been reported in a previous study on the comparison
of different carbon materials for the negative side of the zinc-cerium redox flow
batteries [45]. It should be noted that the use of carbon composite materials
such as polyvinyl ester (PVE) and polyvinylidene difluoride (PVDF) largely
solves these problems [45].

For both electrolytes, the deposited zinc is made up of hexagonal grains that
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are randomly oriented on the electrode surface. This type of morphology for
zinc deposits have also been reported in various previous studies [6,18,21]. By
comparing the two images, it is clear that the addition of chloride has resul-
ted in denser deposits with a more packed morphology. This is supported by
our results in Table 5 which showed that regardless of the operating parame-
ters, the anodic charge (which corresponds to the amount of deposited zinc) is

significantly higher in mixed electrolytes than in the pure MSA media.

(a) (b)

Figure 14: The SEM images of zinc deposited from (a) 0.5 moldm~—3 ZnMSA /0.2 moldm—3
ZnCly and (b) 0.7 moldm™3 ZnMSA onto glassy carbon plate (~ 0.25 cm?). The deposition

was done galvanostatically under constant current of 50 mA cm~2 for 1 minute.

4. Conclusions

e Cyclic voltammetry and linear polarization experiments show that the in-
troduction of moderate concentrations of chloride ions (0.2 — 0.3 mol dm™%)
to MSA-based electrolytes leads to a significant increase in the rate and
amount of Zn deposition, positive shift in the nucleation potential, re-
duction in the nucleation overpotential and enhanced exchange current

densities.

e The addition of sulfate ions into the MSA-based electrolyte leads to a
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lower rate of Zn deposition, slightly higher nucleation overpotential and

similar charge efficiency to that attained in MSA-only electrolytes.

e The use of a mixed electrolyte has also been found to improve the transport
properties of Zn(II). The diffusion coefficient of Zn(II) is found to be 6.0 x
107% em?s™! in 0.01 moldm™=3 ZnMSA/0.01 moldm~2 ZnCly compared
to 4.6 x 107% cm?s™! in 0.02 mol dm—3 ZnMSA.

e Both potentiostatic and galvanostatic experiments conducted at 25, 35
and 45°C show that the rate, charge efficiency and voltage efficiency of
Zn deposition are higher in the mixed methanesulfonate/chloride solution

than in the MSA-only solution at each temperature.

e Although an increase in the base MSA concentration lowers the charge
efficiency for Zn deposition in both pure and mixed MSA electrolytes, the
use of a mixed methanesulfonate/chloride system leads to higher charge

and voltage efficiency than in pure MSA electrolyte.

e The microghraph of zinc deposited from a mixed methansulfonate/chloride
solution resulted in more packed morphology compared to the deposits

from pure MSA electrolyte.

Since mixed methanesulfonate/chloride electrolytes have also been shown to
increase the reversibility and kinetics of the Ce(III)/Ce(IV) half-cell reaction
[11], it is also viable to use them as the common electrolytes in undivided zinc-
cerium RFBs. However, before any further work on an undivided RFB is done,
a thorough study on the effect of Ce(III) and Ce(IV) on the Zn/Zn(II) half-cell

reaction is necessary and is the subject of our ongoing research.
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