RESEARCH ARTICLE

W) Check for updates

Juill

www.small-journal.com

Stable Zinc Electrode Reaction Enabled by Combined
Cationic and Anionic Electrolyte Additives for Non-Flow

Aqueous Zn—Br, Batteries

Jeonghyun Kim, Hyeonghun Park, Youngin Cho, Taegyoung Lee, Hyerim Kim,

Chanho Pak, Hyeong-Jin Kim, and Sangryun Kim*

Aqueous zinc-bromine batteries hold immense promise for large-scale energy
storage systems due to their inherent safety and high energy density.
However, achieving a reliable zinc metal electrode reaction is challenging
because zinc metal in the aqueous electrolyte inevitably leads to dendrite
growth and related side reactions, resulting in rapid capacity fading. Here, it is
reported that combined cationic and anionic additives in the electrolytes using
CeCl, can simultaneously address the multiple chronic issues of the zinc
metal electrode. Trivalent Ce3>* forms an electrostatic shielding layer to
prevent Zn** from concentrating at zinc metal protrusions, while the high
electron-donating nature of ClI~ mitigates H,O decomposition on the zinc
metal surface by reducing the interaction between Zn?* and H,O. These
combined cationic and anionic effects significantly enhance the reversibility of
the zinc metal reaction, allowing the non-flow aqueous Zn—Br, full-cell to
reliably cycle with exceptionally high capacity (>400 mAh after 5000 cycles)

concerns regarding the wuse of con-
ventional lithium-ion batteries with
flammable organic liquid electrolytes

in ESS have accelerated research into
various types of aqueous batteries.

The combination of redox materials plays
a crucial role in aqueous batteries, as their
energy density and stability significantly in-
fluence battery performance. In this con-
text, aqueous Zn—Br, batteries that uti-
lize redox reactions of Zn and Br at the
anode and cathode, respectively, emerge
as among the most prominent candidates
owing to their high theoretical energy
density (>400 Wh kg™!),3] power density
(>100 mW cm~2)B], and low active material
costs (5-8 $ kWh!):1*1 1) In detail, Zn metal

even in a large-scale battery configuration of 15 x 15 cm?.

1. Introduction

Currently, grid-scale energy storage systems (ESS) are predom-
inantly dominated by lithium-ion batteries that utilize organic
solvent-based electrolytes.l!! Despite their superior energy stor-
age performance, lithium-ion batteries still possess inherent
drawbacks, including safety concerns, high material costs, and
uneven distribution of raw materials. This has spurred the ex-
ploration of alternative energy storage systems based on aque-
ous rechargeable batteries.?! In particular, increasing safety
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provides the highest volumetric energy den-

sity (5885 mAh cm~>)’] among known an-

ode materials. 2) Zn metal is also natu-

rally abundant and is (electro)chemically
compatible with the aqueous electrolyte system.[®] 3) In addition,
bromine (Br) exhibits high specific capacity (200 Ah L=1),5] high
redox potential (1.07 V vs standard hydrogen electrode (SHE)),!”]
and superior water stability.l’] Based on these conspicuous ad-
vantages, various types of aqueous Zn—Br, batteries such as re-
dox flow,®] membrane-free,**! and non-flow!*1! types have been
introduced to realize the high-performance aqueous battery sys-
tems.

However, achieving reliable operation of aqueous Zn—Br, bat-
teries with stable cycling capabilities is nontrivial. One of the in-
herent challenges is dendritic growth and related parasitic side
reactions of the zinc metal anode upon cycling.'!l 1t is well-
known that zinc metal anode is prone to dendrite growth dur-
ing plating, and these changes are repeated and accelerated over
cycling, leading to internal short circuits and dead Zn. In ad-
dition, the redox reactions of Zn in the aqueous environment
are inevitably accompanied by unwanted water-derived side re-
actions, namely the hydrogen evolution reaction (HER).['?] Sev-
eral strategies have been employed to address these issues, such
as surface coating,!**! zinc metal engineering,!'* and electrolyte
additives.I">] However, ensuring stable Zn reactions for pro-
longed cycling, especially at high areal current densities, remains
a challenge. More difficultly, as the reaction of the zinc metal
anode in aqueous Zn—Br, batteries starts from Zn** existing
in the electrolyte, the aforementioned Zn-derived side reactions

© 2024 The Authors. Small published by Wiley-VCH GmbH
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are inter-influenced by those of Br~ in the cathode side, causing
additional side reactions such as generation of Br, gas and the
formation of polybromide anions (Br;~, Brs~, Br,™, etc.).'®! For
these reasons, in most cases, the performance degradation of
aqueous Zn—Br, batteries is more severe than that of conven-
tional Zn aqueous ones.

In an effort to stabilize the zinc metal anode reactions in aque-
ous Zn—Br, batteries, herein, we report a new approach of si-
multaneously engaging cationic and anionic additives, namely
cerium cation (Ce**) and chloride anion (Cl~) (CeCl, as a com-
pound), in the aqueous electrolyte. The trivalent Ce** improves
the reversibility of Zn plating/stripping by forming an electro-
static shielding layer that prevents the concentration of zinc ions.
Moreover, the high electron-donating nature of Cl~ mitigates the
HER on the surface of the zinc metal anode by weakening the in-
teraction between Zn** and H,O. On the basis of these combined
cationic and anionic effects, in the case of large-area (15 X 15 cm?)
cell configurations, non-flow aqueous Zn—Br, batteries with the
CeCl; additive exhibit superior cycling stability (>400 mAh af-
ter 5000 cycles) at a high current density of 20 mA cm=2. This
research provides a promising guideline toward practical large-
scale aqueous Zn—Br, batteries, marking a significant milestone
in advanced energy storage solutions.

In contrast to previous studies relying on single-type addi-
tives, our approach offers a distinctive approach to stabilize the
zinc metal anode. This study contributes to advancing the un-
derstanding of electrode stabilization strategies in aqueous bat-
tery systems. Furthermore, the insights gained from this re-
search hold significant implications for the development of high-
performance and reliable energy storage technologies for diverse
applications.

2. Results and Discussion

2.1. Electrochemical Test of a Graphite (Cathode)/Zn (Anode) Cell

Figure 1a illustrates the schematic diagrams of synthetic routes
for the pristine electrolyte and the modified electrolyte containing
CeCl,. The electrolytes were prepared by simply mixing ZnBr,
salt, CeCl; additive, and deionized (DI) water (See the Experi-
mental Section for details). The optical photographs display that
both electrolytes are transparent with no visible differences, in-
dicating that the synthesized electrolytes are homogeneously dis-
persed (Figure S1, Supporting Information).

The non-flow graphite (cathode)/Zn (anode) cells (Figure 1b;
Figure S2a, Supporting Information) using the modified elec-
trolytes exhibited superior electrochemical properties in various
aspects, such as cycle life, coulombic efficiency (CE), energy effi-
ciency (EE), and rate capability. From the testing of various con-
centrations of CeCl, (Figure S3, Supporting Information), 0.03 m
was chosen as the main modified electrolyte for the current in-
vestigation. When galvanostatically cycled at a charging current
density of 20 mA ¢cm~? with an areal capacity of 2 mAh cm™
and at a discharging current density of 20 mA cm=? (cut-off volt-
age: 0.01 V), the cells with the pristine and modified electrolytes
display very similar profiles during the first cycle (Figure S4,
Supporting Information). The discharge capacities of the modi-
fied electrolyte and pristine electrolyte cells were 7.171 mAh and
7.231 mAbh, respectively.
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After the initial cycle, however, both cells present different
behaviors during prolonged cycling (Figure 1c,d). The average
CEs and EEs of the modified and pristine electrolyte cells dur-
ing 500 cycles were 97.8%, 68.4%, and 89.8%, 63.1%, respectively
(Figure le-g). These results clarify that CeCl; significantly en-
hances the reversibility of aqueous Zn—Br, batteries.

Moreover, as shown in the dQ/dV plots (Figure 1h; Figure S5,
Supporting Information), the modified electrolyte cell exhibits
lowered overpotential, which implies that the CeCl, additive con-
tributes to the mitigation of reaction resistance. The decreased
resistance was also verified by electrochemical impedance spec-
troscopy (EIS) analyses (Figure S6, Supporting Information).
Therefore, the higher EE of the modified electrolyte cell is as-
cribed to its improved CE and lowered battery resistance. In con-
trast, most of the previous approaches involving other electrolyte
additives to stabilize zinc metal reactions impair zinc ion migra-
tion and consequently sacrifice the intrinsic electrochemical per-
formance of the electrolyte.!'”]

The modified electrolyte cell also displays improved rate capa-
bility. Figure 1i shows the CEs at different discharging current
densities (5, 10, 20, 40, 60, and 80 mA ¢cm~2) with a fixed charg-
ing current density of 20 mA cm=? after 10 cycles of activation.
The cell with the modified electrolyte exhibits higher CEs under
all discharging current densities. The reduction of overpotential
by the CeCl, additive is also observed at high discharging cur-
rent densities (Figure S7, Supporting Information). These excel-
lent performances of the modified electrolyte cells are attributed
to the combined contributions of Ce** and Cl- additives in the
electrolyte to the enhanced stability of the zinc electrode during
cycling. This is well reflected in the reversibility of the zinc elec-
trode reaction, as discussed in the next section.

2.2. Analysis of Zinc Surface and Bulk Electrolyte

The electrochemical processes of the modified electrolyte cell
were further investigated by various analyses. Cyclic voltamme-
try (CV) tests using both electrolytes indicate that the CeCl; ad-
ditive has almost no effect on the Br,/Br~ reaction at the cath-
ode (Figures S8,S9, Supporting Information). In addition, Ra-
man spectroscopy analyses after cycling detect no by-products
(such as Br,Cl~ and Br,Cl")8] by the interaction between the
Br, cathode and the CeCl, additive (Figure S10, Supporting In-
formation). Therefore, our additional characterizations focus on
the zinc metal anode.

Dendrite formation is one of the critical challenges that must
be addressed for the practical application of batteries using metal
electrodes. It is well-known that the protrusions of the zinc
metal anode generate a stronger electric field compared to the
smooth regions.l"”] This electric field difference causes the flow
of Zn?* to concentrate around the protrusions, ultimately leading
to dendrite formation. In fact, our pristine electrolyte cell pre-
sented a drastic decrease and increase in the CEs during cycling
(Figure 1e), which are caused by the dendrite growth of zinc ions
and their recovery.[?"]

X-ray photoelectron spectroscopy (XPS) analyses on the zinc
metal anode surface after the deposition of Zn?* present only the
Zn 2p peaks (Figure 2a,b). X-ray diffraction (XRD) measurements
of the zinc metal anode before and after cycling also confirm only
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Figure 1. a) Schematic diagrams of synthesis routes of electrolytes, left: pristine electrolyte, right: modified electrolyte. No BCA was used. b) Schematic
illustration of the graphite (cathode)/Zn (anode) cell. Charge-discharge profiles of the c) modified electrolyte and d) pristine electrolyte cells. Cycle
performances of e) coulombic efficiency and f) energy efficiency. g) Average coulombic efficiencies and energy efficiencies during 500 cycles. h) dQ/dV

plots derived from tenth charge—discharge profiles in Figure 1c,d. i) Coulom

the peaks from zinc metal (Figure S11, Supporting Information).
In addition, no bonding peaks related to Ce** were observed in
the modified electrolyte from the Raman spectroscopy measure-
ments (Figure S12, Supporting Information). These results re-
veal that Ce’* exists in the state of free ions in the electrolyte
during cycling. Therefore, Ce**, which has a standard reduction
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bic efficiency as a function of discharging current density.

potential (—2.48 V vs SHE) lower than that of Zn** (-0.76 V
vs SHE) and possesses a higher valency than Zn?*, plays
a role in inhibiting dendrite formation through the follow-
ing mechanism; Ce** approaches near the protrusions of the
zinc metal anode, forming an electrostatic shielding layer. This
layer can induce the uniform deposition of zinc by exerting

(3 of8) © 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. XPS spectra of a) Zn 2p and b) Ce 3d for the zinc metal anodes after the Zn?* deposition. SEM images of zinc metal anodes in the c) pristine
electrolyte and d) modified electrolyte cells after 1 and 100 cycles at 20 mA cm™2 and 5 mAh cm™2. Elemental analysis by energy-dispersive X-ray
spectroscopy was difficult due to the close X-ray transition energies of the Ce M-edge and the Zn L-edge.[?']

electrostatic repulsive force against Zn?*, pushing it away from
the protrusions.

As direct evidence, the surfaces of the zinc metal anode af-
ter the zinc deposition were examined by scanning electron mi-
croscopy (SEM) (Figure 2¢,d; Figure S13, Supporting Informa-
tion). When cycled with the pristine electrolyte, Zn?* is deposited
with an uneven distribution (a few um = several hundred um)
(Figure 2c). In contrast, the modified electrolyte resulted in a uni-
form distribution and smaller grain sizes upon Zn?* deposition
(Figure 2d). These changes well support the improved CE dur-
ing cycling as well as its suppressed fluctuation by the modified
electrolyte (Figure 1e).

The high electric field of Zn?** also causes strong interactions
with H, 0, thus forming the hydrated form, (Zn(H,0)**).122) The
coordinated H, O has weakened O—H bonds because the solvated
structure of Zn(H,0),%* induces electron transfer from H,O to
Zn?*. The weakened O—H bonds facilitate the decomposition of
H, O near the zinc metal anode, accelerating the HER.[?3] In this
regard, our analysis of the modified electrolyte clarifies that the
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high electron-donating nature of Cl~, used as an anionic additive,
reduces interactions between H,0 and Zn?* by forming a solva-
tion structure with Zn?*, thereby alleviating the HER on the zinc
metal anode surface.*!]

The reduced HER activity by the modified electrolyte was
directly verified by linear sweep voltammetry (LSV) measure-
ments. The modified electrolyte cell displays a lower HER
onset potential (—0.58 V vs SHE) compared to the pris-
tine electrolyte one (—0.53 V vs SHE) (Figure 3a). To under-
stand this point in detail, the bonding environments of the
prepared electrolytes were investigated by Raman spectroscopy
measurements (Figure 3b). The pristine electrolyte exhibits Ra-
man peaks at 170-250 and 390 cm™!, which present the bond-
ing modes of zinc bromide complexes ([ZnBr,]?=¥*)%] and
zinc hydrate ([Zn(H,0)¢]**)***"], respectively. A notable dif-
ference between the pristine and modified electrolytes is a
new broad peak observed at ~290 cm™!, which is ascribed to
the formation of [Zn(H,0),_,CL]?~¥* by the interaction be-
tween Cl~ and Zn?*.[2»242%] Importantly, as the amount of

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) |-V curves of the pristine electrolyte and modified electrolyte cells. b) Raman spectra of electrolytes containing various amounts of CeCl;

additive.

CeCl; in the electrolyte increases, this peak increases while
the peak from [Zn(H,0)]*" decreases (Figure 3b). These re-
sults reveal that Cl- weakens the interaction between Zn?* and
H,0 by participating in bonding within the solvation shells
of Zn?*. It is known that during battery operation under the
electric fields, solvated zinc ions possessing charge and mo-
bility move closer to the electrode compared to the free wa-
ter within the electrolyte.?”] Therefore, small changes in sol-
vation structure observed within the electrolyte in this work
can significantly influence surface reactions at the electrode
surface.

'H nuclear magnetic resonance analysis (Figures S14,515,
Supporting Information) was further conducted to elaborate on
the observed phenomena. For the measurement of pure wa-
ter in DMSO-d,, the 'H peak is observed at 4.30 ppm. When
we add 2.8 M ZnBr,, the chemical shift noticeably increases to
4.56 ppm, which indicates a decrease in the electronic density
of the protons in H,0 molecules due to the strong coordina-
tion between Zn?* and H,O. In addition, as the CeCl; additive
concentration increases from 0.03 to 0.3 m, the 'H peaks grad-
ually shift from 4.56 to 4.21 ppm. The lowered 'H chemical
shift directly supports an increase in electronic density due to
the addition of CI7, clarifying that a part of the coordinated H,O
molecules are released from the zinc ions. These results, once
again, reveal the weakened binding between Zn?* and H,0 by
Cl~. On the basis of these results, it can be concluded that the
reduced HER activity in the modified electrolyte cell is the re-

Small 2024, 20, 2401916

2401916 (5 of 8)

sult of lowered interactions between H,0 and Zn?* by the high
electron-donating CI~.

Electrolyte additives have been considered as one of the reme-
dies because the degradation of the zinc metal anode in aque-
ous batteries typically begins from side reactions between the
zinc metal anode and the electrolyte.[?!] Our approach, which
simultaneously employs both cationic and anionic additives in
one compound, is distinctive from previous studies!®?’! that use
a single type of additive for the stabilization of the zinc metal
anode.

2.3. Large-Scale Cell Verification

The combined cationic and anionic effects of the CeCl; ad-
ditive are graphically summarized in Figure 4a. On the basis
of the stabilized zinc metal reactions by CeCl; additive, the
electrochemical evaluation was expanded to practical non-
flow aqueous Zn—Br, batteries. It is well-known that aqueous
Zn—Br, batteries suffer from the severe generation of Br, gas
during the charging process, which results in significant energy
loss during cycling.?% Additionally, the generated Br, at the
cathode interacts with Br~ to form highly soluble polybromide
anions (Br;~, Brs™, Br,”, etc.). The bromine species (Br, and
polybromides) easily diffuse from the cathode to the anode, caus-
ing unwanted side reactions with the zinc metal anode.!'®>3]
Thus, to mitigate these side reactions by the bromine species, a

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a) Effect of the CeCl; additive on zinc electrode reaction. Schematic illustrations (left) and cycle performances (right) of the coulombic efficiency
of the b) 2 x 2 cm? graphite (cathode) /graphite (anode) and c) 15 x 15 cm? graphite (cathode)/graphite (anode) cells.

corrosion-resistant graphitel®!! and 1-ethylpyridinium bromide
(1-EPBr)®) were used as an anode and a bromine complexing
agent (BCA) additive, respectively. Moreover, the thicker
(11.9 mm) graphite electrode was employed to minimize
the distance between the electrodes, which reduces the ohmic
polarization caused by the electrolyte (Figure S17, Supporting
Information). The detailed cell configurations are shown in
Figure S2b (Supporting Information). Indeed, our preliminary
electrochemical tests using non-flow graphite (cathode)/graphite
(anode) cells indicate that engaging 1-EPBr as a BCA and thicker
graphite results in enhanced CE and reduced overpotential,
respectively (Figures S16,517, Supporting Information).

We first carried out the battery evaluation of the 2 x 2 cm?
graphite (cathode)/graphite (anode) cells (Figure 4b) with the
pristine and modified electrolytes. The stabilized zinc metal re-
action by the CeCl, additive was well reflected in this cell config-
uration. The modified electrolyte cell retained 94.9% of CE and
70.3% of EE after 2000 cycles (Figure 4b; Figures S18a,519, Sup-
porting Information). During the entire cycling, the average CE
and EE were 95.2% and 74.2%, respectively. After the same num-
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ber of cycles, however, the pristine electrolyte cell exhibited only
21.1% of CE and 17.4% of EE (Figure 4b; Figures S18b,S19, Sup-
porting Information). Remarkably, the modified electrolyte cell
maintained high electrochemical stability even after 5000 cycles
(Figure S20, Supporting Information).

Achieving long-term reliable cycling capability in the large-
areal battery is also crucial for improving the energy storage
performance of aqueous batteries. To this end, the non-flow
15 x 15 cm? graphite (cathode)/graphite (anode) cell was fab-
ricated (Figure 4c). A modified electrolyte consisting of 2.8 M
ZnBr, and 0.03 M CeCl, was employed in this large-scale cell. The
cycling performance was evaluated under the same current and
an areal capacity as those of 2 X 2 cm? cells. This cell delivered
a high discharge capacity of 407 mAh after 5000 cycles (Figure
S21a, Supporting Information), which corresponds to 92.3% of
CE. The average CE during 5000 cycles was 91.8% (Figure 4c).
These results demonstrate the practical feasibility of using CeCl,
as an additive in large-scale aqueous Zn—Br, batteries. The low-
ered EE by the large battery area is likely due to the increased
overpotential caused by the large interfacial resistance between

© 2024 The Authors. Small published by Wiley-VCH GmbH
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the electrode and electrolyte (Figure S21b, Supporting Informa-
tion). Therefore, investigating battery properties for various cell
configurations and their detailed reaction mechanisms would
contribute to further enhancing the performance of practical
large-scale Zn—Br, batteries such as those demonstrated in this
study.

3. Conclusion

In conclusion, we introduce CeCl, as an electrolyte additive to
enhance the stability of the zinc electrode in aqueous Zn—Br,
batteries. The combined effects of Ce** and Cl-, which improve
the reversibility of Zn plating/stripping and mitigate the HER,
respectively, enable the stable operation of non-flow aqueous
Zn—Br, batteries. Importantly, our study highlights the impor-
tance of understanding the different roles of various cationic and
anionic additives and utilizing them complementarily to design
the electrolyte. This electrolyte design holds promise for appli-
cation to a range of aqueous batteries that experience multiple
simultaneous structural degradations.

4. Experimental Section

Preparation of Electrolytes: Commercial ZnBr, (Alfa Aesar Co., Inc.)
was used as the salt in both the pristine and modified electrolytes. First,
2.8 M of ZnBr, was dispersed in 8 mL of DI water. CeCl; (Sigma Aldrich.,
Inc.) was then added to the pristine electrolyte, and the solution was vigor-
ously stirred for 1 h at room temperature. The CeCl; concentrations were
adjusted to 0, 0.01, 0.03, 0.05, 0.1, 0.3, and 0.5 M. When graphite was used
as both the cathode and anode, 0.1 m T-ethylpyridinium bromide (1-EPBr,
Alfa Aesar Co., Inc.) was added to the electrolytes to capture corrosive Br,
formed by the oxidation of Br~ at the cathode during charging.[®3?]

Characterization: The surface elemental composition of the zinc metal
anode before and after the plating process was confirmed using XPS
(NEXSA, Thermo Fisher Scientific). The crystal structures of the zinc metal
anode were acquired from XRD (SmartLab, Rigaku). The bonding states
of aqueous electrolytes were characterized using Raman spectroscopy
(LabRAM HR Evolution, Horiba) and nuclear magnetic resonance (Ad-
vance Neo 600, Bruker). The morphologies of the surface of the zinc metal
anode were monitored by field emission scanning electron microscopy
(FE-SEM, JSM-7500F, JEOL). For all the analyses, the cells were disassem-
bled under atmospheric conditions. Separated zinc metal anodes were
thoroughly rinsed with DI water to remove any residual electrolytes and
additives, and then dried under vacuum conditions.

Battery Assembly:  Three types of non-flow aqueous Zn—Br, cells were
assembled for electrochemical measurements, as shown in Figure S2
(Supporting Information). Graphite (cathode)/Zn (anode) cell was specif-
ically designed to investigate the effects of CeCl; on the zinc metal an-
ode (Figure S2a, Supporting Information). This cell was fabricated with a
2 x 2 cm? graphite felt (SGL GROUP) (thickness: 4.6 mm) as a cathode, a
2 x 2 cm? Zn foil (Alfa Aesar Co., Inc.) (thickness: 0.62 mm) as an anode,
copper plates as current collectors. Graphite bipolar plates and graphite
sheets were used to prevent the electrolyte from penetrating into copper
plates. After assembling the cell, 8 mL of electrolyte was injected using a
vacuum pump.

Itis known that the zinc metal anode easily reacts with bromine species
generated at the cathode, promoting the corrosion of the zinc metal.[10.16b]
To mitigate this effect, a graphite (cathode)/graphite (anode) cell
(Figure S2b, Supporting Information) was fabricated. This cell was assem-
bled with two 2 x 2 cm? graphite felt (SGL GROUP) (thickness: 11.9 mm)
as electrodes, zirconia felt as a separator, and a glass fiber filter (What-
man) as an interlayer. After assembling the cell, 8 mL of electrolyte was
injected using a vacuum pump.

Small 2024, 20, 2401916

2401916 (7 of 8)

www.small-journal.com

Large-scale graphite (cathode) /graphite (anode) cell was also designed
to investigate the practical potential of the CeCl; additive. The large-
scale cell (Figure S2c, Supporting Information) was assembled with two
15 x 15 cm? graphite felts (SGL GROUP) (thickness: 11.9 mm) as elec-
trodes and two glass fiber filters as an interlayer. After assembling the cell,
420 mL of electrolyte was injected under vacuum conditions.

A three-electrode beaker cell was fabricated to investigate the HER re-
action at the zinc metal anode. This cell was assembled with a 1x 0.5 cm?
SUS316 foil as the working electrode, a Zn foil (Alfa Aesar Co., Inc.) as
the reference electrode, a graphite felt (SGL GROUP) as the counter elec-
trode, and 8 mL of electrolyte. The graphite felts employed in all cells were
oxidized at 520 °C for 12 h under ambient air conditions before use to
enhance the electrolyte wettability.33]

Electrochemical Measurements:  The cells were cycled galvanostatically
at a charging current density of 20 mA cm™2 with an areal capacity of
2 mAh cm~2 and at a discharging current density of 20 mA cm=2 (cut-off
voltage: 0.01 V) using a galvanostatic battery cycler (WBCS 3000, Wonat-
ech). Rate capability tests were performed at different discharging current
densities (5, 10, 20, 40, 60, and 80 mA cm’z) with a fixed charging cur-
rent density of 20 mA cm™2. EIS, CV, and LSV were performed using an
SP-150e potentiostat (Biologics). EIS data were collected over a frequency
range of 10 mHz to 100 kHz with an amplitude of 10 mV. CV data were
measured in the voltage range of 0.5 to 2.5 V (vs Zn/Zn?*) at a scan rate
of 1 mV s~'. LSV data were measured from 0 to —0.75 V (vs SHE) at a
scan rate of 1 mV s~" using a SUS316 as a working electrode, a Zn foil as
a reference electrode, and a graphite felt as a counter electrode. All battery
evaluations were conducted at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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