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Abstract
Na-ion battery is playing an important role as a low-cost alternative power source to Li-ion
battery. Developing novel carbonaceous anode materials is highly demanded for high
performance and environmental benignity. We report, for the first time, the graphene sheets
covalently bonded with sulfur atoms as Na-ion battery anode material with a large reversible
capacity of 291 mA h g�1 and an outstanding rate capability with 127 and 83 mA h g�1 at
2.0 and 5.0 A g�1 (charging/discharging in 3.8 and 1 min, respectively), and a long cycling
stability as well. Both experiment and density functional theory calculation proves that the
superior performance is mainly attributed to the unique nanoporous structure stemmed from
the chemically S doping. This material holds great promise in future application of low cost,
high-performance Na-ion batteries.
& 2015 Elsevier Ltd. All rights reserved.
Introduction

There is an ever-increasing demand for the rechargeable
lithium-ion batteries (LIBs) in the upcoming era of portable
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electronics, electric transportation and smart grids, owing
to their high energy and mature fabrication technologies
[1–3]. The further development and large-scale application
of LIBs, however, has brought growing concern from both
academia and industry in recent years regarding the
increasing cost and an uneven geological distribution of
lithium source [4]. By comparison, sodium (Na) is environ-
mentally benign and is the sixth abundant element in the
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Earth's crust, while the sodium salts used to prepare battery
materials are plentiful [5]. Furthermore, the standard
electrode potential of Na/Na+ at 2.71 V and of Li/Li+ at
3.02 V are very close to each other, and the non-aqueous
electrolytes containing sodium salts usually show similar
electrochemical windows, comparable ionic conductivities
and stabilities to lithium-ion counterparts [6,7]. In this
context, sodium-ion based rechargeable batteries hold
great promise as low-cost alternative power sources to LIBs
for future energy storage technologies.

Compared to LIBs technology, the energy and power
performance of SIBs cannot meet the current needs due to
the limited capacity and slow kinetics of the SIBs electrodes
[8]. It is well recognized that reversible and rapid sodium ions
insertion and extraction is more complicated and difficult
than Li+ in host materials, due to the larger ion radius
(1.02 Å of Na+ vs. 0.76 Å of Li+) [9]. Therefore, the key
factor is to develop suitable electrode materials with suffi-
cient interstitial space for sodium ions storage and transpor-
tation [10]. Recent research shows that many transition
metal oxides [11,12], fluorophosphates [13–15], fluorosul-
phate [16], and ferricyanide [17–19] can serve as cathode
materials with a certain capacity [20]. However, these non-
carbon based inorganic materials can hardly be dominant due
to the environmental benignity and cost considerations.

Although graphite, which is the dominant anode material
in current LIBs technology, is not suitable for SIBs anode since
no staged intercalation compounds can form [21], other
carbonaceous materials still attract considerable research
attention. For example, hollow carbon nanowires deliver a
high reversible capacity of 251 mA h g�1 [22], while hollow
carbon nanospheres exhibit excellent rate capability (75 mA
h g�1 at 5.0 A g�1) [23]. Many other carbon materials such as
petroleum cokes [24–26], carbon black [27], template carbon
[28], and hard carbon [29] have also been reported, however,
the capacity and rate capability of SIBs anode are still hardly
comparable to that of LIBs. It is widely accepted that the
sodium insertion mechanism strongly depends on the size,
the graphitization degree, the structure or textural disorder,
and the porosity [30]. In this context, developing novel
carbon-based anode materials with high reversible capacity
and rate capability is still challenging and urgently needed.

Herein, we report for the first time the utilization of
chemically sulfur-doped graphene (SG) as anode material for
high-performance sodium-ion based energy storage. Recently,
graphene has been attracting tremendous interest due to its
unique two-dimensional, single atomic layer structure. Differ-
ent from graphite with well ordered layers which is not
favorable for Na+ insertion, graphene with a few layers stack
shows improved sodium storage property [31,32]. In this work,
benefiting from the sulfur atoms covalently bonded to the
graphene sheets, the obtained SG material exhibits a high
reversible capacity of 291 mA h g�1, a long stability over 200
cycles, and a superior rate capability (83 mA h g�1 at 5.0 A) as
well, which is mainly attributed to the electronic structure
changes in graphene sheets.
Results and discussion

The SG was prepared starting from graphene oxide (GO)
using phenyl disulfide (PDS) as the sulfur precursor through a
high-temperature flash heat treatment, where the sulfur
atoms and graphene sheets covalently bond together. The
morphology and microstructure of the chemically S-doped
graphene were characterized by scanning electron micro-
scope (SEM) and transmission electron microscope (TEM).
Figure 1A shows the representative SEM image of the as-
prepared SG material. Similar to pure graphene materials, a
two-dimensional sheet-like structure with wrinkled and
folded features was obtained. Figure 1B shows the rep-
resentative TEM image of the as-prepared SG material.
Transparent and crumpled silk veil-like structures with
single or a few graphene layers can be clearly observed.
In order to confirm the presence of element sulfur in SG,
the elemental composition analysis from EDX pattern
was applied, showing �2.52% S exists in atomic ratio
(Figure 1C). The distribution of S atoms is further verified
by EDS element mapping. As shown in Figure 1D, the S atoms
are uniformly dispersed in the graphene sheets, indicating
the successful formation of chemically S-doped graphene.
The electron energy loss spectroscopy (EELS) was also
performed, confirming the existence of element C and S in
SG. Based on the EELS analysis, the S content in the SG is
2.29% in atomic ratio (Figure S1).

In order to investigate how sulfur atoms are covalently
bonded to graphene sheets, X-ray photoelectron spectro-
scopy (XPS) measurements were carried out (Figure S2).
Figure 2A shows the XPS core-level spectrum of S 2p, where
two major peaks locating at 163.74 and 164.92 eV can be
observed, indicating a significant amount of S (3.33%). The
doublet possesses an area ratio of 2:1 with a splitting of
1.18 eV, which well matches the standard value [33]. The
lower energy shift (164.00 eV for standard S 2p3/2) of S 2p3/2
and 2p1/2 doublet is associated with lower valence states,
suggesting the covalent bonding of S atoms to carbon atoms
in a heterocyclic configuration. Four minor peaks can also
be found at higher energy, which can be attributed to a
small amount of carbon bonded SOx species [34]. Obviously,
in the corresponding structural scheme of SG material
shown in Figure 2B, the C–S–C species exist in the thiophene
form residing on the edge plane and defect sites of SG,
which is the dominant S dopants in SG materials (�79%,
Table S1). The existence of minor peaks of C 1s at higher
energy from the core-level spectrum also implies the
successful doping of S atoms with C (Figure S3). Figure 2C
shows the representative X-ray diffraction pattern of SG
material, with the characteristic (002) peak of graphite
observed at 25.61. The interlayer distance of SGs was
calculated to be 0.348 nm, which was larger than that of
graphite crystal structure with 0.335 nm. No obvious peaks
from pure sulfur can be observed, further confirming the
absence of element S. The porous structure of SG is
characterized by the nitrogen adsorption–desorption iso-
therms. As shown in Figure 2D, the SG material exhibits a
type IV isotherm with a Brunauer–Emmett–Teller (BET) sur-
face area of 280 m2 g�1. Besides, the SG material possesses
both micropores below 2 nm and mesopores generated from
SG crumpling and piling (Figure 2D, inset).

The Na+ insertion/extraction behavior in SG was first
investigated by cyclic voltammetry using 2032-tpye coin-
cells with sodium foil as the counter electrode. The mass
loading of active materials in each electrode was control-
led to be 1.2 mg cm�2. Figure 3A shows the cyclic
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voltammograms (CV) of the SG electrode for the first 10
cycles at a scan rate of 0.1 mV s�1 between 3.0 to 0.001 V
(vs. Na/Na+). During the first cathodic scan, an irreversible
reductive peak can be found locating at 0.43 V, correspond-
ing to the decomposition of the electrolyte and the forma-
tion of solid electrolyte interface (SEI) on the surface of the
SG. A sharp peak is observed at lower voltage, correspond-
ing to the sodium insertion, which is similar to that of the
lithium insertion process in carbonaceous materials [35,36].
During the anodic scan, no obvious sharp peak can be found,
indicating the sodium extraction process occurs over a
broad potential range from 0 to �1.30 V, which is consistent
with previous reports [23]. In the following cycles, the CV
curves show a pair of redox peaks at 1.00 V for cathodic
scan and 1.77 V for anodic scan, respectively, with good
repeatability. This interesting phenomenon is reported for
the first time, and can be attributed to the reversible
interaction of Na+ with S dopants. Besides, a small anodic
peak at 0.09 V is observed, originating from the sodium
extraction from nanopores [23]. Figure 3B displays the
Figure 1 (A) SEM and (B) TEM images of as-prepared SG sheets; (C
area of SG and the corresponding elemental mapping showing the
galvanostatic charge–discharge curves of SG electrode at a
current density of 50 mA g�1 between 3.0 to 0.001 V (vs.
Na/Na+). The SG electrode delivers an initial discharge
capacity of 727 mA h g�1, and a recovered charge capacity
of only 417 mA h g�1. The large irreversible capacity loss is
mainly from the formation of SEI layer, which is consistent
with the CV observation. Plateaus at around 1.0 V from
discharge curves and at around 1.7 V from charge curves for
the following cycles can be clearly found, indicating the
redox reaction between Na+ and S atoms observed in CV
testing. Interestingly, this phenomenon can be found in SG
materials with different S ratios (by adjusting the amount of
PDS precursor), while no obvious plateaus can be obser-
ved in pure graphene materials (Figure S4). This is a dir-
ect evidence of reversible interaction between Na+ and
S atoms.

The capacity gradually decreases and stabilizes (291 mA
h g�1 for the 10th cycle), forming the intercalation com-
pound equivalent to NaC7.7, which is very close to the
lithium counterpart (LiC6). The gradual capacity loss for the
) EDX pattern of SG materials; and (D) STEM image of a selected
distribution of C–K, S–K, and O–K.



Figure 2 (A) XPS spectra of S 2p in SG material; (B) schematic model of SG material showing different S-containing functional
groups; (C) XRD pattern of the SG material; and (D) nitrogen adsorption–desorption isotherm and pore-size distribution curve (inset)
of the SG material.
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first few cycles can be ascribed to the SEI formation on
newly exposed surface from the interfaces of overlapped SG
layers. Figure 3C presents the cyclability of the SG elec-
trode at a current density of 50 mA g�1 for 15 cycles and
at a 1.0 A g�1 for 200 cycles. After 200 cycles, the SG
electrode still possesses a capacity of 150 mA h g�1, a high
capacity retention of 80% can be obtained along with the
high Coulombic efficiency. The gradual capacity decay is
commonly found in carbon-based materials for SIBs as well
as graphene-based materials for LIBs anode, suggesting that
the interaction of Na+ with S atoms is highly reversible. This
is further confirmed by XPS analysis of S element (Figure
S5), where the S 2p3/2 peak from core-level spectrum is
observed locating at 161.96 eV. Compared with 163.74 eV
for pristine SG, the significant peak shift to even lower
energy suggests the lower oxidation state of S atoms, which
is mainly ascribed to the strong interaction between Na+

and S atoms. Such a cycling stability is mainly due to the
covalently bonded S atoms to the graphene sheets. Although
an increased ID/IG value can be obtained from the Raman
spectra (Figure S6) after cycling (from 0.836 to 1.012),
reflecting a increased defects of SG materials, the SG sheets
still remain the morphology (Figure S7). Moreover, the TEM
image of the SG material after cycling further confirms the
reversible process. As shown in Figure 3D, the S atoms still
exist, and are homogeneously distributed, while the fluorine
element is mainly from the PVdF binder.

The excellent cycling stability can be further revealed at
high current densities. As shown in Figure 3E, the SG
electrodes were activated for five cycles at a current
density of 100 mA g�1, and then cycled for 100 cycles at
2.0 and 5.0 A g�1, respectively. After 100 cycles at 2.0 A
g�1, the SG electrode still possesses a discharge capacity of
133 mA h g�1, �83% of the initial capacity can be obtained;
while after 100 cycles at 5.0 A g�1, a 74% capacity retention
can be achieved. Figure 3F exhibits the Nyquist plots of SG
electrode at different cycles at the current density of
2.0 A g�1. Each plot consists of a semicircle at high- and
middle-frequency and a linear Warburg tail at low fre-
quency. The intercept of the plot with the real axis at high
frequency corresponds to the bulk resistance of the elec-
trolyte, while the semi-circle reflects the resistance of ions
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migration through the SEI layer. The Warburg tail usually
represents the ion-diffusion resistance in the electrode
materials and structure [37]. The resistance of the SG
electrode increases in the first 50 cycles and then stabilizes.
Similar phenomena were also reported on carbon-based
Figure 4 (A) Galvanostatic charge–discharge profiles of SG elect
between 3.000 and 0.001 V; (B) corresponding rate capability of t
various carbon-based high-rate SIBs anodes reported recently, inc
hollow carbon nanowires, and graphene synthesized at the same co

Figure 3 (A) CV curves of SG electrode at a scan rate of 0.1 m
galvanostatic charge–discharge curves of the SG electrode at a curre
second, third, and 10th cycle; (C) corresponding cycling performance
for 200 cycles; (D) high-angle annular dark field scanning transm
material after cycling, and the EDS elemental mapping of C, S and F
at 2.0 and 5.0 A g�1 for 100 cycles; and (F) Nyquist plots of the
galvanostatic charge–discharge at 2.0 A g�1 over the frequency rang
frequency range).
electrodes for LIBs and SIBs. Such an electrochemical
impedance spectra (EIS) characteristic further confirms
the SG electrode is highly robust.

In addition to the high reversible capacity and long
stability, SG electrodes also exhibit excellent rate capabil-
rode at various current densities from 50 mA g�1 to 1.0 A g�1

he SG electrode; and (C) comparison of the rate capability of
luding reduced graphene sheets, hollow carbon nanospheres,
ndition as SG.

V s�1 between 3.000 and 0.001 V for the first 10 cycles; (B)
nt density of 50 mA g�1 between 3.000 and 0.001 V for the first,
of the SG electrode at 50 mA g�1 for 15 cycles and at 1.0 A g�1

ission electron micrograph (HAADF-STEM) of the SG electrode
for the area selected; (E) cycling performance of SG electrodes
SG electrode at fresh state and after 50 and 100 cycles of

e from 100 kHz to 0.01 Hz (Inset shows enlarged spectra at high-
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ity. The fast Na+ charge-storage process was characterized
by charging and discharging the SG electrodes at various
current densities. As shown in Figure 4A, a reversible and
stable specific discharge capacity of 262 mA h g�1 and
161 mA h g�1 can be achieved at a current density of
100 mA g�1 and 1.0 A g�1, respectively. The corresponding
capacity dependence on cycling numbers is shown in
Figure 4B. Remarkably, even at a high current density of
5.0 A g�1, the SG electrode can still deliver a reversible
capacity of 83 mA h g�1 (discharging time of 59 s), corre-
sponding to a �30% capacity retention. Figure 4C further
compares the rate performance of SG with a series of
carbonaceous materials for SIBs anode, including reduced
graphene [31], hollow carbon nanospheres [23], and hollow
carbon nanowires [22], and pure graphene synthesized at
the same condition as SG (Figure S8). Clearly, the S-doped
graphene material outperforms most of the others. Such a
superior rate performance is mainly attributed to the
unique microstructure of the SG nanosheets [38]. On one
hand, the SG materials possess an interlayer spacing of
0.348 nm determined by XRD characterization which is
larger than 0.335 nm of graphite, and this difference could
be more pronounced after Na+ intercalation. The increased
interlayer spacing can significantly improve the Na+ inser-
tion and diffusion during discharging process, which has
been reported previously [22]. On the other hand, nano-
pores at the defect areas created from the covalent S
doping offer z-axial Na+ diffusion pathway, enabling fast
accessibility of both the graphene surface and S-containing
active sites, which further improves the electrode kinetics.

To further analyze how the Na+ interacts with S atoms
and passes through nanopores at the defect areas, three
different SG models were designed with different vacancy
sites. Figure 5A shows one of the most stable adsorption
configurations of SG model, where Na+ is residing in the
nanopore created from the S doping. The corresponding
binding energy is calculated to be �2.02 eV, and a little less
based on different models also with most stable adsorption
configurations (Figure S9 A and D). The observed moderate
bonding energy indicates that Na+ can interact with S
atoms reversibly during the intercalation process.
Figure 5B shows the model where Na+ diffuses in the
direction perpendicular to the SG sheet with nanopore.
Intuitively, it should be difficult for Li+ ions to diffuse from
Figure 5 (A) One of the most stable adsorption configuration of SG
of Na+ diffusion near the nanopore in the direction perpendicular
sodium ion, sulfur dopant, and carbon atoms, respectively.
one side of pristine graphene to the other side [39], and
even harder for Na+ with bigger radius. However, as shown
in Figure 5C, the diffusion barrier for Na+ passing through
the nanopore is calculated to be 1.77 eV, which means that
the Na+ can easily pass from one side to the other side of
the SG plane. By comparison, SG with smaller nanopores
shows higher diffusion barrier (Figure S9 B and E, C and F).
Therefore, by tailoring the microstructure of the SG mate-
rials, even higher Na+ storage capacity and rate perfor-
mance could be achieved in the future.
Conclusions

We have successfully synthesized chemically S-doped gra-
phene and demonstrated its superior electrochemical per-
formance as SIBs anode materials. Both the experimental
results and modeling analysis prove that the S dopants cannot
only boost the Na+ storage capacity but also improve the
rate capability by facilitating Na+ diffusion in the material.
The performance can be further improved by tailoring the
structure of the material in the future; therefore, sulfur-
doped graphene materials hold great promise in the applica-
tion of sodium-ion batteries.
Experimental section

Synthesis of sulfur-doped graphene (SG) sheets

The synthesis of SG has been reported in the literature [34].
Briefly, 100 mg of graphene oxide prepared by a modified
Hummer method was mixed with 100 mg of phenyl disulfide
(PDS) by dispersing in ethanol, drying, and grinding. The
mixture was placed into a tube furnace and kept outside the
heating zone until the furnace temperature reached 1000 1C.
The mixture was then pushed into the heating zone and kept
for 30 min under argon protection, before it was removed from
the heating zone and cooled to room temperature. SG materials
with different S ratios were synthesized using different amounts
of PDS under the same condition (Figure S10).
; (B) schematic representations and (C) potential–energy curves
to the SG sheet. The green, yellow, and black balls represent
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Material characterization

X-ray diffraction (XRD) experiments were carried out on a XRG
3000 X-ray diffractometer. Scanning electron microscopic (SEM)
experiments were conducted on a LEO FESEM 1530; transmis-
sion electron microscopic (TEM) experiments and electron
energy loss spectroscropy (EELS) were carried out on a JEOL
2010 F TEM/STEM field emission microscope equipped with a
large solid angle for high X-ray throughput, scanning, scanning-
transmission and a Gatan imaging filter (GIF) for energy filtered
imaging from the Canadian Center for Electron Microscopy
(CCEM) located at McMaster University. X-ray photoelectron
spectroscopy (XPS) (K-Alpha XPS spectrometer, Thermal Scien-
tific) was used to analyze chemical elements and chemical
configuration.

Electrode fabrication

A conventional slurry-coating process was applied to fabricate
the electrodes. The SG, SuperP, and polyvinylidene fluoride
(PVdF) were mixed in a mass ratio of 8:1:1 and homogenized in
N-Methyl-2-pyrrolidone to form slurries. The homogenous slur-
ries were coated on Cu foil substrates and dried at 100 oC for
12 h under vacuum. The total mass loading on each electrode
was controlled to be �1.5 mg cm�2.

Electrochemical measurements

2032-type coin cells were assembled in an argon-filled glove-
box, using a glass fiber separator (Whatman GF/C), sodium foils
as the counter electrodes, 1 M NaPF6 in a 1:1 (v/v) mixture of
ethylene carbonate and dimethyl carbonate as the electrolyte.
Cyclic voltammetric (CV) measurements were carried out on a
VSP300 potentiostat/galvanostat (Bio-Logic LLC, Knoxville, TN)
using cutoff voltages of 0.001 and 3.000 V versus Na/Na+ at a
scan rate of 0.200 mV s�1. The galvanostatic charge/discharge
measurements were performed on NEWARE BTS-CT3008 (New-
are Technology, Ltd., Shenzhen, China) at different current
densities. Electrochemical impedance spectroscopy measure-
ment was conducted on a Princeton Applied Research VersaSTAT
MC potentiostat. The Nyquist plots were recorded potentiosta-
tically by applying an AC voltage of 10 mV amplitude in the
frequency range of 0.01–100 k Hz. All electrochemical measure-
ments were carried out at room temperature.

Computational

The DFT calculations were carried out using the program BAND
[40], where the electron wave functions were developed on a
basis set of numerical atomic orbitals (NAOs) and of Slater type
orbitals (STOs). The triple polarization (TZP) basis of Slater-type
orbitals was used. The calculations were performed by using
PBE�D3 [41] generalized gradient approximation (GGA) for the
exchange and correlation energy terms, which explicitly takes
into account the dispersion correction. This is a widely used
functional for catalysis applications and produces reliable
energetics on graphene systems [42,43]. A 4� 4 supercell of
graphene was selected for the calculations. In all the calcula-
tions, all the atoms in the model were allowed to relax. In order
to describe the interactions between the Na and SG, the
bonding energies (Ebind) of adsorbates Na were defined by the
following equation:

Ebind ¼ ENa� SG�ESG�ENa

where ENa� SG, ESG, and EX represent the energies of the Na-
bound to the SG structure, the SG, and the Na atom,
respectively.
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