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ABSTRACT: Rechargeable zinc (Zn) batteries suffer from poor cycling performance
that can be attributed to dendrite growth and surface-originated side reactions. Herein,
we report that cycling performance of Zn metal anode can be improved significantly by
utilizing monolayer graphene (Gr) as the electrodeposition substrate. Utilizing
microscopy and X-ray diffraction techniques, we demonstrate that electrodeposited Zn
on Gr substrate has a compact, uniform, and nondendritic character. The Gr layer, due
to its high lattice compatibility with Zn, provides low nucleation overpotential sites for
Zn electrodeposition. Atomistic calculations indicate that Gr has strong affinity to Zn
(binding energy of 4.41 eV for Gr with four defect sites), leading to uniform
distribution of Zinc adatoms all over the Gr surface. This synergistic compatibility
between Gr and Zn promotes subsequent homogeneous and planar Zn deposits with
low interfacial energy (0.212 J/m”) conformal with the current collector surface.

Graphene suppresses Zn
dendrites formation
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B INTRODUCTION

Zinc metal is an ideal anode material for battery systems due to
its stability, environmental benignity, low equilibrium
potential, multielectron redox capacity, high abundance, low
cost, and safety." After the invention of Zn—MnO, battery
systems in 1866, various primary and secondary Zn-based
systems such as Zn/NH,Cl/MnO,, Zn/ZnCl,/MnO,, Zn/
KOH/MnO,, and Zn/ZnSO,/ MnO, were cleveloped.2
However, currently commercialized Zn batteries using alkaline
electrolytes are either nonrechargeable or poorly rechargeable
due to pronounced precipitation of zinc oxide (ZnO) that can
reversibly passivate the electrode surface and cause battery
failures.” Recently, mild electrolyte systems are governing the
new battery systems such as Zn—MnO,, Zn—V,0;, Co;0,—
Zn, and Ni—Zn mainly after achieving 5000 cycles with
adapting the new conversion mechanism and breaking the 2 V
barrier in Zn aqueous batteries."”” Considering the great
contribution of mild aqueous batteries offering environment
friendliness, long cycling stability, and high voltage, the main
remaining challenge is the dendritic and nonuniform
deposition of Zn, which is the focus of this paper. Zn** ions
prefer to deposit on local inhomogeneities with high localized
current density existing on the substrate surface, which leads to
the formation of ramified Zn dendrites with high surface area.
The Zn dendrites with very high Young’s modulus (~100
GPa) can easily penetrate the cell separator and reach the
counter electrode causing an internal short circuit and release
of uncontrolled heat and energy, which is a safety concern.® In
addition, dead Zn formation and surface-originated side
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reactions (e.g, corrosion and H, evolution) and oxide
passivation amplified by high-surface-area zinc dendrites may
lead to capacity loss and short cycle life in Zn-based
batteries.”’

Various strategies have been employed to suppress the
dendritic electrodeposition of Zn. Engineering the electrolyte
composition by inorganic (metal salts, oxides, and hydroxides)
and organic (polymers or surfactants) additives has shown
some effect on alleviating zinc electrode corrosion and
suppression of Zn dendrites.'”"" Structural design approaches
such as three-dimensional (3D) Zn sponge,12 anion-exchange
ionomer-coated Zn sponge,13 conductive Zn/Cu foam,”* 3D
graphite fibers,"> and cross-linked polyacrylonitrile (PAN)-
based cation-exchange membrane'® are among other ap-
proaches used for suppression of Zn dendrites. The main
goal in these approaches is to increase the surface area of Zn to
enhance the distribution of the Zn ions and reduce the side
reactions associated with Zn shape changes.'”'""” Addition-
ally, protective coating of the Zn particles with bismuth-based
oxides (such as Bi,Os, Bi,0;—Li,0—ZnO, and Bi,O;—ZnO—
Ca0)"" and reduced graphene oxide (rGO)*’ have been
used to reduce Zn degradation by capturing the zincate ions
(Zn(OH),*") inside the anode and providing a conductive
network between Zn particles. Mechanical suppression of Zn
dendrites has been also achieved by utilizing rGO”' and
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Figure 1. Schematic diagram of CVD growth of Gr and the cycling performance of Zn metal anode on the bare and Gr-modified electrodes. (A)
CVD growth of Gr on Cu foil. (B) Raman spectra obtained from CVD-grown monolayer Gr. (C) Coulombic efficiency test for the bare and Gr-
modified electrodes at 5 mA/cm? current density and 5 mAh/cm? capacity. Inset shows the magnified CE% profile for cycles 40—80. (D) Voltage
hysteresis profile. Charge/discharge curves observed for the bare and Gr-modified electrodes for (D) 100th, (E) 350th, and (G) 200th cycles. The
insets in (E—G) show optical images obtained from the bare and Gr-modified electrodes showing similar behaviors as the cycling profiles shown in

(E-G).

TiO,”* coatings and Zn back-plating approach.® However, the
difficulty in controlling the additives’ stability and amount over
prolonged cycling, inactive mass additions, nonhomogeneous
physical mixtures, and loose contact between coating and Zn
particles lead to increased cell resistance and complicate the
battery performance.

Furthermore, the choice for current collectors in aqueous
Zn-based batteries is limited due to the interplay between
several requirements such as electrical conductivity, environ-
mental stability, low weight, and cost. Copper fits all of these
criterions; however, the use of Cu in aqueous Zn batteries is
challenging due to metal dissolution and corrosion.”” For this
purpose, more noble materials such as stainless steel and
titanium, which are less susceptible to corrosive attack, are
primarily used as current collectors for Zn.”* However, the
high cost and lower electrical conductivity of these materials
are the drawbacks of utilizing such current collectors.
Meanwhile, it has been shown that substrate can directly
affect zinc deposition morphology by altering the overvoltage
of parasitic hydrogen evolution reaction (HER), zinc
deposition kinetics, or crystallographic growth habit of Zn.""**

Herein, we propose utilizing a monolayer graphene directly
grown on the Cu current collector surface to be used as the Zn
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electrodeposition substrate. The idea is to utilize an ultrathin
conductive coating on the Cu current collector that can
simultaneously suppress the dendritic deposition of Zn and
also passivate the Cu surface against side reactions in aqueous
electrolytes. It has been shown that Gr does not allow for
permeation of various molecules such as O, and H,O in the
out-of-plane direction;*® hence, it is as an effective protective
coating against corrosion.”””*® Therefore, Gr-coated Cu can be
potentially an applicable current collector in aqueous batteries.
In addition, Zn and Gr both have hexagonal lattice structures
with small lattice mismatch (~8%),”” which is an important
parameter in designing and construction of suitable electro-
deposition matrices.’>”' The modification of Cu substrate with
Gr leads to a significant alteration in the morphology of Zn
electrodeposits, achieving a compact and uniform structure
that results in highly improved electrochemical stability of Zn
metal anode. Density functional theory (DFT) modeling
results revealed that graphene has high affinity to Zn metal,
making it a highly zincophilic substrate with low interfacial
energy that alters the nucleation and growth mechanism of Zn.
Combining the fundamental understandings coming from this
work and the high-throughput methods for Gr production such
as roll-to-roll CVD?* and liquid-phase exfoliation,*® we see a
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great potential for utilization of Gr as a substrate for long-life
and stable Zn metal batteries.

B RESULTS AND DISCUSSIONS

Gr-modified electrodes were fabricated by direct growth of
graphene on copper foil using the chemical vapor deposition
(CVD) method (see Methods), as schematically depicted in
Figure 1A. During the growth procedure, the Gr grains
gradually grow and connect with each other and coalesce into a
continuous monolayer graphene layer. Optical and SEM
images in Figures S1 and S2 show how partially covered Gr
develops into full coverage Gr by increasing the growth time.
Raman spectroscopy is a powerful tool for characterizing
graphene showing three prominent peaks of the so-called G
band appearing at 1582 cm™, the 2D band at about 2700
cm™}, and the disorder-induced D-band at around 1350 cm™
using a laser excitation of 532 nm. The significantly lower G
peak intensity compared to 2D peak in Figure S3 obtained
from our CVD-grown Gr confirms its monolayer nature.”*
Both optical images and Raman spectra were obtained from Gr
films transferred to the Si/SiO, substrate due to better optical
color contrast, intensified Raman scattering, and lower spectral
background obtained on Si/SiO, compared to Cu.”> The as-
prepared Gr-coated Cu foil (called Gr-modified electrodes
throughout the paper) were directly utilized as electrodes. The
schematic in Figure 1B shows the half-cell configuration used
for studying the electrochemical and morphological behavior
of Zn on Gr-modified electrodes.

To evaluate the cycling stability, half-cell batteries containing
Zn foil as a counter electrode and bare/Gr-modified Cu as a
working electrode were assembled for galvanostatic cycling
tests. Mild aqueous ZnSO, solution (pH ~4) was used as an
electrolyte. Zn electrodeposition was carried out at a current
density of S mA/cm?® for 1 h on the bare/Gr-modified Cu
electrode. Then, the current was reversed to strip and redeposit
the Zn back onto the counterelectrode. Cutoff voltage for the
stripping process is configured to be 1.0 V. Herein, the
Coulombic efficiency (CE) was calculated based on the ratio of
Zn stripping and plating capacity in each cycle. As shown in
Figure 1C, the bare Cu electrode shows stable cycling
performance for less than 150 cycles. The decreased CE and
unstable cycling of Zn ions after prolonged cycling could be
due to the large surface area of Zn dendrites that promotes the
surface-originated, detrimental side reactions. In contrast,
stripping/plating of Zn on the Gr-modified electrode was
highly stable and reliable for more than 400 cycles under
identical electrochemical conditions. The inset in Figure 1C
shows the CE% performance for cycles 40—80. Although the
cycling stabilities of the bare and Gr-modified electrodes are in
close range for the first 100 cycles, small fluctuations can be
detected in the bare sample. Additionally, as shown in Figure
ID, Zn deposition on graphene substrate requires a lower
cycling overpotential (0.02—0.03 V) compared to that on the
bare electrode (0.04—0.1 V), which remains more stable
throughout the cycling experiment. This observation signifies a
more facile deposition/stripping process occurring in the
presence of Gr. Figure 1E shows the voltage profile for the
100th cycle of charge/discharge, where CE is ~100% for the
Gr-modified electrode and ~99.5% for the bare sample. To
identify the source of this small capacity decay of the bare
electrode, a typical cell was opened after the complete
dissolution of Zn. Interestingly, a brownish surface was
detected in the case of the bare electrode, in contrast to the

fresh and shiny surface of the Gr-modified electrode (cf., inset
of Figure 1E). Figure S4 compares the high-magnification
optical image of the brownish film formed on the surface of the
bare Cu with the almost intact surface of the Gr-modified
electrode. The different colors observed in the optical image
show that the film is composed of different compounds. Dark
red and black colors detected can be correlated to copper(I)
and copper(Il) oxides, respectively.”® X-ray photoelectron
spectroscopy (XPS) also confirms that the brownish film is
composed of oxides of both Cu and Zn. The details can be
found in Figure SS. After surpassing ~140 cycles, anomalous
cycling behavior is observed in the bare sample, where the
discharge capacity is either smaller or larger than the charge
capacity (Figure 1F,G). The decreased discharge capacity (e.g.,
cycle Figure 1F), which indicates smaller fraction of available
Zn for stripping, can be correlated to dead (electrochemically
inactive) Zn formation and Zn passivation that occur as a
result of dendritic zinc deposition and zinc oxide (ZnO) layer
formation. During cycling and shape change of Zn, if the dead
Zn re-establishes an electrical connection to the underlying Zn,
then a Coulombic efficiency of higher than 100% can be
observed.*”® In addition, detrimental dissolution and
oxidation of the Cu current collector in aqueous environment
can be partially responsible for the excess capacity.
Immersion, electrochemical impedance spectroscopy (EIS),
and Tafel polarization tests were utilized to justify the
effectiveness of Gr in impeding the corrosion of the Cu
electrode surface. Immersion test was performed by soaking
bare and Gr-modified Cu electrodes in the electrolyte for 30
days before studying the morphological changes as a result of
corrosion and dissolution. Figure S6A shows the highly porous
and nonuniform surface of bare Cu after significant dissolution
happening in contact with the ZnSO, electrolyte. However,
only minor degradation is observed on the surface of the Gr-
modified electrode (Figure S6B), which can be a result of
inherent defect sites existing on Gr and electrolyte permeation
under the graphene surface.”® The result of our EIS
measurement on bare and Gr-modified Cu electrodes and
the corresponding schematic of the electrical equivalent
circuits (EEC) are shown in Figure S7. Table S1 shows R;
(electrolyte resistance), R, (surface coating), and R; (metal/
electrolyte interface) resistances. The mathematical sum of R,
and R, (Table S1) is a measure of the corrosion resistance,””
which is significantly higher in the case of the Gr-modified
electrode. In addition, the Tafel fitting of the potentiodynamic
polarization data in Figure S8 exhibits a higher corrosion
current density (i.,,) and lower corrosion potential (E,,,,) for
the bare Cu. Meanwhile, Gr coating decreased the passivation
current density (i) of copper to 124 uA cm™2, which shows
about 50% reduction compared to the pristine copper
electrode. It is worth noting that the open circuit potential
(Eocy) of the copper electrode shows a slight increase after
modifying the surface with graphene monolayer, which can be
attributed to physicochemical changes of the surface. This
observation is consistent with those previously reported in the
literature.””*® Table S2 summarizes these results. Above-
mentioned results suggest the increase in the resistance of the
metal to electrochemical degradation and corrosion by using
the Gr passivating layer on copper. Although the discussed
results demonstrate the increased resistance of the current
collector to electrochemical corrosion by using the Gr
passivating layer on copper, galvanic corrosion of the Zn
metal being at the low end of galvanic series would remain as
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an active corrosion mechanism with almost any metallic
current collectors.”” We should note that Gr has been widely
used as an anticorrosion coating in both acidic and basic
environments;>”*"** therefore, its effectiveness in improving
the Zn electrodeposition morphology can also be investigated
in the Z-alkaline battery systems.

To reveal the underlying mechanism of improved electro-
chemical cycling, the electrodeposited Zn on the graphene and
bare Cu substrates was fully characterized. Zn (5 mAh/cm?)
was deposited on bare and Gr-modified Cu substrates using
the same electrolyte and current density that were utilized in
the cycling experiments. Electrodeposition products on the
surface of bare Cu appeared with a grayish color, which
developed into a black color by further deposition (bottom
right inset of Figure 2A). The gray deposition is an indication
of the coarse boulder-like Zn deposition composed of stacks of
irregular platelets. Upon further Zn plating, the boulder-like
structures develop into blackish large-surface-area Zn den-
drites,” as confirmed in the high-magnification SEM images
shown in Figure 2A. The stepwise development of Zn
dendrites on top of local surface protuberances with high
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Figure 2. Zn electrodeposition morphology and crystal growth
preference in the case of the bare and Gr-modified Cu electrodes. (A)
Dendritic and nonuniform Zn dendrites grown on top of randomly
oriented Zn boulders are observed in the case of bare Cu. Top-left
inset shows the initiation of Zn dendrites on top of Zn boulders.
Bottom-right inset is the optical image of dark-colored Zn dendrites
deposited on the bare substrate. (B) Highly planar and nondendritic
Zn hexagons observed in the case of the Gr-modified substrate. Inset
is the optical image of the substrate showing shinny and crystalline Zn
deposition. (C) GIXRD pattern shows the highly oriented growth
direction of Zn parallel to the Gr-modified Cu electrode surface, in
contrast to the randomly oriented Zn deposition in the case of the
bare sample.

local current density existing on Zn boulders is shown in
Figure S9. The current density of 10 mA/cm* was used in all
the samples with different Zn deposition capacities of 3, 6, and
10 mAh/cm? for Figure SOA—C, respectively. Optical images
in the insets show the change in color of Zn deposits from
bright to dark gray by evolution of Zn dendrites. The observed
morphology is an indication of field-oriented crystals
(containing dendrites and loose crystals) expected at such
high current density deposition, where continuous 2D
nucleation on filaments is promoted.”* The SEM image in
Figure S10 shows the initiation of Zn filament on top of the Zn
boulder’s edge sites. Interestingly, depositing Zn on the surface
of the Gr-modified electrode resulted in shiny and metallic Zn
deposition (inset of Figure 2B). The highly bright finish and
reflective color of the deposit confirm the formation of
compact and nonporous metallic Zn on the Gr-modified
substrate.”> SEM imaging showed highly planar Zn hexagon
crystals parallel to the electrode surface in the case of the Gr-
modified electrode (Figure 2B). Figure S11 shows the low-
magnification image of the bare and Gr-modified substrates for
uniformity comparison.

Grazing incidence X-ray diffraction (GIXRD) was per-
formed to compare the crystalline structure of Zn deposition
products on the surface of bare and Gr-modified Cu substrates.
As can be seen in Figure 2C, (0002), (1010), (1011), (1012),
(1013), and (1120) planes are detected for Zn electro-
deposited on the bare Cu surface, showing the random
orientation of both boulders and dendrites. Previous works
summarized the affiliation between zinc morphology and its
alignments to the substrate.”™*® Accordingly, the basal-type
growth of Zn (exhibiting 0—30° alignment to the substrate)
possesses preferred crystallographic planes of (0002) and
(1013). (1012) and (1011) are intermediate (triangular)
planes, which favor 30—70° alignment of Zn growth to the
substrate, whereas (1010) and (1120) support Zn growth with
alignment of 70—90°. Based on this understanding, the
predominant (1010) and (1120) planes of Zn electro-
deposition are affiliated with Zn dendrites grown on bare Cu
substrate. However, the Zn deposition on the Gr substrate has
a different growth preference as the dominant crystalline
orientation of Zn deposition products is switched to (0002),
which supports the basal growth of Zn parallel to the Cu
surface and (100), (1012), and (1120) planes almost vanished.
The dominant crystal planes of hexagonal close-packed (hcp)
Zn are also depicted for clarity. We should note that the
intense (1011) facet of Zn overlaps with the (111) Cu surface
existing in our Cu foil. The dominance of (0002) facets and
the absence of (1010) and (1120) planes correspond to
uniform and nondendritic Zn electrodeposition, which
mitigates the H, evolution, corrosion, dead Zn formation,
and Zn dissolution. To evaluate the effectivity of the graphene
substrate in improving the Zn deposition morphology over
long cycling, grazing incident XRD (GIXRD) measurements
were carried out on the bare and Gr-modified electrodes after
30 cycles (at a current density of 5 mA/cm?® for 1 h at the
charged, fully deposited state). As can be seen in Figure S12,
nonuniform and randomly oriented Zn flakes are detected on
the bare sample, while highly compact layers of horizontally
sitting Zn are observed on the Gr-modified electrode.
Comparing the intensities of GIXRD peaks at ~36° ((0002)
plane parallel to the electrode surface) and ~39° ((1010)
plane vertical to the electrode surface) shown in Figure S13
can be considered as an indicator of Zn deposition
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Figure 3. Annular dark-field imaging from Zn deposits on bare and Gr-modified Cu. (A) Low-magnification LAADF image shows a branch of Zn
dendrites with polycrystalline nature. The red arrows show some of the grain boundaries at which the orientation of Zn growth changes. (B)
Atomic-resolution image obtained from Zn dendrites near the grain boundary. Inset shows the color-coded image that better demonstrates the
change in the Zn dendrite growth orientation. (C) Low-magnification annular dark-field image shows planar Zn hexagons grown on the Gr-
modified electrode. The red dash lines show the parallel planes of Zn grown on top of each other. (D) Atomic-resolution image obtained from
planar Zn grown on the Gr-modified electrode. Inset shows the corresponding FFT pattern that is indexed as the [100] zone axis of the hexagonal
Zn structure. (E) Atomic-resolution STEM image from the surface of Zn deposits showing a ~2.5 nm oxide layer at the surface. Inset shows the
corresponding FFT pattern that is indexed as the [100] zone axis of the hexagonal ZnO structure. (F) EELS spectra confirming the thickness of the

oxide layer to be ~2.5 nm with a 1 nm step size.

morphology. Accordingly, a considerable increase in the
(0002)/(1010) peak ratio in the bare sample from 0.35 to
1.7 in the Gr-modified sample corresponds well to the more
planar Zn morphology on the Gr-modified Cu electrode, which
is maintained even after long cycling.

The electrodeposition behavior of Zn on bare and Gr-
modified Cu was also evaluated at current densities higher and
lower than $ mA/cm? SEM images obtained from 5 mAh/ cm?
Zn deposited on bare and Gr-modified Cu at current densities
of 10 and 15 mA/cm? are shown in Figure S14. At a current
density of 10 mA/ cm?, the expected randomly oriented
boulders were detected on the bare electrode and no mossy
dendrites formed (Figure S14A). It is known for Zn metals
that mossy dendrites more easily formed at lower current
densities.”""” Interestingly, the layered Zn deposition is
maintained on Gr-modified electrodes (Figure S14B). By
increasing the current density even more to 15 mA/cm?
vertically aligned Zn is observed on the bare Cu electrode
(Figure S14C), while lateral growth of Zn on the Gr-modified
electrode is maintained to a good extent (Figure S14D). By
lowering the current to 2 mA/cm? (Figure S15), a different
behavior is observed. Overall, at low current densities, the
nonuniform Zn can easily evolve even on top of highly planar
Zn, which is due to the effect of local current disturbance
happening at surface protuberances.** In the case of the bare
electrode, even after a short deposition time (capacity of 2

mAh/cm?), mossy Zn deposition is observed (Figure S1SA).
This behavior is lessened on the Gr-modified electrode having
highly planar Zn hexagons formed with locally evolved bulges
composed of randomly oriented Zn flakes (Figure S1SB).
Opverall, the uniformity of Zn deposition improved on Gr-
modified electrodes in all the current densities used. To realize
the full potential of this proposed system, long-term stability of
electrodeposited Zn anodes on Gr@Cu substrates should be
investigated in Zn-based energy storage systems such as Zn//
carbon hybrid capacitors® and Zn/MnO,” batteries.
Aberration-corrected scanning transmission electron micros-
copy (AC-STEM) was utilized to obtain Z-contrast high-angle
annular bright-field (HAADF) and defect sensitive low-angle
annular bright-field (LAADF) images, which provide insights
into the atomic structure of the samples. Additionally, chemical
composition and valence state analysis were carried out by
means of electron dispersive spectroscopy (EDS) and electron
energy loss spectroscopy (EELS). Figure 3A demonstrates an
LAADF image from a Zn dendrite grown on bare Cu substrate.
The branch-like dendrite does not have a defined shape with
sharp tips capable of penetrating the separator and causing a
short circuit. Figure S16 shows an example of Zn dendrites
puncture and their penetration through the separator. Also, it
can be seen that Zn dendrites change their growth direction
and form kinks, favoring ramified growth of more dendrites.
Formation of such kinks was also observed during the growth
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Figure 4. Zn nucleation behavior on bare and Gr-modified Cu electrodes. (A) Voltage—time curve during nucleation in the case of bare and Gr-
modified Cu at a current density of 3 mA/cm”. (B) Voltage—time curve during nucleation in the case of bare and Gr-modified Cu at a current
density of 8 mA/cm? (C) Zn nuclei composed of randomly oriented Zn platelets formed on the surface of bare Cu. (D) Zn nuclei composed of
highly planar platelets parallel to the electrode surface are formed in the case of the Gr-modified electrode.

of Li filaments.”’ However, it is recently shown that kink
formation in Li dendrites does not induce any crystalline
heterogeneity, and the change in the direction of growth can
be attributed to the variation of the SEI composition and/or
structure during the growth of Li dendrites.>" In contrast, the
change in the growth direction of Zn dendrites is accompanied
by grain boundary formation and formation of a new Zn grain,
as confirmed by the lines in the LAADF image that
corresponds to a discontinuity in the crystal structure and
formation of polycrystalline dendrites. An atomic-resolution
HAADF image from a kink in a Zn filament that corresponds
to a grain boundary is shown in Figure 3B. A color-coded
image (shown in inset) is reconstructed based on the distinct
fast Fourier transform (FFT) patterns from each phase. Both
grains correspond to the [010] zone axis of the pure Zn with a
hexagonal crystal structure from the P6;/mmc space group,
which are angled with respect to each other. This denotes an
abrupt change in the growth direction during the deposition.
We should note that the grain boundaries are not favorable in
Zn deposits as the atoms at the grain boundaries have higher
reactivity, introducing more active sites for H, gas evolution
and corrosion.>” In addition, the existence of defects and grain
boundaries provokes surface g)rotuberances, which can lead to
overgrowth of Zn dendrites. 3 On the other hand, extracted
particles from the Gr-modified substrate have a highly defined
morphology, which denotes a more uniform and controlled Zn
deposition process. An example is shown in Figure 3C, which
is a plate-like Zn deposit. This large micron-size Zn deposit is a
single crystalline structure as no grain boundary could be
detected in any region when inspected by atomic resolution
imaging. Additionally, it can be observed that the growth of
this particle continued by formation of new layers over
previous layers, which allows for a layered, uniform Zn
deposition in the [100] direction, as revealed by the atomic-
resolution HAADF image shown in Figure 3D. This type of
crystal growth is the preferred growth direction for Zn metal
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anodes that upon accumulation forms compact, layer-like, and
reflective Zn configuration, which is hardly achievable in
nonmodified samples.”**

Noteworthy, an ultrathin layer (2—3 nm) of oxide is
detected on the surface of Zn deposits in both samples, as
shown in Figure S17. Atomic-resolution imaging and
corresponding FFT analysis in Figure 3E confirm the
oxygen-containing layer to be hexagonal ZnO crystals from
the P6;mc space group. Figure S18 shows the unit cell models
for hexagonal P6;/mmc Zn and hexagonal P6;mc ZnO. It
should be noted that the identified thickness of ZnO formed in
the mild 2 M ZnSO, electrolyte is much smaller than the oxide
film formed on the Zn surface in the case of alkaline
electrolytes (>2 um).***” The EELS map analysis (Figure
3F) was also employed to confirm the thickness and chemical
composition of the ZnO layer. Since the ZnO formation is
known to be a surface-originated phenomenon, it stresses the
significance of reducing the surface area through alteration of
deposition morphology in improving the electrochemical
properties of Zn batteries. To understand how the deposition
morphology and time affect the overall composition of the
electrodeposited material, we performed X-ray photoelectron
spectroscopy (XPS) depth profile analysis. Samples were
composed of 8 mAh/cm? electrodeposited Zn (~1.1 mm-
thick) on the bare and Gr-modified Cu substrates with a
current density of 10 mA/cm’. Figure S19 shows the XPS
survey spectra obtained from both bare and Gr-modified
electrodes, indicating zinc and oxygen as the main
components. Figure S20A,B shows the atomic concentration
profiles of Zn and O for bare and Gr-modified samples, which
can be correlated to the composition of gradually deposited Zn
at different stages of electrodeposition. Evidently, the Zn/O
ratio is higher in the Gr-modified sample throughout the
measured depth profile. The smaller amount of oxygen-
containing compounds in the case of Gr-modified samples can
be attributed to the deposition of compact and uniform Zn
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Figure S. Zn electrodeposition behavior at the Zn/current collector interface. (A) Schematic showing the mechanical delamination of
electrodeposited Zn from the Gr-modified Cu current collector surface to identify if Zn deposits directly on the Gr surface. (B) Raman spectra
obtained from the Zn and Cu surfaces shown in schematic (A) after mechanical delamination, showing the existence of Gr on the surface of Zn and
not Cu. SEM images obtained from the back surface of Zn delaminated from (C) bare and (D) Gr-modified Cu electrodes. AFM images of the
back surface of Zn delaminated from (E) bare and (F) Gr-modified Cu electrodes. The scale of both (E, F) images are 20-X 20 ym’.

with less exposed surface areas and controlled surface-
originated side reactions. In contrast, ramified growth of
high-surface-area Zn dendrites intensifies the surface-origi-
nated detrimental reactions such as H, evolution, corrosion,
Zn dissolution, and ZnO formation.>® It is observed that the
overall amount of oxygen-containing compounds decreases in
both samples by moving from the electrolyte-facing surface
toward the core of the deposition. This behavior can be
explained based on the Pourbaix diagram of zinc.”” In the mild
acidic environment of our system, Zn oxidation accompanying
Zn corrosion and H, evolution is unavoidable.®’ During
prolonged Zn deposition and H, evolution, the pH of the
system gradually increases, making the system neutral or
slightly alkaline, in which more stable Zn corrosion products
(such as ZnO and Zn(OH),) are generated.l’61 Figure S20C,D
shows the fitting result of O 1s spectra after 100 and 700 s of
sputtering, confirming the existence of ZnO and Zn(OH),
compounds.

It is known that the nucleation morphology has a defining
role in the morphology of the final electrodeposited thin
film.>>° Accordingly, suppression and alteration of Li dendrite
growth have been achieved via modification of the electrode
matrix by materials with high affinity to Li (lithiophilicity),
either in the form of nucleophilic matrices”*** or melt-infused
Li composites.””*® Therefore, we studied the deposition
behavior of Zn at the nucleation stage to understand the
origins of the uniform succedent Zn deposition morphology.
The overpotentials of Zn plating on the bare and Gr-modified
Cu foil induced by different binding strengths can be used to
evaluate the degree of zincophilicity on the electrode surface
quantitatively. At the beginning of deposition, the nucleation
overpotential, which exists only in the short nucleation stage
and is induced by different binding strengths between Zn and
the substrate, is defined as the difference between the sharp tip

voltage and the later stable voltage plateau (mass-transfer-
controlled overpotential).67 The overpotential behavior of Zn
at the early stages of deposition at two different current
densities of 3 and 8 mA/cm?® was studied. As it can be seen in
the voltage profile of Zn metal deposition (Figure 4A,B), a
noticeable difference in both the nucleation (sharp voltage tip)
and deposition overpotentials (voltage plateau) was observed
between the bare and the Gr-modified samples. A very smooth
platform with almost no peak is observed for the Gr-modified
sample, which contrasts with the 100 and 170 mV nucleation
overpotentials observed for the bare sample at 3 and 8 mA/
cm?, respectively. The same rule is valid for the deposition
overpotential, identified as the plateau detected in the voltage—
time curve. The flat voltage plateau portion is much lower for
the Gr-modified electrode (50 mV at 3 mA/cm?* and 200 mV
at 8 mA/cm?) than for the bare electrode (120 mV at 3 mA/
cm? and 350 mV at 8 mA/cm?), which confirms the more
homogeneous Zn deposition on the surface of the Gr-modified
electrode. Additionally, the rate of nucleation has been
increased by adding the Gr layer to the Cu substrate, as
shown in Figure S21 (the details can be found in the
Supporting Information).

To visually compare the nucleation morphology of Zn on
bare and Gr-modified electrodes, a small amount (50 pAh/
cm?®) of Zn was deposited on the bare and Gr-modified Cu
electrodes with a current density of 10 mA/cm? The SEM
image shown in Figure 4C demonstrates that Zn nucleation on
the bare Cu results in separate Zn clusters that are composed
of randomly oriented planes. In longer deposition times, these
nucleates aggregate together to lower their surface energy and
form boulder-type Zn deposits with high edge sites, favoring
the unwanted high-aspect-ratio Zn dendrites (shown in Figure
2A).**%® In contrast, flat and uniform Zn deposits with
hexagonal shape were nucleated on the Gr-modified electrodes
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Figure 6. Zn atom adsorption structures and the corresponding binding energies in the case of (A) (200) Cu (E = —0.21 eV), (B) (111) Cu (E =
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(Figure 4D). Zn layers were deposited in (0001) directions
forming a flat layered structure, which is an ideal deposition
morphology with minimum surface-to-bulk ratio.

To determine whether Gr acts as a suitable zincophilic
substrate for Zn deposition or acts as a suppressive coating for
suppression of Zn dendrites (similar to the mechanism of Li
deposition on Gr/Cu substrates), we directly characterized the
Zn/Gr/Cu interfaces. Initially, 8 mAh/cm* of Zn with a
current density of 10 mA/cm® was deposited on the Gr-
modified electrode. After the deposition process, the electro-
deposited Zn film was mechanically delaminated from its
substrate. Raman spectroscopy and SEM imaging were carried
out on both Zn and Cu interfaces. Figure SA schematically
illustrates the surfaces on which the Raman spectroscopy and
SEM imaging are conducted. Raman data shown in Figure 5B
demonstrates the presence of a graphene layer underneath the
delaminated Zn. No Gr signal was detected from the Cu
substrate, which was the original substrate for the Gr layer.
This observation directly demonstrates the preferred deposi-
tion of Zn on the Gr surface. Additionally, delamination of the
Gr layer from its original Cu substrate denotes the
zincophilicity of Gr and the strong Gr—Zn bonds formed
during electrodeposition. To verify the stability of Gr coating
over long cycling, Raman spectra (Figure S22) and SEM
images (Figure S23) were obtained from the surface of Gr-
modified samples after 30 cycles at the full discharge (stripped
Zn) state. As it can be seen in Figure S22, the Raman spectra
clearly indicate the presence of Gr after long cycling with small
amplification in the D peak signal. Lucchese et al. carefully
characterized the relation between the ratio of the D to G peak
intensities (I/Ig) and graphene defect density,” which was
used to evaluate the quality of Gr coating before and after
cycling. The Ip/Ig is 0.3 for the pristine sample, which
translates to an interdefect distance of 14 nm. The small
increase in the intensity of the D peak (Ip/Ig = 0.7) after
cycling corresponds to a small increase in the concentration of
defects as the interdefect distance (L) decreases from ~14 to
~12 nm.
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It should be noted that direct deposition of Zn on the Gr-
modified Cu substrate is in contrast with the mechanism of Li
deposition on the Gr-modified Cu. In fact, it is suggested that
Li ions diffuse through the inherent defect sites of the Gr layer
and deposit on the Cu substrate where free electrons are
available for reduction of Li ions and Gr acts as a mechanical
barrier for dendrite growth suppression.”’””® This behavior
can be explained by the lower binding energy of Li
(lithiophilicity) to carbon compared to Cu, studied by means
of DFT calculations,”® and our electrochemical and micros-
copy tests. For direct comparison between Zn and Li, we
evaluated the nucleation overpotential of Li (Figure $24) and
compared the lithiophilicity and zincophilicity of the bare and
the Gr-modified Cu electrodes (Figure S25). Our results
(discussed in detail in the Supporting Information) suggest
that the mechanism of Zn electrodeposition of Gr is in contrast
to that of Li, where Gr acts as a mechanical protection layer for
suppression of Li dendrites.

Finally, to evaluate the deposition morphology at the current
collector/Zn interface, we performed SEM imaging and atomic
force microscopy (AFM) analysis on the surface of the
delaminated Zn layers. As it can be seen in Figure 5C, the
deposition morphology is highly nonhomogeneous even from
the initial stages of deposition on the bare Cu, unlike the highly
uniform interface observed for the Gr-modified electrode
(Figure SD). Randomly oriented Zn plates formed on the bare
Cu have further developed into branched Zn dendrites and led
to a very high surface roughness, as characterized by the AFM
analysis shown in Figure SE. A typical structure observed on
the Zn/Cu interface is shown to have a 1.6 um height
difference from the well to the peak. On the other hand, the
highly uniform Zn morphology with a smaller surface
roughness (~0.7 pm) shows a typical difference of ~0.4S
um (Figure SF) at the interface of Zn/Gr/Cu. This
observation confirms the effectiveness of Gr in homogenizing
the electrodeposition of Zn. Also, the tilted SEM image in
Figure S26 explicates the smooth interface of Gr/Zn versus
Cu/Zn. Considering the nucleation analysis at the interface of
Zn/Gr/Cu shown in Figure S, persistence of Gr on the Cu
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surface after long cycling (Figures S22 and $23), and the
zincophilicity study in Figure S25, we can confidently propose
Gr as a zincophilic substrate for uniform deposition of planar
Zn.

To better understand the mechanism of uniform Zn
deposition onto the surface of the Gr-modified electrode, we
utilized density functional theory (DFT) to compare the
binding energies of Zn to graphene and Cu. It is known that
high interaction (binding energy) between the depositing
metal and dissimilar substrate is a promoting factor for uniform
metal electrodeposition. For this purpose, binding energies of
Zn to Cu and Gr were calculated (Figure 6). As shown in
Figure 6A,B, the binding energies of Zn to Cu (200) and (111)
surfaces (favorable facet terminations)’* are —0.21 and — 0.86
eV, respectively. Considering the highly defective nature of the
CVD-grown Gr,”” we considered pristine and defective
graphene (one to four defect sites) for calculating the binding
energy between Zn and Gr. Zn adsorption onto the
nondefective Gr surface (Figure 6C) is —0.02, which is
lower compared to that of the bare Cu. However, by creating
only one defect site in Gr (Figure 6D), the binding energy of
Zn increases significantly (—1.26 eV), making Gr a more
attractive deposition substrate for Zn adatoms compared to Cu
surface due to the high zincophilicity of Gr. Increasing the
number of defect sites to four in the surface of Gr (Figure 6E),
the ultrahigh stability of Zn is observed (—4.41 eV in total; 1.1
eV per adatom). We also considered other defective
configurations such as double vacancy of Gr (Figure S27);
however, only single-vacancy defects are favorable for Zn
adsorption.

To determine Zn adsorption preferences between the
defective Gr and the Zn surface itself, Zn binding energy to
the Zn (0001) surface was calculated. Interestingly, Zn
adatoms adsorption on the Zn (0001) surface leads to an
increase in energy by ~0.5 eV/adatom (Figure S28),
depending on the type of adsorption sites (e.g., on-top, bridge,
fce, and hep). Therefore, due to the higher bonding energy of
Zn atoms to graphene defects compared to other Zn atoms, it
can be concluded that Zn adatoms prefer to occupy the defect
sites of the Gr substrate at the initial nucleation stage.
Additionally, formation of Zn—Zn bonds will not take place
until all the defect sites are occupied. This leads to a uniform
dispersion of Zn nuclei on the randomly distributed defect
sites of the Gr layer. The Zn adatoms have a very small binding
energy with the pristine Gr layer (0.02 eV) and only physisorb
on the Gr layer, thus have a high mobility over the Gr layer.”
Therefore, following to full occupation of Gr defect sites and
uniform nucleation, the Zn adatoms can freely move and reach
to the deposited Zn nuclei and allow for lateral growth of Zn
nuclei, leading to the experimentally observed dense and
uniform Zn structures (see Figures 2B and 4D). These findings
demonstrate that Gr defect sites guide the initial Zn deposition
at the nucleation stage, and afterward, subsequent Zn atoms
follow the pattern forming epitaxial Zn plates on the Gr
surface, as observed in our experimental study (see Figures 2B
and 4D).

In addition, the interfacial energy is a critical parameter that
indicates the stability and morphology of a deposition metal/
substrate couple. In this context, the crystallographic properties
of the electrodepositing metal and the substrate are important
parameters that influence the interfacial energy and dictate the
nucleation and growth morphology during electrodeposition.*’
The interfacial energy increases with the crystal structure

mismatch between the two solid phases.’” Lattice mismatches
is defined as the relative difference between the in-plane lattice
constants, which are very close for Zn and Gr, 266 and 246
pm, respectively,”” while the lattice parameter of Cu (361 pm)
is much larger. Notably, both Zn and Gr have hexagonal lattice
structures, whereas Cu has a face-centered cubic (fcc)
structure. Furthermore, we calculated the interfacial energy
and the work of separation between Zn and Gr to understand
the stability of both interfaces and the energy necessary to
create them. Figure S29 shows the optimized Zn/Gr interface,
where four defects are dispersed in the Gr monolayer. The
interfacial energy, defined as the difference between the total
slab energy and the sum of each slab energy divided by the
interface area, is 0.212 J/m? We also studied the interaction of
the Zn (0001)/Cu (200) interface. The interfacial energy for
the Zn/Cu interface was calculated to be 1.2 J/m? which is
significantly higher than that of Zn/Gr (0.212 J/m?), making
Gr a better substrate for Zn deposition. From such
explanations and calculations of binding energy and the work
of separation, the smaller overpotential barrier for Zn
deposition on the Gr substrate is explained.

The work of separation, which is the binding energy
between the Gr layer and the Zn slab as a function of the
interslab distance, was calculated. As can be seen in Figure S30,
the equilibrium distance is 3 A for which the binding energy
has the most negative value. As shown in Figure S31, the
optimization of initially equally strained surfaces (i.e., 2.3%)
leads to a significant change in the Zn (0001) surface
indicating a possibility for a nonuniform deposit. Since the
adsorption of Zn onto the defective Gr surface is a favorable
process, we considered Zn diffusion through the Gr surface
(Figure S32). As revealed by our DFT calculations, Zn
diffusion through the Gr defective sheet has a very high
activation energy of 2.4 eV. Thus, comparing the Zn binding
energy onto the Gr surface and its diffusion through the Gr
surface, the adsorption is more preferable, which leads to the
electrodeposition over the Gr.

B CONCLUSIONS

Successful modification of Zn electrodeposition morphology
was achieved by utilizing a monolayer graphene film, directly
grown on the Cu current collector surface, as the electro-
deposition substrate. By employing the Gr-modified substrate,
a significant improvement in the battery cycle life up to 400
cycles at a current density of 5 mA/cm* was achieved. This
improved performance is attributed to the formation of dense,
highly crystalline Zn pallets in the (001) direction parallel to
the Gr-modified electrode surface. As a result, the capacity
degradation was suppressed significantly in the Gr-modified
electrode by limiting the surface protuberances as major
nucleation sites of Zn dendrites that coexist on the
nonmodified electrode surface. Meanwhile, this approach
increases the corrosion resistance of Cu making it a suitable
current collector for aqueous Zn batteries. Utilizing a variety of
experimental analyses and theoretical calculations, we revealed
the mechanism for the altered Zn deposition behavior in the
presence of the Gr substrate. The Gr layer acts as a zincophilic
substrate, which adsorbs Zn ions to its inherent defect sites. Zn
ions spread uniformly all over the Gr surface and nucleate with
almost no nucleation overpotential. Upon further deposition,
Zn crystals with low lattice mismatch and interfacial energy
with the Gr substrate develop into compact Zn pallets
conformal with the current collector surface.
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B METHODS

Graphene-Modified Electrode Fabrication

Copper foil was initially treated for 15 min in hydrochloric acid
(10% diluted in deionized water) and rinsed properly with
water before cleaning them further with acetone and
isopropanol. The cleaned samples were immediately dried
with an argon (Ar) gas flow and loaded into the CVD
chamber. After properly loading the samples in the center of
the CVD tube, the chamber was evacuated (down to 1 mtorr)
and then heated up to 1000 °C (with a heating rate of 20 °C/
min) with the protection of 7 sccm hydrogen gas flowing
inside to remove possible contaminations. The samples were
then annealed under H, flow for 30 mins. Annealing in H,
helps in improving the Cu surface quality by reducing the
concentration of nucleation points. The graphene growth was
then carried out by introducing S sccm of methane (CH,) for
40 min to obtain the full coverage graphene. The samples were
then rapidly cooled down to room temperature and taken out.
The obtained Gr-coated Cu sheets were cut into smaller pieces
and directly used as Gr-modified electrodes.

Cycling and Electrochemical Measurements

All the electrochemical tests were carried out in a Bio-Logic
VMP3 electrochemical workstation equipped with EC-Lab
software. Two-electrode 2032 coin-type cells were used for
cycling tests. Bare Cu foil electrode and CVD-grown graphene
on the Cu foil electrode with an area of ~2 cm® were used as
working electrodes. Metallic Zn foil was cleaned initially in
diluted nitric acid (10%) and water and was employed as a
counterelectrode. Glass fiber membrane soaked in the 2 M
ZnSO, (pH ~4) electrolyte was used as a separator. For Zn
plating/stripping tests, a constant current of 5 mA/cm* was
applied for 1 h during deposition (discharge) and stripping
(charge) voltage was limited to 1 V (vs Zn**/Zn). Nucleation
overpotential and potentiodynamic polarization tests were
performed using EL-CELL, ECC-AIR 3 electrode cell in which
Zn metal was used as both reference and counter electrodes
and bare Cu/Gr-modified Cu as the working electrode. The
potentiodynamic polarization measurements were performed
from —250 to +700 mV versus OCP with a scan rate of S mV/
s. Cu and Gr-modified Cu were combined with the Pt
counterelectrode in the 2 M ZnSO, electrolyte at open circuit
voltage for the EIS measurement. R, is the electrolyte
resistance, surface coating is represented by a constant phase
element, Q;, and a pore resistance R, while the metal/
electrolyte interface is represented by a capacitance, Q,, and a
resistance R;. R, in the Cu sample represents native copper
oxide/hydroxides and in the Gr-modified Cu sample
represents graphene coating. The corrosion resistance is the
mathematical sum of R, and R;.

SEM Imaging

Reith e-LiNE 100 electron beam lithography system was used
for SEM imaging. SEM experiments were performed with an
acceleration voltage of 10 kV and a working distance of 10 mm.
Grazing Incidence X-ray Diffraction (GIXRD)

GIXRD was conducted on a Bruker D8 ADVANCE
diffractometer, Cu Ka source operated at 40 kV and 40 mA,
2° incidence above selected 20 with a parallel X-ray beam
setup.

X-ray Photoelectron Spectroscopy (XPS)

A Thermo Scientific ESCALAB 250Xi instrument was used to
obtain XPS results. The substrates were carefully washed by

acetone, IPA, and deionized water before experiment to
remove the solvent residues. All spectra were calibrated based
on the C—C bond binding energy at 284.8 eV. Thermo
Avantage software was used to analyze and process each
element’s data. For depth profiling experiments, an Ar ion
beam of 4.8 keV energy was used. The instrument is calibrated
with an X-ray spot of SO0 um (sputter area, 2.5 mm in
diameter) on silicon, and the etch rate is ~2 nm/10 s. Depth
profile analysis was carried out using a 100 s etch step size,
which corresponds to ~20 nm of etching in each step.

Raman Spectroscopy

Gr films grown on Cu were transferred on Si/SiO, before the
measurement due to a much larger Raman scattering intensity
and lower spectral background on Si/SiO, compared to the Cu
substrate. Raman results were obtained from a Renishaw inVia
Reflex Raman system equipped with a green 532 nm/50 mW
diode-pumped solid-state laser. Spectroscopy was performed
using a 50X objective lens. Dwell time and laser strength were
set to 10 s and 10% respectively to obtain the best signal-to-
noise ratio and avoid the laser-induced damage in the samples.

Atomic Force Microscopy (AFM)

A Bruker-Nano Dimension ICON Dimension was used to
obtain the topography map of the Zn surface. NanoScope
Analysis software was used for data analysis.

STEM Images and EELS Spectroscopy

All the STEM characterizations were obtained using a JEOL
JEM-ARM200CF STEM equipped with a cold field emission
gun with a 0.78 A spatial resolution at 80 kV and a Gatan
Enfina EELS system. EELS spectra were collected with a step
size of 1 nm.

DFT Calculations

DFT calculations are performed using the Vienna ab initio
simulations package (VASP) code employing the generalized
gradient approximation (GGA) using the PBE (Perdew, Burke,
and Ernzerhof) functional to account for the exchange—
correlation effects. In addition, to account for the Coulombic
repulsion between localized electrons in Cu and Zn, the DFT
+ U schema is used. The Hubbard parameters (U—]) for Cu
and Zn are set as S and 7.5, respectively. For systems with an
even number of electrons, nonspin-polarized calculations are
performed, and for systems with an odd number of electrons,
unrestricted spin-polarized calculations are performed. For all
calculations, a cutoff energy of 500 eV is used. All structural
optimizations are carried out until the forces, acting on atoms,
are below 0.01 eV/A. The criterion for energy change is set to
0.1 eV. The Atomistic Tool Kit (ATK) is used to build the Zn/
Gr interface, where the “Interface Builder” tool allows
analyzing all possible interfaces between the Zn slab and Gr
monolayer. The ATK “Interface Builder” algorithm searches all
possible structures of the two surfaces to find a configuration
with minimal strain. Since there are tens of possibilities
between Zn and Gr surfaces, we apply specific cutoff
conditions, such as the strain of each surface should not be
more than 5% and a total number of atoms in the resulting
structure should not exceed 350 atoms (due to natural DFT
limitation). The resulting structures were optimized with
different widths between the surfaces to find the most stable
configuration. The final most favorable structure is shown in
Figure S19.
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