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ABSTRACT: Using carbon as a substrate or scaffold has been
considered as an efficient strategy to improve the uniformity of zinc
deposition, which may boost the anode performance of metal zinc
batteries. However, the essential role of the carbon substrate remains
unclear. Here, single-layer graphene grown on copper is used as a
model material to investigate the interaction between zinc and carbon.
The morphology and crystallinity of early-stage zinc deposition with
galvanostatic or potentiostatic electrochemical plating are discussed.
By using an electrochemical quartz crystal microbalance study, we
verify the difference in energy dissipation of the zinc deposition with
or without single-layer graphene. Density functional theory simulations show that the presence of graphene reduces the difference in
the binding energy of zinc on different sites of defective copper surfaces, thus improving the uniformity of zinc electrodeposition.
Our study shows that single-layer graphene can act as the passivation layer of copper to reduce the probability of dendrite growth.

■ INTRODUCTION
Nowadays, lithium ion batteries have been widely used in
electronic devices, electric vehicles, large-scale energy storage
stations, and so on.1 However, the disadvantages of lithium ion
batteries, e.g., limited lithium resources,2 instability of lithium
in the presence of trace amounts of water vapor,3 and the usage
of toxic nonaqueous electrolytes,4,5 have pushed one to
develop nonlithium batteries.6 Compared to batteries working
with organic electrolytes, batteries with nontoxic and non-
flammable aqueous electrolytes would have lower cost, higher
safety, better environmental friendship, and faster kinetics in
many situations.7−11 For example, the ionic conductivity of an
aqueous electrolyte, composed of 3.86 mol/L (M) calcium
chloride and 1 M sodium perchlorate (NaClO4), reaches
390.74 mS/cm at room temperature.12 By introducing 4 M
calcium perchlorate into 1 M NaClO4, the electrolyte can work
at a low temperature of −85 °C.13 Meanwhile, studies have
shown that the voltage window of aqueous electrolytes can be
increased to 4.5 V by adding acetonitrile as a cosolvent, which
dissolves lithium bis(trifluoromethane sulphonyl)imide from
water.14 Among metallic zinc (Zn) aqueous batteries, which
have a low redox potential (−0.763 V vs standard hydrogen
electrode),15 a high overpotential of hydrogen evolution
reaction (HER)16 and a reasonably high theoretical energy
density (∼624.5 Wh kg−1) have been intensive research
focuses.
However, like many other metal batteries, aqueous Zn

batteries often face the problem of cycling stability, which is
caused by dendrite growth. The dendrite growth is much
related to the deposition of Zn on Zn (101) and (100) planes,
forming vertically aligned flakes, which is quite different from
the parallelly aligned growth on the Zn (002) plane.17 The

deeper reason can be ascribed to the different adsorption
energy of Zn atoms on the Zn (100) or Zn (002) plane.18 For
the uniform Zn deposition, studies have been performed to
promote the deposition on the (002) plane yet suppress the
growth on other planes. For example, Liu et al. applied a
fluorapatite aerogel interfacial layer on Zn foil to inhibit the
migration of Zn ions (Zn2+) to the Zn (101) plane, thus
inducing the preferential development of (002) crystals.19

Wang et al. used (002)-exposed Zn foils as the substrate and
efficiently prohibited the growth of dendrites.20 On the other
hand, optimizing the electrolyte could also modulate the
deposition behavior of Zn. Wang et al. added sericin molecules
into 2 M zinc sulfate (ZnSO4), and the formation of a solid
electrolyte interface has refined the diffusion of Zn2+ for the
reduced growth of dendrites.21 Bai et al. added amphiphilic
choline bromine to 3 M ZnSO4 and found that the distribution
of electric field on Zn has been modified, benefiting the
preferential deposition on Zn (002).22 Clearly, regulating
substrates and electrolytes is effective for the formation of flat
Zn deposition and the suppression of dendrite growth.
Further down to the layer under the Zn foil, copper (Cu)

has been commonly used as a current collector, but the
multiple crystal facets of polycrystalline Cu have led to the
preferential deposition of Zn on certain Cu facets23 and side
reactions like HER.24 To modify the surface of Cu, an
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additional layer such as pyrolyzed polytetrafluoroethylene has
been utilized to cover Cu for more zincophilic sites.25 As a
relatively inert and electron-conjugated surface, graphene has
been found useful to construct a more proper electrode−
electrolyte interface for modulating the Zn deposition. It was
reported that the exceptionally high reversibility of Zn
deposition was achieved on a few-layer graphene membrane
with a lattice mismatch of about 7% between (002) Zn and
graphene.26 The compact Zn pallets were deposited on an
∼120 nm-thick nitrogen-doped graphene oxide on the Cu
substrate.27 It was shown that the coverage of Cu with
defective graphene allows for a dendrite-free growth of Zn
deposition owing to the stronger affinity between Zn and
defects in graphene, compared to the perfect graphene or the
bare Cu.28 Despite the effort toward the more uniform Zn
deposition, the detailed mechanisms on how graphene
influences the early-stage nucleation of Zn and the subsequent
growth remain unclear.
In this work, we take single-layer graphene on copper

(SLG@Cu) grown by chemical vapor deposition (CVD) or
bare Cu foils as anodes to investigate the influence of SLG on
the deposition of Zn. We find that with the galvanostatic (GS)
method, the presence of SLG can increase the Zn deposition
nucleation overpotential. The in situ electrochemical quartz
crystal microbalance (EQCM) shows that SLG induces a
dense yet flat Zn deposition layer at the initial stage. Under the
same high overpotential in potentiostatic (PS) deposition, the
Zn crystals deposited on SLG@Cu show more (002)
orientations than those on bare Cu. Combining density
functional theory (DFT) calculations, SLG is found to have
the function of screening the crystal steps and vacancy defects
of Cu, thus changing the absorption of Zn2+ and leading to the
inhibition of dendrite growth at the initial deposition stage,
which explains the more homogeneous deposition of Zn on
SLG@Cu.

■ METHODS
Sample Preparation and Fabrication of Bare Cu. The

SLG grown on Cu (SLG@Cu) was purchased from Ningbo
Soft Carbon Electronic Technology Co., Ltd. SLG@Cu was
initially cleaned in the tube furnace at 300 °C for 2 h at an
argon (Ar) atmosphere with a flow of 100 sccm. To obtain the
bare Cu, cleaned SLG@Cu was loaded onto the power
electrode of an Oxford Plasma Pro NGP 80 reactive ion
etching (RIE) instrument. Ar flow was used to etch SLG, with
100 W power. The etching rate of Cu in Ar flow is reported as
nearly as 0 Å /min, even at a power of 1000 W.29 After RIE in
Ar (flow: 50 sccm, pressure: 50 mTorr, time: 6 min)-based
plasma was carried out at room temperature, Raman
spectroscopy showed that SLG was etched.
Electrochemical Measurements. For electrochemical

measurements, SLG@Cu or bare Cu was pasted on clean
glass plates with 3 M waterproof silicone tape. A hole with a
diameter of 4 mm was opened in the tape to expose the
electrode with the electrolyte (2 M ZnSO4, pH ∼4.5). All the
electrochemical tests were carried out in a PARSTAT4000
electrochemical workstation equipped with VersaStudio
software in a three-electrode cell with a cleaned Zn metal as
the counter electrode and Ag/AgCl as the reference electrode.
Cyclic voltammetry (CV) was performed at a scan rate of 2
mV/s from −700 mV to 1 V vs Zn2+/Zn. Zn was deposited
with a current density of 2 mA/cm2 or an electrode potential of
−540 mV vs Zn2+/Zn. A QSense quartz crystal microbalance

instrument with dissipation monitoring was used for electro-
chemical quartz crystal microbalance measurements.
Characterizations. A HITACHI UHR FE-SEM SU8220

instrument performed with an acceleration voltage of 3 kV and
a working distance of 6 mm was used for scanning electron
microscopy (SEM). X-ray diffraction (XRD) was conducted
on a Rigaku SmartLab diffractometer, with the Cu Kα source
operated at 40 kV and 30 mA.
Simulation Methods. DFT calculation was performed

with the Vienna Ab initio Simulation Package (VASP).30 The
Perdew−Burke−Ernzerhof (PBE)31 exchange-correlation func-
tional with a generalized gradient approximation (GGA)32 was
adopted. The van der Waals interactions were described by the
DFT-D3 method33 with Becke−Jonson damping (BJ-D3).34

The basis set cutoff energy was 400 eV, and the Brillouin zone
was sampled using a gamma centered K points grid with K
points spacing distance of 0.04 Å−1 in structure optimization.
The self-consistent field (SCF) calculation was done with an
energy convergence criterion of 10−4 eV and a force tolerance
of 0.05 eV Å−1. The simulation cells had a 21.14 × 7.32 Å
lattice with a 20.00 Å vacuum layer for Cu (100) and Cu (100)
planes with SLG, a 21.14×10.05 Å lattice with a 20.00 Å
vacuum layer for Cu (110) andCu (110) planes with SLG, a
8.54×10.05 Å with a 20.00 Å vacuum layer for Cu (111) and
Cu (111) planes with SLG.

■ RESULTS AND DISCUSSION
The morphological comparison of deposited Zn at the
nucleation step on bare Cu (the SEM image is shown in
Figure S1) and SLG@Cu is shown in Figure 1a−d. For the

Figure 1. SEM images of Zn deposition on (a) bare Cu and on (b)
SLG@Cu by GS deposition at 2 mA/cm2 for 10 s and on (c) bare Cu
and on (d) SLG@Cu by PS deposition at −540 mV for the
deposition amount of 20 mAs/cm2. SEM images of Zn deposition on
(e) bare Cu and on (f) SLG@Cu by GS deposition at 2 mA/cm2 for 1
h and on (g) bare Cu and on (h) SLG@Cu by PS deposition at −540
mV for the amount of 2 mAh/cm2.
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deposition, GS (performed at 2 mA/cm2 for 10 s) or PS
(performed at −540 mV until 20 mAs/cm2) plating was
utilized for the same deposition amount of 20 mAs/cm2 on
each substrate. As shown in Figure 1a, from the GS deposition,
the morphology of Zn tends to form moss/wrinkle-like
structures on the bare Cu foil, which is often regarded as the
origin of dendrite growth.35 Grooves are observed in the Zn
deposition layer, which may be related to the stress caused by
the uneven polycrystal Cu substrate, as shown in Figure 1a. In
contrast, 2D flakes are formed on SLG@Cu by the same GS
deposition, showing nucleation spanning multiple crystal steps

and grain boundaries of Cu, as shown in Figure 1b. Figure 1c
shows that the growth of Zn flakes occurs along the direction
perpendicular to the bare Cu surface under the PS deposition
condition and is sensitive to the contours of grain boundaries
of Cu as well. On the other hand, no vertically aligned Zn
flakes are observed on SLG@Cu by the PS deposition, as
shown in Figure 1d. Clearly, the SLG@Cu substrate has
induced a flatter deposition of Zn, and the PS deposition with
a potential of −540 mV can further improve the nucleation
uniformity compared with the GS deposition performed at 2
mA/cm2.

Figure 2. (a) XRD patterns of Zn obtained by two deposition methods yet with the same capacity of 2 mAh/cm2. PS deposition was carried out at
−540 mV vs Zn2+/Zn potential, and GS deposition was carried out at 2 mA/cm2. (b) CV curves showing the initial plating and stripping process of
Zn on Cu or SLG@Cu with a scan rate of 2 mV/s. The black arrows indicate the sweeping directions.

Figure 3. (a) Potential time curves captured in GS deposition performed at 2 mA/cm2 for 30 min on SLG@Cu or on bare Cu. (b) Current−time
curves captured in PS deposition at −540 mV vs Zn2+/Zn on SLG@Cu or on bare Cu, with a deposition capacity of 2 mAh/cm2. (c) Evolution of
current in four-step depositions with an amount of 2 mAh/cm2 for each by PS deposition performed at −540 mV. Inset: the first step deposition on
SLG@Cu within 1.6 s.
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To further investigate the subsequent growth of Zn
deposition, a larger amount of deposition was carried out for
2 mAh/cm2 by the PS method performed at −540 mV or by
the GS method performed at 2 mA/cm2 for 1 h on the bare Cu
or SLG@Cu substrate. Typical SEM images of Zn deposition
are shown in Figure 1e−h. Both GS (Figure 1e) and PS
(Figure 1g) depositions on the bare Cu lead to lose and porous
structures consisting of flake-shape Zn dendrites, which are
considered harmful to the long cycling performance.36 In the
case of SLG@Cu, the larger amounts of GS (Figure 1f) and PS
(Figure 1h) deposition result in a more uniform surface
morphology over a large area. Among the two deposition
methods, the Zn layers deposited under PS conditions are
smoother and there is no preferential deposition observed.
XRD patterns of deposited Zn from a deposition amount of

2 mAh/cm2 are shown in Figure 2a, with all peak intensities
normalized to the intensity of Zn (002). Herein, we mainly
focus on the discussion of the Zn (100) peak, as the Zn (101)
and Cu (111) peaks are overlapped. The relative intensity of
Zn (100) on Cu deposited by GS plating is 0.9, close to the
value of bulk Zn metal (PDF #04-0831). On SLG@Cu, the
intensity of Zn (100) reduces to 0.31 for the same GS plating.
From the PS plating performed at an overpotential of −540
mV, the intensity of Zn (100) drops to 0.05 for both
substrates. The relative intensity of Zn (101) and Cu (111)
peaks is significantly reduced when SLG covers the surface of
Cu because of the highly oriented Zn (002) crystallization,
consistent with previous results.37,38 The high (002) content of
Zn deposition is considered to inhibit the dendrite growth.39

The CV results are listed in Figure 2b. The crossover of
cathodic and anodic current is defined as the O point, which is
known as the crossover potential.40 The starting potential for
the reduction of Zn2+ on SLG@Cu, at −56 mV, is defined as
the A point, and that for the reduction of Zn2+ on bare Cu, at
−34 mV, is defined as the B point. The potential difference
between point O and point A/B is the nucleation over-
potential,41 which is 32 mV for SLG@Cu or 10 mV for bare
Cu. The increased overpotential on SLG@Cu causes more Zn
nucleation sites, and the nucleation radius is negatively
correlated to the overpotential.42

The evolution of potential versus time in GS deposition
performed at 2 mA/cm2 is shown in Figure 3a. On SLG@Cu,
the potential initially drops to the lowest value of −87 mV vs
Zn2+/Zn and then slowly increases to a platform of about −48
mV, resulting in an overpotential of 39 mV. In comparison, on
the bare Cu, the potential initially drops to −47 mV and then

slightly increases to −43 mV, causing an overpotential of 4 mV.
The crystallization theory developed by Budevski et al.43 could
be used to phenomenologically explain the difference, as
shown in eq 1:

i L d i
zF
RTdt s o,Me o,step

local=
(1)

where idt is the current density, Ls is the step density, do,Me is
the spacing between metal atoms, io,steplocal is the exchange current
density at the step sites, z is the charge number of metallic
ions, F is the Faraday constant, R is the gas constant, T is the
temperature, and η is the overpotential. From eq 1, we can see
that when idt is fixed, the overpotential η is negatively
correlated to the step density Ls. Therefore, the higher
overpotential observed on SLG@Cu corresponds to the lower
density of steps on the reaction surface, indicating that the
SLG could shield some of the crystal steps and grain
boundaries of Cu, resulting in a more homogeneous
distribution of the initial deposition.44

Figure 3b shows the current evolution captured in PS
deposition performed at −540 mV, until a maximum
deposition capacity of 2 mAh/cm2. The current density on
both substrates shows a hump at the initial nucleation stage.
Within 0.61 s for SLG@Cu or 2.66 s for Cu, the increase in
current density is caused by the formation and growth of
nuclei, while the subsequent decrease is reasoned by the
overlapping of adjacent nuclei, which agrees with the multisite
nucleation theory.45 The time to reach the maximum current
density (tm) is related to the density of nuclei (N0) on the
electrode for the instantaneous nucleation, as given in eq 2:

t
k N
1

m
1 0

=
(2)

or the nucleation rate J0 for the continuous nucleation, as given
in eq 3:

t
k J
2

m
2 0

3=
(3)

where k1 and k2 are constants related to the growth rates of the
nuclei.46 The smaller value of tm on SLG@Cu indicates a
higher nucleation density on SLG@Cu and a faster nucleation
rate. Khoumri et al. reported that the higher current density on
Cu is related to the Langmuir adsorption of Zn to the
substrate,47 which could be explained by the stronger binding
of Zn on Cu than that on SLG@Cu.28 The decreased current
density after 2.66 s for Cu is ascribed to the nucleation and
growth of Zn, which is controlled by diffusion of ions.47 The
slow increase in current density after the first hump for SLG@
Cu may originate from a transition of the growth mode since
the behavior of Zn deposition on SLG is quite different from
that on as-deposited Zn.
To further track the effect of initial nucleation on the

subsequent growth, Zn was deposited in four steps: (i) an
initial deposition of 0.5 mAh/cm2 and (ii−iv) the following
deposition of 2 mAh/cm2 repeated three times. In this way, a
cumulative deposition of 6.5 mAh/cm2 was achieved after all of
the steps. The current density evolution during the four-step
deposition is shown in Figure 3c. The humps appearing for 0
to ∼20 s in all curves show the agreement with the multisite
nucleation theory again.45 On the bare Cu, the peak position
and shape in each curve show no obvious change from the
second step to the fourth step. On SLG@Cu, the first step is

Figure 4. EQCM ΔF-time and ΔD-time curves captured in the GS
deposition performed at 1 mA/cm2 for 50 s on SLG@Cu or bare Cu.
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similar to the initial stage of 2 mAh/cm2 deposition shown in
Figure 3b. The second-step deposition, which obviously occurs
on the Zn layer deposited in the first step, shows a broadened
peak and higher current density due to the lower Zn diffusion
barrier48 and the lower Zn affinity on SLG@Cu.49 In the third
and fourth depositions, the current maximum is higher and tm
is smaller compared to the second step, caused by the
increased size of the electrode rather than the change of
nucleation and growth, as reported by Heerman et al.50 Figure
1a,b shows that the deposition morphology has been

influenced by the nucleation in the initial deposition, justifying
the role of SLG on the modulation of the Zn deposition
behavior at the initial stage.
The EQCM working in the dissipation monitoring mode has

been used to detect the viscoelastic characteristics of Zn
deposition by testing the frequency decay at quartz
resonance.51 According to the Kanazawa−Gordon equation,52

when the quartz is covered with a film, the resonance
frequency of the sensor (F) is not only related to mass but
also related to the rigidity of the film, which affects the energy

Figure 5. Top view differential charge density distribution for a Zn atom on (a) SLG@Cu (100), (b) SLG@Cu (100) with vacancy, and (c) SLG@
Cu (100) with a stage. (d−f) Corresponding side views. The value of the iso-surface is 0.0002 e/bohr3 for panels (a−f). (g) Charge transfer based
on Bader analysis and (h) binding energy between Zn and Cu (100)-related substrates, where the energy of isolated Zn atoms is used.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c06348
J. Phys. Chem. C 2025, 129, 2317−2324

2321

https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06348?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06348?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06348?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06348?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c06348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dissipation at resonance (D). As shown in Figure 4, there is a
remarkable difference between the change in F (ΔF) and the
change in D (ΔD) between the bare Cu and SLG@Cu for the
electrochemical Zn deposition. We can see that the slope of
the ΔF-time curve for SLG@Cu is essentially constant,
whereas the slope of the curve for bare Cu can be divided
into three distinct stages. Correspondingly, the ΔD remains a
small yet relatively constant value with time for SLG@Cu,
indicating consistent deposition behavior due to the denser Zn
deposition and more rigid deposition layer. On bare Cu, the
ΔD-time curve can be also divided into three stages
corresponding to the three stages in the ΔF-time curve. In
the first stage (first 3 s), the deposition has not yet occurred,
and the very small difference in ΔF between SLG@Cu and
bare Cu may be related to the different ion adsorptions. In the
second stage (from 3 to 15 s), the dramatic changes in ΔD and
ΔF are related to the initial inhomogeneous nucleation, where
the formation of loosely deposited Zn on bare Cu causes lower
rigidity and larger energy dissipation. When the dendrite is
formed in the third stage (after 15 s), the looseness of the
sedimentary layer reaches the maximum and ΔD remains
nearly unchanged on bare Cu. The decrease in ΔD may be
explained by the connected or merged dendrites as the
deposition proceeds.
Density functional theory (DFT) simulations have been

performed to verify the role of SLG in Zn deposition. The
relative positions of the atoms are shown in Figures S2−S4.
Differential charge density, accompanied by Bader charge
analysis, is shown in Figure 5a−f (SLG@Cu (100)) and Figure
S5 (SLG@Cu (110)), Figure S6 (SLG@Cu (111)), Figure S7
(Cu (100)), Figure S8 (Cu (110)), and Figure S9 (Cu (111)),
confirming that the existence of vacancy and stage leads to the
stronger electronic interaction between the Zn and Cu surface.
As shown in Figure 5g, the charge transfers from Zn to Cu
(100) are calculated as 0.171 e− on the vacancy site, 0.166 e−

on the stage site, and 0.151 e− on the pristine surface. In
comparison, the charge transfer is much weakened when the
SLG is covered on Cu. Figure 5h shows the binding energy of
Zn on bare Cu (100) or SLG@Cu (100), from which again we
can see the enhanced absorption energy (Eads) for Zn on Cu
(100) with defective sites, such as vacancy and stage. Due to
the much lower electron transfer, the binding energy between
Zn and SLG@Cu is largely reduced compared to the situation
on bare Cu (100). The charge transfer amounts from Zn to Cu
(110) and Cu (111) with vacancy and stage and covered by
SLG are also shown in Figure S10. Very importantly, the
coverage of SLG on Cu has diminished the difference in Eads
between the defective sites and perfect Cu. Therefore, the
presence of SLG has screened the interaction between Zn and
Cu and weakened the influence of defects in Cu underneath
the SLG, if there are any.

■ CONCLUSIONS
In this study, the impact of the SLG covering Cu on Zn
deposition has been comprehensively elucidated through
electrochemical experiments and DFT simulations. The
presence of SLG on Cu has modulated the interaction
between Zn and Cu: (i) SLG changes the ion absorption on
Cu; (ii) the nucleation overpotential of Zn alters the Zn
deposition behavior; (iii) uniform Zn deposition has been
achieved under large overpotential on SLG@Cu, with a
preference for growth with more (002) orientation on the
surface of the electrode. This study provides valuable insight

into the mechanism of the morphological control of Zn
electrodes and would innovate electrode design for long-life Zn
metal batteries.
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