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A B S T R A C T

Sulfur/nitrogen dual-doped graphene aerogels (SNGAs) with a unique porous network structure have
been designed through a facile and versatile one-pot hydrothermal strategy. When employed as anode in
LIBs, the SNGAs with nitrogen content of 1.50 wt.% and sulfur content of 15.11 wt.% exhibit superior cycle
life and rate capability. For example, a high reversible capacity of 1109.8 mAh g�1 can be obtained after
400 cycles even at a high current density of 800 mA g�1. It was discreetly demonstrated that the
prominent improved performance of SNGAs can be mainly ascribed to the effect of dual-doping
heteroatoms in cooperation with each other in to the graphene lattice as well as the porous nanostructure
facilitating the mass transfer for both ions and electrons. Our conclusions illustrate that the strategy of
dual-doped graphene aerogel may promote the potential application of graphene for high performance
lithium ion batteries.
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1. Introduction

As one of the most effective energy storage devices, lithium ion
batteries (LIBs) have been playing an exclusive role in portable
electronic devices and energy device, due to their high energy
density, long cycling life as well as sustainability, providing
promise energy power instead of fossil fuels [1]. Currently, the
application of LIBs widely extended form mobile phones to electric
vehicles (EVs) exhibiting strengthening momentum in recharge-
able battery markets [2,3]. However, the graphite as an anode
material of commercial LIBs possesses a relatively low theoretical
specific capacity (�372 mAh g�1). It is well known that increasing
lithium storage capacity and enhancing rate capability are the two
keys to optimize the properties of anode materials [4–6]. Graphene
aerogels (GAs), a new class of ultralight and porous carbon
materials, have been well-recognized by extensive investigation in
the past few years. With its fascinating mechanical, thermal and
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electrochemical speciality, GAs have shown great potentials to
optimize anode performance in LIBs [7–9]. Particularly, in view of
the highly electrical conductivity with combination of 3D porous
architectures, GAs can provide multidimensional electron trans-
port pathways, increase the contact area of electrode/electrolyte,
and reduce the transport distances for both ions and electrons,
which can significantly improve the energy/power density of LIB
system [10,11]. More importantly, heteroatom doping (such as S, N,
B and P) has been demonstrated to be a pivotal strategy to optimize
graphene performance due to the further enhanced electronic
conductivity and Li+ storage sites [12–15]. It has been reported
accordingly that hole doping levels of single-layer graphene
transistor can topped at to 5 �1013 cm�2 [16]. Nitrogen (N) atomic
has a similar size but discriminating electro negativity with carbon
atomic (C: 2.55; N: 3.04). As a result, nitrogen-doped graphene
(NG) has been wildly investigated and supposed to modify the
graphene-based anode materials of LIBs [17,18]. As previously
reported by our group, the nitrogen-doped graphene with 2.8 at.%
nitrogen content as anode for LIBs displays superior electrochemi-
cal performance (684 mAh g�1 was retained at a current density of
100 mA g�1 after 500 cycles) over pristine graphene [19]. Note that
the electrochemical performance of nitrogen-doped graphene
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materials can be further optimized by regulating the synthetic
method and/or the doped content. For instance, Cai et al. stated
that the higher content (about 7.04 at.%) of nitrogen embedded in
graphene via thermal annealing results in better performance [20].
However, the graphene material with single element doping
inevitably confront the performance bottlenecks as a result of the
limited capability of graphene to accommodate single heteroge-
neous atom. Therefore, the strategy of dual-doped graphene has
been well documented to be a more promising way to promote the
electrochemical performance of graphene [21]. It is due that the
opening band-gap and the defects caused by the introduction of
nitrogen and sulfur atomics endow graphene with improved
electrical conductivity and promoted electrochemical reaction
active sites [22,23]. The increased lithium storage performance
benefits from the matching electronic structure as well as the
consequent structural defects of dual-doped behavior. For exam-
ple, Zhuang et al. obtained co-doped carbon materials with the
elemental content of 12.36 mas.% N and 2.40 mas.% S, when
conducted at 100 mA g�1 after 50 cycles, this materials can sustain
a higher reversible capacity of 675.1 mAh g�1 than undoped
samples [24]. Unfortunately, a direct correspondence between
Li+ storage behavior and the remarkable contribution of dual-
doping atoms has been rarely established. Therefore, there is still a
great desire to develop an easy, effective, and extensible approach
for refining the surface defects of graphene caused by N/S dual-
doping, and illuminate the defects with relation to its electro-
chemical performance.

Herein, we designed three-dimensional (3D) S/N dual-doped
monolithic graphene aerogels (SNGAs) via a simple and facile one-
step hydrothermal method, which can precisely control the doping
ratio and level of diverse heteroatoms. Additionally, compared
with organic doping agent [4] and other dopants (such as,
ammonium persulfate) [25,26], which may cause long-term
adverse effects in the environment and high cost, thiourea as
the single doping agent for sulfur/nitrogen source is little toxic to
organisms. Moreover, some doping strategies inevitably consist of
post-treatment at high temperature [4,25]. In this study, a simple
and facile one-step hydrothermal approach was proposed to obtain
S/N dual-doped porous graphene aerogels without post-treatment.
The as-prepared SNGA samples possessing 3D interconnected
frameworks with a porous architecture and crumpled surface are
favorable for ion diffusion and electron transport. Additionally, the
dual-doped of N and S atoms in graphene lattice exert
characteristic synergistic effect, including more defects and
advantageous electronic structure, which will promote the
electrochemical performance of the graphene anode for LIBs.
Our study successfully reveals the synergistic effect of dual-doping
and will promote graphene materials for further applications in
LIBs.
Scheme 1. Schematic design
2. Experimental

2.1. Materials

Graphite powder (purity � 99.95%), particle diameters of about
1.3 mm was produced from Aladdin (Shanghai, China). Other
chemical reagents, such as KMnO4 (99%), NaNO3 (99%), concen-
trated sulfuric acid (95% � 98%), hydrochloric acid (36 � 38%), H2O2

(30%), and thiourea were supplied by Tianjin FengChuan Chemical
Reagent Technology Ltd. (China). The chemicals were all analytical
reagents.

2.2. Synthesis of graphene aerogel (GA) and S- and N-doped graphene
aerogel (SNGA)

The synthesis of graphite oxide derived from natural graphite
via a modified Hummers’ method, as previously reported by our
group [27]. In a typical experiment, graphene oxide (GO) aqueous
suspension was obtained by ultrasonic of the resultant graphite
oxide in deionized water for 30 min. Then the desirable brown
dispersion was centrifuged for 30 min at 10000 rpm to remove
impurities. Subsequently, different amounts of thiourea was added
into the GO suspension under vigorous stirring for 30 min, the as-
prepared suspension was transferred into a Teflon-lined autoclave
with a 50 mL volume and maintained at 180 �C for 24 h. Then, the
as-obtained product was filtered and washed by distilled water
repeatedly. Finally, the products were freeze-dried to obtain
SNGAs. The resultant materials synthesized by adding GO and
thiourea with different ratio of 1:10,1:20,1:30 1:50 and 1:100 were
labeled as SNGA-I, SNGA-SI, SNGA-II, SNGA-SII and SNGA-III,
respectively. For comparison, the product without additive of
thiourea was synthesized under the similar condition, which was
labeled as GA-I.

2.3. Materials characterization

The powder XRD data was checked out by an X-ray
diffractometer (D8 Advance of Bruker, Germany) with Cu/Ka
radiation ranging from 5� to 85�. The Raman test of as-obtained
materials was measured on a Raman Spectrometer attached
LabRAM HR800 system (HORIBA, Korea) in the range of
1000 � 2000 cm�1. Surface area measurements based on nitrogen
adsorption isotherms were recorded using a surface properties
analyzer instrument (ASAP 2020, Micromeritics). XPS was
performed on a VG ESCALAB MK II X-ray photoelectron spectrom-
eter. The analysis of element composition was conducted on
energy dispersive X-ray spectroscopy (EDX, INCA x-sight, Oxford)
and Elementar element analyzer (VARIO EI cube). The morphol-
ogies of the samples were verified using field-emission scanning
 of S/N dual-doped GAs.
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electron microscopy (FE-SEM, SU8010, Hitachi) and high-resolu-
tion transmission electron microscopy (HR-TEM, JEM-3000F).

2.4. Electrochemical characterization

The lithium storage performance of as-obtained samples was
investigated utilizing CR2032 coin-type cells. The manufacture of
working electrode was by mixing active material (GA or SNGA),
acetylene black (Super-P) and polyvinylidenefluoride (PVDF)
binder according to the ratio of 8:1:1 in N-methyl-2-pyrrolidinone
(NMP). The amount of the active material of each electrode is about
2.83 mg cm�1 averagely. Then the mixture was subsequently
coated on the copper foil following the dry process in a vacuum
at 90 �C for 12 h. The assembling of coin cells were in a glove box
filled with high purity argon, using pure lithium as counter
electrode and reference electrode, 1 M LiPF6 dissolved in a solution
containing dimethyl carbonate and ethylene carbonate with a
weight ratio of 1:1 by volume as electrolyte. Cyclic voltammo-
grams (CV) were performed using a electrochemical workstation
(Princeton Applied Research Versa STAT 4) at a scan rate of
0.1 mV s�1 within the voltage range of 0.01 �3.0 V (vs. Li/Li+). The
electrode performance was measured by the galvanostatic
discharge-charge method in a voltage range between 0.01 and
3.0 V (vs. Li/Li+) with the battery test system (LANHE CT2001A).
Electrochemical impedance spectroscopy (EIS) data was obtained
by Princeton Applied Research (Versa STAT 4) at a frequency from
0.01 Hz to 100 kHz with the AC amplitude of 5.0 mV.
Fig. 1. SEM images of GA- I (a), SNGA- 
3. Results and Discussion

Scheme 1 illustrates the synthesis procedure of SNGA.
Abundant oxygenic functional groups were introduced during
the oxidation process of graphite. Then, S/N dual-doped GAs were
obtained via one-step hydrothermal reaction with GO and
thiourea. Various doping species of both nitrogen and sulfur
atoms were formed, as shown in Scheme 1,viz., the incorporated
atoms located in the vacancies and edge sites of graphene lattice,
which were defined as pyridinic-N, pyrrolic-N, graphite-N, Sulfur,
thiophene-S, and sulfate-S. By controlling the mass ratio of
thiourea and GO, several typical samples with different content
of crucial pyridinic-N and sulfated-S were fabricated.

The 3D morphology of as-prepared GA-I and SNGA samples
were confirmed in Fig. 1. An interconnected framework of
graphene nanosheets with porous structure can be discerned in
all the samples. GA-I features the appearance of ultrathin and
continuous macropores but with partial agglomeration (Fig. 1a),
which is similar to the previous reports[24,28]. After GO
hydrothermal reaction with thiourea, SNGA samples reveal a
porous interconnect network consisting of stacked graphene
sheets (Fig. 1b, 1c and 1d). The introduction of different amount
of heteroatoms does not obviously affect the crumpled-like surface
and three dimension structure of SNGA, which will contribute to
the facile access of electrolytes and efficient transfer of lithium ions
and electrons.

The morphology and microstructure of the as-prepared GA and
SNGA can be further confirmed by TEM. Fig. 2 shows the TEM
images of all the desired materials. Specifically, GA displays
I (b), SNGA- II (c) and SNGA-III (d).



Fig. 2. TEM images of GA- I (a), SNGA- I (b), SNGA- II (c) and SNGA-III (d), the inset is the SAED patterns.
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multilayered structure with agglomeration due to the van der
Waals interactions and p-p stacking [9]. Clearly, the SNGA samples
in Fig. 2b–d present typical voile-like structure with corrugations
and scrolling. They maintain the porous structure and exhibit even
thinner and more transparent layers. As shown in Fig. S1, the high
resolution TEM image (HRTEM) shows that the amorphous carbon
material was formed by the stacking of the curved graphene layers,
featuring a multi-layer porous structure. With the successfully
doping of S and N atoms, the binding bonds between C and S or N
was developed definitely. The selected area electron diffraction
(SAED) patterns shown in the inset of each picture display a typical
ring feature. The SAED patterns of SNGA reveal well-defined
polycrystalline diffraction ring, suggesting the enhanced graphitic
degree of SNGA as a result of S/N dual- doping [29].

X-ray photoelectron spectroscopy (XPS) was conducted to
investigate the states of elements in as-prepared samples. As
shown in Fig. 3a, two characteristic peaks located at 532 and
285 eV were observed in the survey spectra of all the samples,
corresponding to O 1s and C 1s spectrum, respectively [30].
Another two visible peaks located at 163 and 400 eV were found in
three SNGA samples, which result from S 2p and N 1s, respectively
[4,31]. In particular, Fig. 3b enlarges N 1s and S 2p peaks of SNGA-II,
which indicates the co-existence of S and N. As shown in Table S1,
the percentage of doped sulphur into SNGA-I, SNGA-II and SNGA-III
was estimated to be 2.10, 2.09 and 2.76 at.%, while 0.72, 1.15 and
1.21 at.% for nitrogen doping, respectively. The C/O ratios of GA-I,
SNGA-I, SNGA-II and SNGA-III were 8.08, 10.39, 9.98 and 11.12,
respectively. On one hand, lower oxygen ratio indicates higher
electrical conductivity [32]. On the other hand, as previously
reported by our group [33], surface oxygen-containing functional
groups function as some electrochemical active sites. As a result,
the C/O ratio shows optimized value to exhibit better rate
capability. Summarily, the large doses of dopant result in high
doping level of heteroatoms.

The high resolution spectra of C 1s, S 2p, N 1s and O 1s in SNGA-
II can be resolved into several peaks. The sharp C 1s peak (Fig. 3c) is
decomposed into three components centered at 284.6 (C-C/C-N),
285.6 (C-S/C-N), and 288.0 eV (O��C¼O) [4]. The O 1s (Fig. 3d) peak
can be resolved into four peaks with binding energies of 530.6 (O-
S) [34], 532.5 (C-OH), 533.4 (HO��C¼O) and 536.0 eV (H2O) [3].
The S 2p peak can be disassembled into three peaks at 164.0
(Sulfur), 165.3 (Thiophene S), and 168.8 eV (Sulfate) (Fig. 3e)
[35,36]. The N 1s peak can be disintegrated into three peaks at
398.5 (Pyridinic N), 400.2 (Pyrrolic N), and 401.2 eV (Graphite N)
(Fig. 3f) [37]. The high resolution spectra of S 2p and N 1s in SNGA-I
and SNGA-III are revealed in Fig. S2. These observations indicate
that both sulfur and nitrogen atoms are in three different bonding
states in the doped GAs. In addition, the low peak at 536.0 eV may
be attributed to the chemisorbed oxygen or free hydrone on carbon
surfaces. The numeric results of their contents are summarized in
Table 1, and the corresponding structure model is given in
Scheme 1. It can be seen that in all three SNGA samples, N and S
contents are as order: pyrrolic-N > pyridinic-N > graphitic-N, and
Sulfur > Thiophene S > sulfate, respectively. Furtherly, using ele-
mental element analyzer, the formation of SNGA-I, SNGA-II and
SNGA-III was established in Table 2. One can see that the SNGA-III
has the highest nitrogen (2.76 wt.%) and sulfur concentration
(20.26 wt.%), and its sulfur concentration differs from the value of
XPS (2.76 at.%) shown in Table S1. It may be due that XPS is surface
phenomenon. Both XPS and elemental analysis confirm the
introduction of N and S atoms into graphene lattice.

The XRD patterns of GA-I, SNGA-I, SNGA-II and SNGA-III are
compared in Fig. 4a. For comparison, the XRD patterns of nature
graphite and GO are shown in Fig. S3. The strong and sharp peak
positioned at 26.6� indicates regular space arrangement of the
natural graphite, relating to the interlayer spacing of about
0.34 nm. After chemical oxidation, the graphite is oxidized into
GO, and the graphitic structure is partial broken. A typical
diffraction peak at 2u = 11.8� of GO is observed, which could be
assigned to the (002) reflection, corresponding to an increased
interlayer spacing of about 0.749 nm. It is due to the introduction of
abundant oxygenic functional groups such as ��O��, ��OH and
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Table 1
S and N species content (at.%) of the samples based on XPS results.

Samples S N

Sulfur Thiophene Sulfate Pyridinic Pyrrolic Graphite

SNGA-I 61.7 30.10 8.17 27.35 50.71 21.94
SNGA-II 44.66 29.83 25.51 33.34 49.09 17.57
SNGA-III 63.31 31.65 5.04 24.99 53.27 21.74
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��COOH as well as absorbed H2O molecules[33,38]. After
hydrothermal treatment for 24 h, the oxygenic functional groups
and interlayer water of GO were greatly released, resulting in
decreasing interlayer spacing[39]. As shown in Fig. 4a, all samples
have two observed diffraction peaks around 2u = 24� and 43�,
which can be indexed as the (002) and (100) plane, respectively.
The (002) plane is in accordance with the interlamellar distance of
0.38 nm. It's worth noting that all SNGA samples present the
weaker and wilder diffraction peaks compared with that of GA-I. It
is ascribed to the decreased size of graphene layers and increased
disorder degree.

Raman was carried out to examine defects and imperfections of
as-obtained samples. As shown in Fig. 4b, two distinct peaks at
about 1360 and 1580 cm�1 were observed, in accord with D and G



Table 2
Elemental analysis (wt.%) of SNGA-I, SNGA-II and SNGA-III.

Sample C H N S O

SNGA-I 78.75 0.49 0.91 11.88 7.97
SNGA-II 68.18 1.09 1.5 15.11 14.12
SNGA-III 55.6 5.42 2.76 20.26 27.16
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band, respectively. The D band results from the defects or
structural disorder in carbon based materials; whereas the G
band roots in sp2 bonded ordered graphitic carbon. The intensity
ratio of the G to D band (ID/IG) is generally used to evaluate the level
of the structural disorder [38,40,41]. Compared the ratio (ID/IG) of
GO and SNGA-II, there is a significant disparities. Obviously, the
doped graphene shows higher values of ID/IG 1.53 than the pristine
one with 1.28, indicating that more structural defects and edge
plane exposure result from the introduction of S and N into
graphene layers.

Nitrogen adsorption/desorption tests were performed to
further confirm the texture properties of the as-obtained graphene
aerogels, as shown in Fig. 4c and d. A typical characteristic
hysteresis loop (P/P0 = 0.40) was found in the N2 adsorption–
desorption isotherms of the SNGA-II samples, featuring a superior
mesoporous property [24]. The BET surface area of the GA-I was
estimated to be 593.28 m2g�1, and the pore size of approximately
2.77 nm was determined based on the BJH adsorption curve. With
the introduction of S and N, the specific surface area of SNGA-II was
increased up to 624.48 m2g�1, and the pore size was 4.93 nm.
Additionally, the pores of GA-I were distributed in the range of 2–
8 nm. After S/N impregnation, most pore sizes are increased into
the scale of 3–30 nm (see the inset of Fig. 4c and 4d) By contrast,
SNGA-II reveals more mesoporous characteristic, which is benefi-
cial for the Li diffusion and reducing the energy barrier of diffusion.

Fig. 5 shows the cyclic voltammetry (CV) profiles of the
obtained GA and SNGA electrodes in the initial 3 cycles at a scan
(a)

(c) (d

Fig. 4. (a) XRD patterns of GA- I, SNGA- I, SNGA- II and SNGA-III; (b) Raman spectra of GA-
(inset: the pore size distribution).
rate of 0.1 mV s�1 in the voltage range of 0.01 to 3.0 V (vs. Li/Li+). In
the first cycle of GAs (Fig. 5a), a reduction peak located at 0.58 V
was observed, and then disappeared in the subsequent cycles. It is
attributed to the decomposition of the electrolyte and the
formation of solid electrolyte interface (SEI) film on the electrode
surface [42]. Differing from GAs, as shown in Fig. 5, the peak at
�2.05 V could be attributed to the transition of S to polysulfides. In
the relevant oxidation process, the peak located at 2.4 V
corresponds to the transformation of LixS into the polysulfides
[43]. In addition, a pair of redox peaks located at 1.6 V/1.9 V can be
attributed to the sulfur embedded in the pores of SNGAs (Li
insertion) and the opposite behavior (Li extraction) [44].

Fig. 6a–d compare the charge–discharge curves of the GA-I,
SNGA-I, SNGA-II and SNGA-III electrodes in the 1st, 2nd, 10th, 20th,
50th and 100th cycles. The first cycle discharge/charge capacities of
the GA-I, SNGA-I, SNGA-II and SNGA-III electrodes were 1628.7/
920.2, 1207.2/917.3, 1523.7/981.4, 1483.1/780.7 mAh g�1, respec-
tively. Meanwhile, the coulombic efficiency (CE) for all the
electrodes (Fig. S4) is 56.50%, 75.99%, 64.41% and 52.64% in
sequence. For the dual-doped system, the different initial
coulombic efficiency of SNGA can be attributed to the different-
sized porosity and layers of the electrode materials as well as the
penetration of the electrolyte in a bulk electrode. The low CE is
mainly due to the irreversible lithiation behavior as a result of the
formation of solid electrolyte interphase (SEI) film. Notably, S
doping has two different types of contribution to the enhancement
of initial coulombic efficiency. Doped S like thiophene S can
increase the new active sites for Li+ storage but sulfur drives down
the electrical conductivity of SNGA electrode materials (see
Fig. 7d). Based on the value of elemental analysis, SNGA-III
delivered a lowest coulombic efficiency resulted from the
abundance of elemental sulfur [45]. It is well known that the
electrochemical reaction of sulfur with lithium is a multi-step
process, and it exhibits two potential plateaus around 2.5 and 2.0 V
vs. Li+/Li, respectively. For our dual-doped samples, the cathodic
(b)

)

 I and SNGA- II; Nitrogen adsorption/desorption isotherms of GA-I (c) and SNGA-II (d)
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Fig. 5. Cyclic voltammograms of (a) GA-I, (b) SNGA-I, (c) SNGA-II and (d) SNGA-III in the voltage range of 0.01 �3.0 V (vs. Li/Li+) at a scan rate of 0.1 mV s�1.
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potential plateaus at around 1.80 V suggested the reaction of S and
lithium to form LixS. In the opposite anodic process, the potential
plateaus at 2.4 V implied the staged reversible transitions between
+
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LixS and high-order polysulfides. After the initial cycle, the plateaus
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 SNGA-III at the current density of 100 mA g�1 in the voltage range of 0.01 �3.0 V (vs.



Fig. 7. (a) Cycling performance of GA-I, SNGA-I, SNGA-SI, SNGA-II, SNGA-SII and SNGA-III at the current density of 100 mA g�1 and the coulombic efficiency of the SNGA-II; (b)
Rate performance of GA-I, SNGA-I, SNGA-II and SNGA-III at various current densities; (c) Cycling performance of SNGA-II at the current density of 800 mA g�1; (d) Nyquist
plots of GA-I, SNGA-I, SNGA-II and SNGA-III after 10 cycles at a charge state (3.0 V) and the simulated results (inset: the equivalent circuit used to simulate an experimental
curve and the Nyquist plots of SNGA-II after 265 cycles).
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the electrolyte, causing capacity fade. Simultaneously, with the
formation of initial phase, co-contribution for all kinds of sites
function less for Li+ storage which prompted the irreversible
process but re-activated later. In view of the full contact of
electrode and electrolyte, the capacity increased upon subsequent
cycling.

Fig. 7a compares the cycling response of GA-I, SNGA-I, SNGA-SI,
SNGA-II, SNGA-SII, and SNGA-III electrodes in the initial 100 cycles
at a current density of 100 mA g�1. The reversible capacities of all
electrodes sharply decrease in the first few cycles. As previously
reported, this phenomenon usually occur in graphene-based
anodes, which could be attributed to the inevitable formation of
the SEI layer caused by electrolyte decomposition and the
irreversible reaction of the lithium ion with the in-plane graphitic
sites [6,46,47]. After 100 charge/discharge cycles, GA-I revealed the
discharge capacity of 516.6 mAh g�1, while the discharge capacities
of SNGA-I, SNGA-II, SNGA-III, SNGA-SI and SNGA-SII were 475.6,
847.8, 440.9, 644.9 and 632.4 mAh g�1, respectively. The superior
cycle performance of SNGA-II can be attributed to the enhanced
conductivity confirmed by electrochemical impedance spectros-
copy in Fig. 7d. Moreover, SNGA-III with the inferior cycle
performance reveals the highest S concentration (�20.26 wt.%),
which include 63.31 at.% sulfur confirmed by XPS. Due to the low
electronic conductivity of S, a large number of sulfur not only lower
the conductivity of SNGA-III, but also reduce the proportion of
active materials in the SNGAs electrode. More surprisingly, the
discharge capacity of SNGA-II gradually increases up to
1822.8 mAh g�1 after 265 cycles at the current density of 100 mA
g�1 (see Fig. S5). Numerically, in SNGA-II which reveals superior
electrochemical performance, the sum of the pyridinic N (33.34 at.
%) and sulfate (25.51 at.%) maintained dominant. It is documented
that the pyridinic N possesses a localized density of states in the
occupied region near the Fermi level (20), and the carbon atoms
can behave as Lewis bases owing to the possibility of electron pair
donation. Actually, the electrochemical active sites are related to
the carbon atoms next to the pyridinic N rather than pyridinic N
themselves [48]. This mechanism can be also suitable to
heteroatom S. Notably, similiar to pyridinic N, the sulfur atoms
in sulfate is another electron-deficient element, which can
stimulate more conjoint carbon atoms as active sites for Li+

storage. By contrast, thiophene (similar to pyrrolic-N) is defined as
an electron-rich system which has a weaker acceptance capability
of electrons. Therefore, the carbon atoms next to pyridinic N and
sulfate S with Lewis basicity play an important role as more
electrochemical active sites for facilitating electron transport and
lithium ion diffusion. In addition, Denis et al. reported that S
doping can induce different effects: the doped sheet can be a small-
band-gap semiconductor at a low S concentration (2 atom%), or it
can have better metallic properties than the pristine sheet at a
higher S concentration (4 at.%, a graphene sheet doped by two S
atoms) [49]. During the doping process, different types of nitrogen
and sulfur precursors were initially mixed into the graphene oxide,
and S/N dual-doping was achieved accompanied by the reduction
of graphene oxide via a hydrothermal reaction. With the
introduction of S and N, pyridinic N and sulfate S stimulate the
conjoint carbon atoms as active sites for Li+ storage as well as
prompting the formation of porous structure to further optimize
the electrochemical performance of SNGA electrodes. However, in
particularly, some carbon atoms adjacent to the pyridinic N and
sulfate S gradually reacted with oxygen containing functional
groups, which resulted in the transition of pyridinic N to pyridonic
N [48]. Some electrochemical active sites disabled, causing
inevitable capacity fade. After 30 cycles, the noteworthy is the
reversible capacity of SNGA-II broken to grow up. The increased
capacity for doped graphene can be mainly attributed to several
reasons: (i) the reversal of carbon atoms and re-activation of
pyridinic N and sulfate S, providing more active sites for lithium
storage [50]; (ii) the proliferation of in-plane defects during the
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electrochemical cycling; (iii) gradual penetration of electrolyte
into the porous structure, promoting the activation of electrode
materials [51]; (iv) the synergistic effects of N and S co-doping in
graphene [8].

To further confirm the performance improvement, the rate
capacity of GA-I, SNGA-I, SNGA-II and SNGA-III electrodes at
various current densities of 100, 200, 400 and 800 mA g�1 was
studied in Fig. 7b. At each current density, SNGA-II delivers higher
rate capability than other anode materials. In particular, when the
current density was reset back to 200 and 100 mA g�1, all the
electrode resumes the reversible capacity, moreover, SNGA-II
performs the best. Additionally, the SNGA-II electrode was tested at
a high current density of 800 mA g�1. As shown in Fig. 7c, the
specific capacities increased up to 1109.8 mAh g�1 after 400 cycles,
and the coulombic efficiency approximated to almost 100%, which
further indicates the superior lithium storage performance and
outstanding cycling stability of the designed dual-doped GA anode
material.

In recent years, graphene-based electrode materials have
attracted tremendous attention due to superior electrical conduc-
tivity and high contact area with electrolyte. However, some
geometrical and electrochemical nonequivalent lithium storage
sites of the graphene anode materials cause the absence of the
plateaus during charge/discharge processes [52], as shown in Fig. 6
and Fig. S6. It is an important disadvantage of graphene anode
materials. In addition, in this study, the voltage was in the range of
0.01 �3.0 V to clearly highlight obvious effects of S/N dual-doping
behavior on electrochemical performance of anode materials. As
for anode materials, the voltage range should be as low (such as
0.01 �1.0 V) as possible to increase the output voltage and the
energy density for a full battery. One can see in Fig. S6 that in the
voltage range of 0.01 �1.0 V, lithium storage capacity of graphene
may be even less than graphite. But both are not our focus of this
study. We mainly discerned significant impacts of S/N dual-doping
behavior on anode performance. Our results clearly demonstrate
important functions of dual doping in enhancing electrochemical
performance of anode materials (Figs. 5 and 6, and Fig. S7), which
provides a possible strategy to improve commercialized anode
materials for LIBs.

The Nyquist plots of GA-I, SNGA-I, SNGA-II and SNGA-III
electrodes at a charge state (2.5 V vs. Li+/Li) after 10 cycles are
compared in Fig. 7d. The impedance data analyzed by fitting the
Nyquist plots via the equivalent circuit was shown inset [53]. The
circuit consists of ohmic resistance (Rs), two RC parallel elements
in series describing the SEI film on the surface (Rsf and CPEsf),
lithium ion charge transfer at interface (Rct and CPEct), and
Warburg impedance for solid state diffusion of lithium ions. A
constant phase element (CPE) was used in the equivalent circuit
instead of a pure capacitance due to the inhomogeneous surface of
the thin film working electrode. CPEsf and CPEct are constant phase
elements corresponding to the surface film and double layer
capacitance, respectively. According to the fitting results presented
in Table 3, SNGA-II displays the lowest charge-transfer resistance
(131.9 V), which supports the prominent electrochemistry perfor-
mance over other materials. Furthermore, as shown in the inset of
Table 3
The typical fitted parameters in the electrochemical impedance spectroscopy.

Sample GA-I SNGA-I SNGA-II SNGA-II* SNGA-III

Rs 4.145 4.133 3.786 15.77 4.524
Rsf 28.41 12.63 22.5 11.86 11.74
Rct 91.68 250.6 131.9 49.67 184.6

* The Nyquist plots of SNGA-II after 265 cycles.
Fig. 7d, the Nyquist plots of SNGA-II after 265 cycles exhibited a
smaller value of 49.7 V for Rct. It indicated that S/N co-doping
significantly enhanced the electrochemical reaction activity of Li+

storage, and effectively decreased the electrochemical reaction
polarization of the anode material. Therefore, the electrochemical
performance of the SNGA-II confirms, as has been proposed in this
study, that the dual-doping of 15.11 wt.% S and 1.50 wt.% N
contributes to enhance electrochemical performance. In addition,
the three-dimensional porous network of SNGA provides some
channels for electron transport and lithium ion diffusion with
enhanced rate capability.

4. Conclusion

In summary, S/N dual-doped GAs with a unique three
dimension porous frameworks have been successfully designed
via a facile hydrothermal approach. When employed as anode of
LIBs, the porous dual-doped framework exhibited excellent
performance in terms of high reversible capacity, superior rate
capacity and long-running cycle performance. The enhanced
performance may be attributed to the synergistic effects of S/N
dual-doped in the graphene lattice as well as the defects such as
vacancies and edge sites, notably detailed for the reversal of carbon
atoms and re-activation of sulfate-S and pyridinic-N which provide
more active sites for lithium storage. It is believed that the
designed S/N dual-doped GAs hold great promise as durable anode
materials in LIBs, and thus open a new strategy to develop
graphene based materials for LIBs.
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