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A B S T R A C T

Rechargeable aqueous Zn metal batteries are promising candidates for renewable energy storage. However, Zn
metal is chemically active and suffers from chemical corrosion in aqueous electrolyte due to its low redox po-
tential. It is of vital importance to reveal the corrosion mechanism, and improve the chemical stability and
electrochemical reversibility of Zn metal anode for its practical application. In this work, it is revealed that a Zn
metal electrode readily gets oxidized during its resting in aqueous ZnSO4 electrolyte, forming zinc hydroxide
sulfate and hydrogen gas, leading to the increased internal resistance and swollen problems of batteries, and
eventually battery failure. To inhibit such chemical corrosion, an anti-corrosive metallic Cu is introduced to Zn
metal anode to construct a uniform Cu/Zn composite with dense structure, which is electrochemically converted
to Cu–Zn alloy/Zn composite during battery cycling. The as-achieved Cu–Zn/Zn electrode exhibits stable cycling
for over 1500 cycles at 1 mA/cm2 and 0.5 mAh/cm2 with little change in overpotential (46 mV) after resting for 1
month, while the bare Zn electrode shows large voltage fluctuation and high overpotential (>400 mV) under the
same condition, suggesting the importance of inhibiting the chemical corrosion of Zn metal anode for
rechargeable aqueous batteries.
1. Introduction

The unprecedented development of technologies, including electric
vehicles, portable electronics, and grid energy storage, calls for efficient
energy storage devices with low cost, long lifespan and high safety
[1–12]. Rechargeable batteries employing Zn metal anode and aqueous
electrolyte are emerging as strong candidates due to their
cost-effectiveness, high safety, environmental friendliness, and consid-
erable energy density [13–20]. Particularly, Zn metal offers a number of
advantages as a battery anode, including high theoretical capacity (820
mAh/g), low redox potential (�0.76 V vs. standard hydrogen electrode
(SHE)) and high abundance [21]. However, it remains a great challenge
to achieve high-performance Zn metal anode with high stability and
electrochemical reversibility due to the severe problems such as Zn
dendrite growth and corrosion [22–25]. To improve the electrochemical
reversibility of Zn metal anode, several important strategies, including
employing stable metallic Zn host/substrate [26–30], using protective
surface layer [31–34], 3D structured metallic Zn [35], electrolyte engi-
neering (e.g., “water-in-deep eutectic solvent” electrolyte [36], electro-
lyte additives [37], organic electrolyte [38], and molten salt electrolyte
[39]), as well as construction of in-situ solid electrolyte interphase [40],
un).

rm 21 January 2020; Accepted 3

.

have been proposed and exciting progresses have been achieved. How-
ever, a significant challenge, corrosion of Zn metal anode in aqueous
electrolyte [41], still remains, which causes the instability of Zn metal
electrode during the battery resting and cycling, and inhibits its practical
application in rechargeable aqueous batteries.

Due to the chemical reactivity of Zn metal in aqueous electrolyte at
room temperature, non-conducting oxides/hydroxides tend to form on
the surface of the Zn metal electrode [42], which consumes active
metallic Zn and electrolyte, causes gas evolution, increases the imped-
ance of the batteries, and eventually leads to the degradation of battery
performance. Till now, the full understanding of corrosion mechanism of
Zn metal anode in aqueous electrolyte is still lacking [43]. Therefore, it is
of vital importance to figure out the corrosion mechanism and explore
strategies to inhibit the corrosion of Zn metal electrode in aqueous
electrolyte during both the dwell time and electrochemical cycling of
batteries.

In this work, we investigated the corrosion of Zn metal electrode in a
typical mild acidic ZnSO4 aqueous electrolyte, which is widely used in
rechargeable aqueous Zn metal batteries because of its cost-effectiveness
and good stability [44,45]. We uncovered that the corrosion of Zn metal
in 3 M ZnSO4 electrolyte started from the surface accessible to the
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Fig. 1. Chemical corrosion of Zn metal anode in mild acidic aqueous electrolyte. (a) XRD analysis of Zn metal electrode resting in 3 M ZnSO4 electrolyte for different
times. Top-view SEM images of (b) pristine Zn electrode and (c) Zn-30d electrode. The insets showed the digital pictures of the corresponding electrodes. (d) Cross-
section SEM and EDS elemental mapping results of the Zn-30d electrode. (e) Schematic illustration of the chemical corrosion of Zn metal electrode in 3 M ZnSO4

electrolyte. (f) The gas evolution accompanied by the Zn chemical corrosion in 3 M ZnSO4 electrolyte. (g) EIS results of the Zn||Zn symmetrical cells with 3 M ZnSO4

electrolyte after resting for different times. (h) Voltage profiles of symmetric cells assembled using pristine Zn and Zn-30d electrode, demonstrating the corrosive
nature of Zn metal anode in aqueous electrolyte.
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electrolyte, where Zn4(OH)6SO4 microsheets were first formed, accom-
panying with the evolution of hydrogen gas. Then, the Zn4(OH)6SO4
intermediates were hydrated and transformed to Zn4(OH)6SO4⋅5H2O,
resulting in significant corrosion of Zn metallic electrode. It should be
noted that the corrosion of Zn metal was not uniform. The deepest
corrosion pit reached 132.2 μm after a dwell time of 30 days. The
as-formed deactivated Zn side product, gas evolution, and consumption
206
of electrolyte would increase electrochemical impedance of Zn metal
anode and lead to battery degradation. Given that, we introduced
chemically inert metallic Cu to improve the anti-corrosive property of Zn
metal electrode. A simple replacement reaction was utilized to construct
a uniform Cu/Zn composite with dense structure, which was electro-
chemically converted to Cu–Zn nanoalloy/Zn hybrid during battery
cycling. As expected, such Cu–Zn/Zn electrode displayed much better
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stability and electrochemical reversibility than the pristine Zn metal
anode. A Cu–Zn/Zn||Cu–Zn/Zn symmetric cell showed stable electro-
chemical cycling of 1500 cycles at 1 mA/cm2 with a fixed capacity of 0.5
mAh/cm2 with little change in overpotential (46 mV) after a dwell time
of 30 days, suggesting the remarkable anti-corrosion property and elec-
trochemical reversibility of the Cu–Zn/Zn electrode. In contrast, the Zn||
Zn symmetric cell failed and could not cycle after a dwell time of 30 days.
Moreover, the Cu–Zn/Zn||Cu–Zn/Zn symmetric cell exhibited stable
electrochemical performance for 648 h under a measurement with a
combination of electrochemically Zn stripping/plating cycling (72 cycles,
1 mA/cm2, 0.5 mAh/cm2) and resting (72 h), and looping.

2. Results and discussion

The chemical corrosion behavior of Zn metal electrode in 3 M ZnSO4
electrolyte was first investigated using X-ray diffraction (XRD). As
shown in Fig. 1a, the diffraction peaks of triclinic Zn4(OH)6SO4 were
observed for the Zn electrode after resting in 3 M ZnSO4 electrolyte for
10 days (denoted as “Zn-10d”), suggesting the quick chemical corrosion
of Zn metal in aqueous electrolyte. The Zn4(OH)6SO4 was then hydrated
to form triclinic Zn4(OH)6SO4⋅5H2O, as evidenced by the XRD results
for the Zn electrode after a dwell time of 20 and 30 days (denoted as
“Zn-20d” and “Zn-30d”, respectively). As revealed by scanning electron
microscopy (SEM), the initial smooth surface of Zn metal electrode
became rough and Zn4(OH)6SO4 side product was emerged after resting
in 3 M ZnSO4 electrolyte for 10 days (Fig. b, S1). 30 days later, a loose
layer of sheetlike Zn4(OH)6SO4⋅5H2O was formed on the surface of the
Zn metal anode (Fig. 1c). Such corrosion of Zn metal was severe and
even visible by the naked eye (insets, Fig. 1b and c). White side products
were distributed on the surface of the Zn-30d electrode unevenly,
suggesting the inhomogeneous chemical corrosion. The cross-section
SEM image of the Zn-30 electrode showed that dense Zn metal was
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covered by a non-uniform porous/loose layer of side products. The
thickness of this porous layer could be identified by the signal of oxygen
in the corresponding energy dispersive spectroscopy (EDS) elemental
images and it reached as high as 132.2 μm in a certain location (Fig. 1d,
S2). These results suggested the serious chemical corrosion of Zn metal
in aqueous electrolyte. During the corrosion process, the as-formed
loose layer further led the permeation of electrolyte to the bulk Zn
metal and caused the continuous corrosion (Fig. 1e). As a result, the
surface of Zn metal anode would be never passivated and the corrosion
would continue until the run out of the liquid electrolyte or active
metallic Zn. We noted that the chemical corrosion of Zn metal was
accompanied by the evolution of gas bubble products. The amount of
gas generated due to corrosion during battery resting was studied using
a Zn||Zn symmetric cell with a pouch cell configuration (Fig. 1f). With
the size of 4 � 4 cm2 for the Zn metal electrodes, ~6.7 mL of hydrogen
gas was produced after a dwell time of 28 days. Accordingly, ~19.8 μL
of electrolyte was consumed and 15.9 mAh of active Zn metal was
oxidized/deactivated (Figs. S3 and S4). As a result, the battery per-
formance would degrade or the battery would even fail after a dwell
time. It should be noted that some of the cells exploded due to the
evolution of gas (Fig. S5). We compared the electrochemical impedance
and cycling behavior of a Zn||Zn symmetric cell in a coin cell config-
uration before and after different dwell times. As shown in Fig. 1g, the
fresh Zn||Zn symmetric cell showed a charge transfer resistance (Rct) of
~177 Ω. After resting for different times (10 days and 20 days), sig-
nificant increase in battery impedance was observed, with Rct of ~352
Ω for Zn-10d and ~580 Ω for Zn-20d, respectively. The Rct of Zn||Zn
symmetrical cell after a dwell time of 30 days reached ~685 Ω, which
was nearly 3 times higher than the fresh one. The increased electro-
chemical resistance of Zn metal electrode caused severe battery per-
formance degradation. As shown in Fig. 1h, in comparisons to the stable
voltage plots and low overpotential (~48 mV) for the pristine Zn, the
Fig. 2. Fabrication of the Cu/Zn electrode. (a) Sche-
matic illustration of the fabrication process of the Cu/
Zn electrode. (b) XRD pattern of the Cu/Zn electrode.
(c) Top-view SEM image of the Cu/Zn electrode. The
inset showed a digital picture of the as-prepared Cu/
Zn electrode. (d) Cross-section SEM and EDS
elemental mapping images of the Cu/Zn electrode. (e)
Linear polarization curve of the Cu/Zn electrode in 3
M ZnSO4 electrolyte, suggesting that the corrosion
was suppressed for the Cu/Zn electrode in comparison
to the bare Zn electrode.
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Zn-30d electrode showed large fluctuation in voltage plots and high
overpotential (>400 mV). These results indicated the significant in-
fluence of corrosion on the electrochemical behavior of a Zn metal
electrode. Thus, close attention should be paid to the corrosion during
the evaluation and application of Zn metal anode.

To inhibit the corrosion of Zn metal electrode in aqueous electrolyte,
protective Cu metal was introduced and a Cu/Zn composite electrode
was fabricated. Metallic Cu has good chemical stability in aqueous
electrolyte due to the positive electrode potential of Cu metal (þ0.34 V
vs. SHE). Also, metallic Cu is highly conductive and can be alloyed with
Zn to guide the deposition of metallic Zn [46]. A Cu/Zn composite
structure on Zn foil was fabricated utilizing the galvanic reaction be-
tween metallic Zn and Cu2þ in ethanol, followed by an annealing process
to form an integrated Cu/Zn structure (Fig. 2a). The successful fabrica-
tion of Cu/Zn composite was confirmed by the XRD result (Fig. 2b). The
color turned from silver-white for the initial pure Znmetal foil to dark red
for the Cu/Zn composite foil after the reaction (inset of Fig. 2c). The
top-view SEM image showed the smooth surface of the as-fabricated
Cu/Zn electrode (Fig. 2c). To further investigate the structure of the
Cu/Zn composite, cross-section SEM image was performed, which
showed a dense and integrated structure. The corresponding EDS
elemental mapping indicated that the Cu/Zn composite layer was uni-
form over the entire observed area and the thickness of the Cu/Zn
composite layer was 20.1 � 0.9 μm (Fig. 2d). The overall Cu/Zn atomic
ratio was determined to be about 1:1 (Fig. S6). Interestingly, Cu was rich
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on the very surface in comparison to the subjacent layer of the Cu/Zn
composite (Fig. S7). With the incorporation of chemically stable Cumetal
and the Cu-rich very surface layer, corrosion reaction of the Zn metal
electrode was suppressed. As analyzed by linear polarization measure-
ments in 3M ZnSO4 electrolyte (Fig. 2e), the corrosion potential of Cu/Zn
electrode (�0.964 V) was higher than bare Zn electrode (�0.976 V). A
more positive corrosion potential of the Cu/Zn composite electrode than
the bare Zn electrode suggested the improved chemical stability. More
importantly, the corrosion current of the Cu/Zn composite electrode
(6.03 μA/cm2) was only one sixth of the bare Zn electrode (37.15
μA/cm2), indicating a much lower corrosion rate of the Cu/Zn composite
electrode in aqueous electrolyte. Therefore, improved electrochemical
performance of the Cu/Zn electrode can be expected due to its good
anti-corrosion capability.

Cu/Zn||Cu/Zn symmetric cells were assembled using 3 M ZnSO4
aqueous electrolyte. The structural stability of the Cu/Zn electrode and
its electrochemical performance were investigated after a dwell time of
30 days (namely Cu/Zn-30d). The cross-section and top-view SEM im-
ages showed that the initial Cu/Zn composite structure was well main-
tained without change after a dwell time of 30 days (Fig. 3a, S8, 2d),
while significant change in morphology and phase were observed for the
bare Zn metal electrode before and after its resting in aqueous electrolyte
(Fig. 1a–d). Also, no new phase (e.g., Zn4(OH)6SO4⋅5H2O) was formed
for the Cu/Zn-30d electrode, as evidenced by XRD measurement
(Fig. S9). We noted that the Cu/Zn electrode produced only ~1.3 mL of
Fig. 3. Electrochemical performance of Cu/Zn elec-
trode in aqueous electrolyte. (a) The top-view and
cross-section SEM images of Cu/Zn-30d electrode. (b)
EIS results of Cu/Zn and Cu/Zn-30d electrodes. (c)
Voltage profiles of Cu/Zn-30d||Cu/Zn-30d symmetric
cell at 1 mA/cm2 and 0.5 mAh/cm2, the insets showed
the high-resolution voltage profiles at different times.
(d) Dynamic measurement of Cu/Zn||Cu/Zn sym-
metric cell with a combination of Zn stripping/plating
cycling (72 cycles, 1 mA/cm2, 0.5 mAh/cm2) and
resting (72 h), and looping. The insets showed the
high-resolution voltage profiles for specific working
cycles. The Cu/Zn electrode exhibited stable voltage
response when switching between cycling and resting
conditions, suggesting the excellent unti-corrosion
ability.
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hydrogen gas after a dwell time of 28 days (Fig. S10), which was only
19.4% of that for bare Zn electrode under the same condition. Moreover,
the Cu/Zn||Cu/Zn cell maintained its initial shape while the Zn||Zn cell
exploded after a dwell time of 30 days, suggesting that the gas evolution
was also significantly suppressed by using Cu/Zn electrodes (Fig. S11).
Moreover, there was very little change in impedance for the fresh Cu/Zn
electrode and Cu/Zn-30d electrode (Fig. 3b). These results implied the
much improved stability of the Cu/Zn electrode in aqueous electrolyte.
Thus, improved electrochemical performance could be expected for the
Cu/Zn-30d electrode. As shown in Fig. 3c, the Cu/Zn-30d electrode
displayed extremely stable electrochemical stripping/plating behavior
with an overptential of ~46 mV for 1500 cycles in sharp contrast to the
bare Zn metal anode (Zn-30d), which failed to cycle after a dwell time of
30 days (Fig. 1h). Additionally, the fresh Cu/Zn electrode exhibitedmuch
better cycling stability than the fresh bare Zn electrode (stable cycling
over 500 cycles with overpotential of ~44 mV for Cu/Zn vs. gradually
increased overpotential from ~48 to 120 mV after 60 cycles for bare Zn),
indicating the important role of introduced anti-corrosive Cu compo-
nents in suppressing the corrosion during cycling and improving the
electrochemical performance (Fig. S12).

To further demonstrate the advancement of the Cu/Zn electrode in
suppressing corrosion and improving the electrochemical performance,
209
Coulombic efficiency (CE) of the bare Zn and Cu/Zn electrodes were
compared by electrochemical cycling of cells using thin bare Zn and Cu/
Zn working electrodes on Ti foil. As shown in Fig. S13, the average CE of
the Cu/Zn electrode was determined to be 91.8%, higher than that of the
bare Zn (81.3%) for 100 cycles at 5 mA/cm2 and 0.5 mAh/cm2,
demonstrating the enhanced electrochemical reversibility. Furthermore,
dynamic measurement was performed with a combination of electro-
chemical stripping/plating cycling (72 cycles, 1 mA/cm2, 0.5 mAh/cm2)
and resting (72 h), and looping (Fig. 3d). With alternative cycling and
resting measurement, the Cu/Zn||Cu/Zn symmetric cell exhibited robust
electrochemical performance. Recovering after each period of resting,
the Cu/Zn electrode exhibited stable cycling with a low average over-
potential of ~48 mV. Stable performance remained even after 648 h’
testing. We further prepared MnO2 on carbon cloth (MnO2@CC) elec-
trode and used it to pair with Cu/Zn electrode to assemble full cells and
evaluate the practicability of the Cu/Zn anode. Fig. S14 showed that the
bare Zn||MnO2 full cell maintained only 27.6% of its initial capacity after
300 cycles at a rate of 10 C (1C ¼ 308 mAh/g, based on MnO2). Mean-
while, the Cu/Zn||MnO2 full cell exhibited excellent cycling stability,
which delivered 94.2% of its initial capacity after 500 cycles. Such robust
electrochemical performance supports the practical application of Cu/Zn
electrode in rechargeable aqueous batteries.
Fig. 4. Structure of Cu/Zn electrode after cycling. (a)
Cross-section SEM and EDS elemental mapping im-
ages of the Cu/Zn electrode after 100 stripping/
plating cycles. (b) HRTEM image and (c) SAED pattern
of the Cu/Zn electrode after 100 stripping/plating
cycles. These results indicated the formation of Cu–Zn
alloy on the surface of the electrode during cycling.
(d) Linear polarization curve of Cu/Zn and Cu–Zn/Zn
electrode in 3 M ZnSO4 electrolyte. (e) Schematic
illustration of the function of the Cu–Zn alloy on
Cu–Zn/Zn electrode.
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The structural stability of cycled Cu/Zn electrode was investigated by
SEM and transmission microscope (TEM). Fig. 4a showed the cross-
sectional SEM image of the Cu/Zn electrode after 100 stripping/plating
cycles. A dense structure with thickness of 19.6 � 1.5 μm was observed
for the Cu/Zn electrode after cycling, which was almost the same as the
fresh Cu/Zn electrode before cycling (Fig. 2d). Moreover, the surface of
the cycled Cu/Zn electrode remained smooth (Fig. S15). In contrast,
porous surface layer and sheetlike side product were formed for the
cycled bare Zn electrode (Fig. S16). These results demonstrated the good
stability of Cu/Zn electrode during electrochemical cycling. Detail
structural information of the Cu/Zn electrode after cycling was further
analyzed using TEM. The cycled Cu/Zn composite sample was scraped
from the surface of the cycled Cu/Zn electrode, and a dense structure
consisting of interconnected nanoparticles was observed (Fig. S17). The
EDS elemental mapping in the TEM indicated the heterogeneous distri-
bution of Cu and Zn elements in each measured nanoparticle (Fig. S18).
High resolution TEM (HRTEM) image showed the clear lattice fringes of
Cu–Zn alloy (Cu5Zn8 and Cu1Zn1), suggesting the formation of Cu–Zn
alloy during the electrochemical cycling (Fig. 4b). Moreover, the result of
selected area electron diffraction (SAED) pattern indicated that the as-
formed Cu–Zn alloy was mainly Cu5Zn8 (Fig. 4c). Thus, Cu–Zn alloy
was in-situ formed during electrochemical cycling on the surface of the
Cu/Zn electrode. We also tested the anti-corrosion capability of the as-
formed Cu–Zn/Zn electrode after cycling. As shown in Fig. 4d, both the
corrosion potential and current density of the Cu–Zn/Zn electrode
(�0.966 V, 7.94 μA/cm2) were quite similar to that of the fresh Cu/Zn
electrode (�0.964 V, 6.03 μA/cm2). These finding demonstrated the
excellent anti-corrosion capability of the cycled Cu–Zn/Zn electrode
(Fig. 4e). Therefore, the corrosion reaction was significantly suppressed
for the Cu/Zn electrode during its whole lifecycle (dwell time and
cycling) and the electrochemical performance of the electrode was
greatly improved (Figs. 2 and 3).

3. Conclusion

In summary, the chemical corrosion of Zn metal electrode in 3 M
ZnSO4 aqueous electrolyte has been investigated. Zn metal electrode
tends to be oxidized inhomogeneously in aqueous ZnSO4 electrolyte at
room temperature, accompanied with in the formation of loose surficial
layer of zinc hydroxide sulfate and gas evolution. The chemical corrosion
of Zn metal anode leads to the consumption of electrolyte and active
metallic Zn, increase in electrode impedance, and finally failure of bat-
teries. To suppress the chemical corrosion of Zn metal anode, a uniform
Cu/Zn composite with dense structure was constructed. The as-fabricated
Cu/Zn anode showed much improved stability in comparison to the bare
Zn electrode due to the good chemical stability and more positive elec-
trode potential of Cu, and exhibited a much reduced corrosion rate
(�0.964 V, 6.03 μA/cm2 for Cu/Zn vs. �0.976 V, 37.15 μA/cm2 for bare
Zn) in aqueous electrolyte. During electrochemical cycling, the Cu/Zn
electrode was converted to Cu–Zn alloy/Zn electrode, which maintained
good chemical and electrochemical stability. Significantly, the Cu–Zn/Zn
electrode showed stable electrochemical stripping/plating cycling for
over 1500 cycles with a low overpotential of ~46 mV at 1 mA/cm2 and
0.5 mAh/cm2 after a dwell time of 1 month. This work provides funda-
mental understanding of the corrosion of Zn metal electrode in aqueous
batteries, shows the important influence of corrosion on electrochemical
performance of Zn metal electrode, and sheds light on the rational design
of anti-corrosion Zn anode for stable and deeply rechargeable aqueous
batteries.

4. Experimental section

4.1. Preparation of Cu/Zn electrode

Zn metal foil was firstly cut into disks with diameter of 12 mm and
washed with diluted hydrochloric acid for 3 min to remove the surficial
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oxide layer. After washing with deionized water and ethanol, the cleaned
Zn foil was immersed in a 0.1 M CuCl2 solution in ethanol for 10 min.
After rinsing with deionized water for several times, the foil was
annealed under an Ar/H2 atmosphere (5vol % H2) at 300 �C for 2 h.

4.2. Materials characterization

XRD measurements were carried out on an Empyrean X-ray diffrac-
tometer with Cu Kα radiation (40 kV, 30 mA, λ ¼ 1.5418 Å), recorded
with 2θ ranging from 10� to 90�. TEM was performed with FEI Tecnai G2

F30 instrument. SEM studies were performed on a Gemini SEM 300 field-
emission SEM instrument.

4.3. Electrochemical measurements

To evaluate the electrochemical stripping/plating behavior and
cycling stability of the Zn and Cu/Zn electrodes, symmetric cells were
assembled using glass fiber as the separator and 3 M ZnSO4 as the elec-
trolyte in standard CR2032 coin-type cells. The cells were tested at a
current density of 1 mA/cm2 with a fixed capacity of 0.5 mAh/cm2 on a
NEWARE battery tester. A Biologic VMP3 electrochemical workstation
was employed to study the electrochemical property of Zn metal elec-
trode with a three-electrode system. A saturated calomel electrode and a
graphite rod were used as the reference and the counter electrode,
respectively. The polarization data were collected using linear sweep
voltammetry at a scan rate of 1 mV/s to minimize capacitive current. AC
impedance measurements were carried out at open-circuit voltage from
0.1 to 105 Hz with an AC voltage of 5 mV.

4.4. Determination of the volume of gas generated during Zn chemical
corrosion

Zn||Zn symmetric cell in a pouch configuration with an electrode size
of 4� 4 cm2 and using ZnSO4 aqueous electrolyte was fabricated and the
volume of hydrogen gas produced due to chemical corrosion during
resting was measured. After resting for different times (e.g. 7, 14, 21, 28
days), the generated gas was extracted and recorded by a disposable
syringe measured with a minimum precision of 0.05 mL.

4.5. Determination of Coulombic efficiency

The bare Zn/Ti electrode was prepared by an electrodeposition
method using a three-electrode system, where a Ti foil was used as
working electrode and a Zn foil was used as both the counter and
reference electrode. Zn metal was electrodeposited on Ti foil under a
constant current density of 20 mA/cm2 in 1 M ZnSO4 electrolyte to
produce a Zn/Ti electrode. Cu/Zn/Ti electrode was fabricated by
immersing Zn/Ti electrode in a 0.1 M CuCl2 solution in ethanol for 10
min and then annealing under an Ar/H2 atmosphere (5vol % H2) at 300
�C for 2 h. To evaluate the Coulombic efficiency of the Cu/Zn/Ti and Zn/
Ti electrodes, active areal capacities (Qs) for the fresh electrodes were
first measured by complete electrochemical stripping test in Cu/Zn/Ti||
Zn and Zn/Ti||Zn cells using bare Zn metal foil as the counter electrode
with cut-off voltage of 1 V. respectively. Also other fresh Cu/Zn/Ti||Zn
and Zn/Ti||Zn cells with the same working electrodes were cycled at 5
mA/cm2 and 0.5 mAh/cm2 (QT) and the areal capacities (Qc) of Cu/Zn/
Ti and Zn/Ti electrodes after 100 cycles were obtained after complete
electrochemical stripping of metallic Zn of these working electrodes. The
average CE of Cu/Zn/Ti and Cu/Ti electrodes were then calculated [CE
¼ 1-(QS-QC)/(100* QT)].

4.6. Zn||MnO2 full cells assembly

The MnO2@CC electrode was prepared with a two-electrode system
in 3 M ZnSO4 þ0.3 M MnSO4 aqueous electrolyte, where a CC and a Zn
metal foil were used as the working and the counter electrode,
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respectively. A constant voltage of 1.8 V was applied for 8 h using an
electrochemical workstation (BioLogic VSP, Claix) to deposit MnO2 on
CC. The mass loading of MnO2 on CC was ~1.0 mg/cm2. Zn||MnO2 full
cells were assembled in standard CR2032 coin-type cells using Zn metal
foil as the anode, 3 M ZnSO4 þ0.1 M MnSO4 aqueous solution as elec-
trolyte, and the MnO2@CC as the cathode.
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