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ABSTRACT: The ability to rationally design and manipulate the interfacial
structure in lithium ion batteries (LIBs) is of utmost technological importance for
achieving desired performance requirements as it provides synergistic eﬀects to the
electrochemical properties and cycling stability of electrode materials. However,
despite considerable eﬀorts and progress made in recent years through the interface
engineering based on active electrode materials, relatively little attention has been
devoted to address the physical aspects of the interface and interfacial layer between
the anode materials layer and the current collector. Here, we propose and
successfully grow unique graphene directly on a Cu current collector as an ideal
interfacial layer using the modiﬁed chemical vapor deposition (CVD). The anode
with an engineered graphene interlayer exhibits remarkably improved electrochemical performances, such as large reversible speciﬁc capacity (921.4 mAh g−1 at
current density of 200 mA g−1), excellent Coulombic eﬃciency (close to
approximately 96%), and superior cycling capacity retention and rate properties compared to the bare Cu. These excellent
electrochemical features are discussed in terms of multiple beneﬁcial eﬀects of graphene on interfacial stability and adhesion
between the anode and the collector, oxidation or corrosion resistance of the graphene grown Cu current collector, and electrical
contact conductance during the charge/discharge process.
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■

INTRODUCTION
Interface engineering has drawn considerable research interest
for both fundamental science and cutting-edge technology
because the diverse and unique properties of devices with
geometric architectures of multistacked functional layers are
crucially dependent on the physical and chemical states of
homogeneous/heterogeneous interfaces between each functional layer, which can play an important role in determining
their electronic, optoelectronic, and electrochemical behaviors
as well as structural stability and quality.1−5 Thus, interface
engineering through interface modiﬁcation and functionalization methods has been proven to be a very eﬀective and
important step toward improving the device performance of
semiconductor and solid-state energy devices. In particular,
much attention has been focused recently on the development
of new functional interfacial materials.6,7
In this regard, graphene with the inherent 2-dimensional
nature of a crystal structure has attracted tremendous attention
as an atomically ultrathin interfacial layer because of its unique
and outstanding electrical, optical, chemical, and mechanical
properties, which can allow for atomic-scale engineering of
interlayers to achieve uniform interfacial coverage, to improve
© 2016 American Chemical Society

electrical interface contact or charge carrier transport eﬃciency,
to manipulate energy level alignment, to enhance interfacial
adhesion, and to maintain mechanical and chemical stability.8,9
These properties of graphene make it a promising material for
the use in a wide range of growing applications including
various electrical and optoelectronic devices as well as energy
conversion and storage devices without need for binders,
additives, and current collectors.10,11
On the basis of diverse interface engineering techniques, so
far, the LIBs regarded as promising energy storage devices have
been widely studied to fulﬁll high energy and power densities,
long cyclic stability, and high rate capability by employing
various strategies, such as the engineered nanostructure with
controlled shape and morphology as well as size, the controlled
modiﬁcation of pore structures with large surface area, and
surface modiﬁcation and functionalization.12,13 Among such
diverse interface engineering techniques researched to date, the
surface modiﬁcation has intensively emerged in recent as a
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Figure 1. (a) The corresponding line scans across the edge of the multi- and single-layered graphene transferred on a SiO2 substrate [the insets
indicate the high-resolution AFM image of multi- and single-layered graphene]. (b) Raman spectrum of the multi- and single-layered graphene ﬁlms.
(c) Optical transmittance and (d) photographic transparency of graphene ﬁlms with multilayer and single layer.

the long-term cyclic reaction. By designing and developing
unique interfacial graphene layers, we demonstrate that the
engineered graphene based interfacial layer on the current
collector can remarkably improve electrochemical properties,
such as speciﬁc reversible capacity, capacity retention, rate
performance, and charge transfer ability and Li ion diﬀusion
rates, compared to the pure Cu current collector.

highly promising and attractive approach to enhance electrical
conductivity, structural stability, ion and electron transport,
cyclability, and reliability more eﬀectively.14−17 However, most
studies of the interface engineering associated with surface
modiﬁcation continue to mainly focus on the interfaces
between the active electrode material and the electrolyte in
order to improve the electrochemical performance of electrode
materials. Contrastively, interfacial eﬀects occurring between
the active electrode and the current collector have received
relatively little attention and consequently are not well
understood, although the engineering and optimization of
such interface states are very important to improve and retain
good electrical contact and chemical and structural stability,
which could be critical factors determining the performance
and lifetime of LIBs.
To this end, herein we propose to use high-quality, large-area
CVD graphene grown directly on Cu current collectors as an
ideal and eﬃcient interlayer between the active material and the
metallic current collector for LIBs from the viewpoint of the
following potential synergistic beneﬁts: (1) the chemically
stable graphene can behave as an eﬃcient diﬀusion barrier to
resist the degradation by eﬀectively preventing the formation of
the oxidized layer on the metallic current collector surface
through oxygen diﬀusion provided by electrolyte decomposition and/or byproduction during Li ion intercalation reactions;
(2) the outstanding electrical conductivity of graphene can
form high-quality contact with low interface resistance, thus
facilitating the fast charge transfer process; (3) the excellent
structural ﬂexibility and mechanical robustness of graphene
might enhance the physical interface adhesion, thereby
minimizing the issues associated with the progressive loss of
contact area induced by stress built up at the interface during

■

EXPERIMENTAL SECTION

Synthesis of the Graphene Interlayer on the Current
Collector. The 250 μm thick Cu foil was ﬁrst cleaned with a 1 M
HCl solution, followed by washing the foil with acetone, ethanol, and
DI water. The Cu foil was placed in a CVD furnace, and the furnace
was evacuated down to a pressure of 2 mTorr. The temperature of the
furnace was, then, heated to 1000 °C at a rate of 25 °C/min with H2
gas ﬂow of 5 sccm. After annealing the foil at 1000 °C for 20 min, the
synthesis of graphene was initiated with ﬂowing methane gas of 20
sccm (single layer) or 50 sccm (multilayer) for 40 min while
maintaining the same temperature. After the completion of the growth,
the furnace was rapidly cooled (single layer) or slowly cooled
(multilayer) to room temperature. To estimate thickness and
transmittance of as-prepared graphene samples, the graphene was
transferred using a copper etchant (0.1 M ammonium persulfate) to a
SiO2 and glass substrate.
Chemical and Structural Characterization. The morphology
and the thickness uniformity of graphene were observed by AFM
(Veeco dimension 3100). The defect and quality of graphene were
investigated by Raman spectroscopy (Nanoﬁnder 30) with a 488 nm
wavelength diode-pumped solid-stage laser. The optical transmission
spectra of graphene were obtained by UV−vis−NIR spectrophotometry (Varian Cary 5000). The chemical bonding states of the
graphene interlayer were examined by XPS (ESCALAB250) equipped
with an Al Kα X-ray source. The C 1s electron binding energy was
referenced at 285.0 eV, and a nonlinear least-squares curve-ﬁtting
program was employed with a Gaussian−Lorentzian production
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Figure 2. (a) Galvanostatic discharge−charge curves of Co3O4 based anodes on MG/Cu, SG/Cu, and bare Cu for the ﬁrst, second, and ﬁfth cycles at
a current density of 200 mA g−1 in the voltage range of 0.0−3.0 V. (b) Nyquist plots of the MG/Cu, SG/Cu, and bare Cu in a frequency range of
100 kHz to 10 mHz. (c) Bode plots of MG/Cu, SG/Cu, and bare Cu, ﬁtted using the simpliﬁed equivalent circuit.
function. Also, the ﬁlm structures of as-prepared electrodes were
characterized using SEM (Hitachi S-4700).
Electrochemical Measurement. The electrochemical performance of electrodes was performed using a coin-type half cell (CR2032)
with Co3O4 on MG/Cu, SG/Cu, and bare Cu as a current collector.
The homogenized slurry made of 70 wt % Co3O4 (Sigma-Aldrich) as
an active material, 20 wt % poly(vinylidene diﬂuoride) (Alfa Aesar) as
a binder, and 10 wt % Ketjen black (Mitsubishi Chemical) as a
conducting material in N-methyl-2-pyrrolidinone (Sigma-Aldrich) was
coated on the as-prepared current collectors and then dried at 100 °C
for 12 h. The coin-type half cells were fabricated in a glovebox ﬁlled
with argon gas. The charge/discharge performance was evaluated using
a WMPG 3000 battery cycler system (WonATech Corp., Korea) in
the potential window of 0.0−3.0 V (vs Li/Li+) at room temperature.
The cycling test was performed up to 100 cycles at a current density of
200 mA g−1. The high-rate capability was investigated at current
densities of 200, 500, 1000, and 1500 mA g−1. The EIS measurements
were characterized in a frequency range of 100 kHz to 10 mHz at an ac
signal of 5 mV.

the edge of SG/Cu reveals a distinct step of approximately 0.4
nm, which is in good agreement with the thickness (0.34 nm)
of the single graphene layer.18−20 Contrastively, the topographic height proﬁle of MG/Cu exhibits the edge of thin
graphene layers with a step of ∼3.8 nm, corresponding to the
multilayered graphene with approximately 10 layers. For further
conﬁrmation of the number and the uniformity of graphene
layers, we performed Raman and UV−vis spectroscopy
analyses. Figure 1b shows that all Raman spectra exhibit two
dominant peaks at around 1576 and 2686 cm−1, corresponding
to the G and 2D mode, respectively, which are the typical
features of graphene. Moreover, the layer number of graphene
was also identiﬁed by the intensity ratio of the 2D to G peaks
(I2D/IG), which have been known to be especially sensitive to
the number of graphene layers.21,22 That is, for SG/Cu the I2D/
IG intensity ratio of 2.54 indicates that the formed graphene
ﬁlm has single layer with high quality, whereas the intensity
ratio of MG/Cu is 0.51, showing a typical signature of
multilayered graphene. In addition, it can be seen in Figure 1c
that the optical transmittance of SG (97.3%) and MG ﬁlms
(78.7%), which is determined by the number of layers, clearly
indicating the formation of single-layer and multilayer (∼10
layers) graphene ﬁlms.23−25 This is consistent with AFM results
and previous reports. Moreover, Figure 1d shows the
photograph of high transparency of SG and MG on a glass
substrate. The symbols behind can be clearly seen through the
graphene layer without distorting the image, which is consistent
with optical transmittance results. To determine the surface
chemical states of as-prepared graphene interlayers, we
performed X-ray photoelectron spectroscopy (XPS) measurements. We clearly observed that SG/Cu and MG/Cu samples

■

RESULTS AND DISCUSSION
To form a geometrically attractive interfacial structure between
the active material and the metallic current collector, allowing
the favorable electrochemical behavior of Li ions, a modiﬁed
CVD method has been employed. We successfully synthesized
single- and multilayered graphene on Cu foil (denoted as “SG/
Cu” and “MG/Cu”, respectively) with large scale area (6height ×
14width cm, as shown in Figure S1) under diﬀerent ﬂow rates of
methane gas (see more detailed Experimental Section) for
investigating in detail interfacial eﬀects. Figure 1a exhibits
typical tapping-mode atomic force microscope (AFM) images
of SG and MG transferred onto a SiO2 substrate, conﬁrming
the formation of layered graphene structures. A line scan across
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(503.7 Ω), implying that the presence of graphene interlayers
improves the electrical contact and hence resulting in the
enhanced charge transfer ability. To further evaluate the Li ion
diﬀusion dynamics, the frequency dependence phase angle
plots (Bode plots) were obtained and ﬁtted using the simpliﬁed
equivalent circuit, as shown in Figure 2c and summarized in
Table S2. Here note that in general the low-frequency region,
corresponding to the capacitive behavior, is associated with the
Li ions diﬀusion and intercalation and that a phase angle
approaching −90° indicates the ideal capacitive nature.7,32−34
Thus, as expected, we observed that the MG/Cu exhibits a
relatively higher phase angle compared to that of the SG/Cu
and bare Cu, meaning superior capacitive feature. Furthermore,
at the medium frequency range related to a capacitive-resistive
transition region, the phase angle includes contributions from
charge transfer eﬀects at the interface.35,36 We clearly observed
the phase angle of the MG/Cu sample shows the relatively
lower peak intensity and peak shift toward high frequency,
indicating the low charge transfer impedance and the excellent
ac response to the devices compared to the SG/Cu and bare
Cu samples. Additionally, the relaxation time constant (τ0) is
calculated with the equation τ0 = 1/f 0 in the interfacial charge
transfer frequency region (10−104 Hz). The τ0 of the MG/Cu
(1.5 ms) is shorter than that of the SG/Cu (8.1 ms) and bare
Cu (10.2 ms). Such a rapid response property is attributed to
the fast charge transport rate properties due to the presence of
a graphene interfacial layer. Moreover, to further demonstrate
eﬀects of the engineered graphene interfacial layer on the
electrochemical performance of LIBs, we employed SnO2 as
another representative metal oxide material. Similar to the
Co3O4 based anode on MG/Cu, the SnO2 based MG/Cu
exhibited excellent Li ion behavior properties, such as the high
discharge capacity, low charge transfer impedance, fast
relaxation time constant, and enhanced initial electrochemical
stability compared to the SnO2 anode on bare Cu as shown in
Figure S4. These ﬁndings suggest that the electrochemical
performance of LIBs can be signiﬁcantly enhanced by the
graphene interlayer with superior electrical and mechanical
contact properties as well as chemical stability, improving the
charge transfer ability and Li ion diﬀusion rate.
To investigate in detail how the graphene interfacial layer
aﬀects electrochemical behavior and stability, we conducted
long-term and intercalation-rate related electrochemical measurements together with impedance, chemical, and structural
analysis techniques to analyze the interfacial features and
structural stability. Noticeable, as shown in Figure S3a, the
MG/Cu exhibited not only much better reversible capacity of
709 mAh g−1 after 20 cycles at 200 mA g−1 but also
approximately 7.04 times higher reversible capacity and
superior capacity retention after 100 cycles in comparison
with the bare Cu. Furthermore, when the charge/discharge rate
was increased stepwise from 200 to 1500 mA g−1, the MG/Cu
showed excellent rate capabilities (190 mAh g−1 at 1500 mA
g−1), whereas both of the SG/Cu and bare Cu exhibited a rapid
drop of initial capacity during 10 cycles and then rapidly
decayed in the capacity with increasing rates, as shown in
Figure S3b. Note that the rapid capacity fading and rate
capabilities of bare Cu samples we observed are quite similar to
the tendency of previous results for metal oxide anode
materials.37,38 Thus, these results imply that the cycling and
rate behavior properties of anode could be signiﬁcantly
improved by simply modifying interfacial states between the
active material and the Cu collector, which is thought to be a

exhibit the typical carbon characteristic in the C 1s spectra,
implying the successful formation of graphene layers (Figure
S2). On the basis of the structural and chemical analyses of asprepared graphene, we believe that the SG/Cu and MG/Cu
have a well-deﬁned layered, large-scale structure with high
quality. Accordingly, it can be expected that the graphene
grown directly on current collectors as an interfacial layer will
signiﬁcantly improve the electrochemical and structural properties during the charge/discharge process because of its uniform
coverage on Cu foil, high electrical conductivity, and strong
interfacial adhesion.
The ability to engineer the interface between the active
material and the current collector, signiﬁcantly aﬀecting
chemical and physical interfacial properties, would play an
important role in improving the Li ion behavior properties. In
order to investigate such interfacial eﬀects on characteristics of
LIBs, we performed the electrochemical characterization of a
half coin cell using commercial Co3O4 anode materials as one
of the representative high performance metal oxide anode
materials, which still experiences obvious capacity fading
typically resulting from relatively high interfacial contact
resistance and unnecessary interfacial reactions as well as
progressive loss of contact area on current collectors during
cycling. Figure 2a shows the galvanostatic discharge−charge
curves of Co3O4 based anodes on bare Cu, SG/Cu, and MG/
Cu at a current density of 200 mA g−1 in the voltage window of
0.0−3.0 V. During the ﬁrst discharge process, we clearly
observed that all electrodes exhibit a long potential plateau
around at 1.0 V associated with the Li ion intercalation, that is,
the formation of metallic Co and amorphous Li2O phases
through the reduction reaction of Co3O4, followed by a gradual
slope to the cutoﬀ potential of 0.0 V, which is ascribed to the
formation of a solid electrolyte interphase (SEI) layer by
electrolyte decomposition.26−29 In addition, it was observed
that regardless of the presence of graphene interlayers, the
speciﬁc discharge capacity of all samples is found to be very
similar values of approximately 1400 mAh g−1 with small
variations in the ﬁrst cycle, as summarized in Table S1.
However, noticeably, it was observed that the Co3O4 anode on
MG/Cu exhibits not only the signiﬁcantly improved reversible
speciﬁc discharge capacity of 921.4 mAh g−1 compared to that
anode on bare Cu (785.6 mAh g−1) after the ﬁfth cycle but also
superior reversible Li ion behavior and the excellent Coulombic
eﬃciency close to about 96% (Figure S3a). This enhanced
capacity retention of the Co3O4 anode on MG/Cu with high
speciﬁc capacity during the initial cycles might be attributed to
the well-engineered graphene interlayer, which can not only
inﬂuence electrochemical behavior properties but also contribute to the total capacity through Li ion intercalation into the
multilayer graphene during the charge/discharge process.
Moreover, in contrast to the MG/Cu, for the SG/Cu sample,
a very slightly improvement in the capacity (818.9 mAh g−1)
was observed. These results indicate that the electrochemical
characteristic of the Co3O4 anode is strongly dependent on the
graphene interfacial layer.30,31
Moreover, in order to understand the electrochemical kinetic
behavior of electrodes associated with the graphene interlayer,
the electrochemical impedance spectroscopy (EIS) measurements as a powerful tool to investigate the charge transfer
process were performed in a frequency range of 100 kHz to 10
mHz, as shown in Figure 2b. It can be seen distinctly that the
charge transfer impedance (Rct) of the MG/Cu (122.9 Ω) is
much smaller than that of the SG/Cu (360.6 Ω) and bare Cu
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Figure 3. Cu 2p XPS spectra of MG/Cu, SG/Cu, and bare Cu at the interface (a) before and (b) after 100 cycling tests at a current density of 200
mA g−1. (c) Schematic illustration for synergistic eﬀects of a graphene interfacial layer between the active material and the current collector on
structural stability and electrochemical reaction behavior during the charge/discharge process in comparison with bare Cu. (d) Histogram of changes
in Rct of the MG/Cu, SG/Cu, and bare Cu samples before and after cycling tests.

Figure 4. Schematic illustration showing the electrochemical and structural aspects of interfacial phenomena in LIB electrodes with and without a
graphene interlayer.

oxidization reaction of Cu. As expected, after 100 cycling tests
the increase in the oxidized Cu phase of MG/Cu is relatively
immaterial compared to the bare Cu and SG/Cu, showing the
signiﬁcant increase in the intensity of oxidized phases as a result
of oxidation reactions of the Cu current collector through the
byproducts generated from electrolyte decomposition during
the charge/discharge reactions (Figure 3b). These phenomena
were further conﬁrmed by EIS measurements as shown in
Figure 3d. We found that the MG/Cu exhibited less Rct change,
which steadily maintains excellent electrical contact properties,
after long-term cycling tests, while the Rct value of the other
electrodes increases much more rapidly. Therefore, a
comparison of the XPS and EIS results indicates that
multilayered graphene is suitable to be used as an interfacial
layer between the active material and the current collector in

critical consideration for optimizing electrochemical performance.
In order to further verify a detailed internal reaction at the
interface during the charge/discharge process, we investigated
phase changes in the evolution of interfacial structures on the
Cu current collector by XPS before and after the long-term
cycling test. Figure 3a shows the Cu 2p XPS spectra of the
MG/Cu, SG/Cu, and bare Cu before the cycling test. We
clearly observed that both the MG/Cu and SG/Cu samples
exhibit only Cu 2p3/2 peaks at ∼932.7 eV corresponding to the
metallic Cu phases.39,40 In contrast, for the bare Cu we
observed an additional peak with binding energies of ∼935.1 eV
related to an oxidized Cu phase, which is attributed to the
native oxide layer.33 This ﬁnding suggests that the graphene
interfacial layer can serve as a diﬀusion barrier, preventing the
17655
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Figure 5. (a) Cycling performance of G+MG/Cu at a current density of 200 mA g−1 up to 100 cycles in the voltage range of 0.0−3.0 V. (b) Nyquist
plots of the G+MG/Cu in a frequency range of 100 kHz to 10 mHz. The inset indicates the Bode plots of the G+MG/Cu.

electrode (G+MG/Cu). Figure 5a shows the cycling performance of the G+MG/Cu at a current density of 200 mA g−1 in
the voltage window of 0.0−3.0 V. Notably, the G+MG/Cu
exhibited the higher initial reversible capacity of 708 mAh g−1
in the second discharge reaction, which is comparatively close
to the theoretical speciﬁc capacity of mixed G-Co3O4 (786.4
mAh g−1) calculated on the basis of the weight ratio of each
component (Figure S6a). More importantly, the G+MG/Cu
sustained the high reversible capacity of 601 mAh g−1 after 100
cycles. Furthermore, when current densities were increased
from 200 (low-rate cycles) to 1500 mA g−1 (high-rate cycles) in
Figure S6b, the G+MG/Cu exhibited the signiﬁcantly improved
rate performance with capacity retention of 72.1% and high
speciﬁc capacity of 505 mAh g−1 at 1500 mA g−1. Figure 5b
shows Nyquist and Bode plots, indicating that the G+MG/Cu
anode showed the improved charge transfer and fast Li ion
diﬀusion properties due to the existence of graphene nanosheets among active materials, which could contribute to
enhance electrical conductivity and as well as to prevent
structural volume expansion acting as a physical buﬀer layer.
Thus, as expected, it is believed that the remarkably improved
Li behavior properties of the G+MG/Cu (i.e., high speciﬁc
capacity retention and excellent rate cycling performance) may
be attributed to the electrochemically and mechanically
enhanced interfacial properties of active materials via graphene
nanosheets.

LIBs in order to eﬀectively inhibit the oxidation of the Cu,
hence retaining the low contact resistance as well as the high
charge transfer rate, as illustrated in Figure 3c. In other words,
the graphene interlayer with the suitable thickness and uniform
coverage directly grown on the Cu collector can have strong
resistance against interfacial reactions, substantially resulting in
the battery performance deterioration due to the poor
interfacial properties. To further demonstrate the structural
integrity at the interface, we performed cross-sectional scanning
electron microscopy (SEM) observations with all electrodes
before and after the long-term cycling charge/discharge test, as
shown in Figure S5. Interestingly, it was clearly observed that
the presence of a graphene interfacial layer can lead to
surprisingly improved adhesion of active materials to the Cu
collector. However, the current collector without a graphene
interlayer tends to show the weak interfacial adhesion,
consequently causing the severe loss of electrical contact with
active materials after cycling.
Here, we propose that an engineered interfacial layer has
synergistic eﬀects on the remarkable electrochemical performance and stability of LIB anodes we observed, as schematically
illustrated in Figure 4: (1) The unique graphene interlayer with
excellent electrical conductivity improves the charge transfer
ability because of the low contact resistance. (2) The graphene
with unique geometry and chemical stability eﬀectively prevents
the oxidation or corrosion reaction of a Cu current collector,
which could be caused by the decomposition of electrolyte
during charge/discharge reactions. (3) The directly grown
graphene on the Cu collector possesses notable adhesive
properties for ﬁrmly securing the interfacial adhesion strength
between the active material and the current collector during the
cycling. Consequently, by fully utilizing graphene’s unique
electrical, mechanical, structural, and chemical features, we
remarkably enhance the cycling stability and performance of
LIB anodes.
It should be also noted that metal oxide active materials
exhibit substantially inferior capacity retention caused by large
volume changes during the charge/discharge reaction. Thus, we
believe that although the graphene-based interfacial engineering
leads to a considerable enhancement in the electrochemical
performance of anodes, the relatively low capacity is attributed
to the structural degradation and instability caused mainly by
the large volume change of commercial Co3O4 active materials
we employed in this study, as shown in Figure S3a. In order to
further optimize and demonstrate overall cell performance, we
progressed additional interface engineering among active
materials by mixing with multilayered graphene nanosheets
(20 wt % vs weight of total active materials) on the MG/Cu

■

CONCLUSIONS

In summary, we have proposed and developed a novel concept
of interface engineering between the active material and the
current collector in LIBs that a graphene interfacial layer grown
directly on Cu current collectors oﬀers multiple synergistic
eﬀects to the electrochemical behavior and structural stability of
electrode materials. We have demonstrated that the MG/Cu
exhibits the remarkably improved electrochemical performance
with high reversible capacity, excellent rate-performance, and
cycling stability over 100 cycles compared to the bare Cu.
These excellent electrochemical features can be explained by
the unique multifunctional eﬀects of graphene interlayers on
the structural stability, charge transfer kinetics, and Cu
oxidation or corrosion reaction as well as interfacial adhesion.
Moreover, we have further optimized the interface of active
materials with graphene in order to enhance the overall
electrochemical performance of cells, exhibiting the high
reversible capacity of 708 mAh g−1. Our ﬁndings suggest that
the interface engineering based on graphene might be an
attractive potential strategy not only for fundamental studies
related to interfacial phenomena in electrochemical conversion
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