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ABSTRACT: Here, we report a new approach to synthesizing S-
doped porous carbons and achieving both a high capacity and a high
Coulombic efficiency in the first cycle for carbon nanostructures as
anodes for Li ion batteries. S-doped porous carbons (S-PCs) were
synthesized by carbonization of pitch using magnesium sulfate
whiskers as both templates and S source, and a S doping up to 10.1
atom % (corresponding to 22.5 wt %) was obtained via a S doping
reaction. Removal of functional groups or highly active C atoms
during the S doping has led to formation of much thinner solid-
electrolyte interface layer and hence significantly enhanced the Coulombic efficiency in the first cycle from 39.6% (for the
undoped porous carbon) to 81.0%. The Li storage capacity of the S-PCs is up to 1781 mA h g−1 at the current density of 50 mA
g−1, more than doubling that of the undoped porous carbon. Due to the enhanced conductivity, the hierarchically porous
structure and the excellent stability, the S-PC anodes exhibit excellent rate capability and reliable cycling stability. Our results
indicate that S doping can efficiently promote the Li storage capacity and reduce the irreversible Li combination for carbon
nanostructures.
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1. INTRODUCTION

Graphite materials have been widely used as reliable low cost
anode materials for Li ion batteries (LIBs), with the theoretical
capacity of 372 mA h g−1 and excellent cycling stability.
However, the limited Li storage capacity of the graphite
materials falls short of satisfying needs for high power and/or
capacity for applications such as power tools and electric
vehicles. Reforming the carbon materials by fabricating
nanostructures1−8 (e.g., few-layered graphene and hierarchically
porous carbons) or heteroatom doping9−13 (e.g., N and/or S
doping) is an important approach to promote Li storage
capacity and maintain excellent cycling stability at the same
time. The surface or pore storage of Li ions in carbon
nanomaterials leads to higher capacity. The mesopores in the
carbon nanostructures are able to reduced diffusion length of Li
ions, thus resulting in better rate capability.14,15 Similarly,
heteroatom doped carbons contain more defects through which
Li ions can perpendicularly diffuse from outside to inside
graphite layers, thus providing more storage regions.12

However, the carbon nanomaterials used in LIBs usually suffer
from large irreversible capacity due to formation of a solid
electrolyte interface (SEI) layer on their large surfaces.2,5,16−18

Therefore, the carbon nanostructures deliver high capacity but
low Coulombic efficiency (30%−50%),5,15 which hinders their
actual application as anodes for LIBs due to the high cost. To

obtain high Li storage capacity and eliminate the irreversible
capacity at the same time still remains great challenge for
carbon nanostructures.
Although the prelithiation treatment is capable of reducing

the irreversible Li capacity for carbon nanomaterials,19 in fact,
the irreversible consume of Li still occurred in the prelithiation.
In our previous work,20 combination of cobalt species with the
defective sites of porous graphene is found to be able to
significantly eliminate the irreversible Li combination on the
graphene surface. It triggers us to enhance the Coulombic
efficiency for carbon nanostructures by treating the highly
defective carbon segments that may irreversibly bind Li ions.
Here, for the first time, we present a novel strategy to obtain
both high Li storage capacity and much enhanced Coulombic
efficiency for porous carbons by S doping. S-doped porous
carbons (S-PCs) were synthesized by carbonization of pitch
using basic magnesium sulfate (BMS) whiskers as both
templates and S source. The S-doping up to 10.1 atom %
and the well-developed porous structures in the as-prepared S-
PCs have led to significantly promoted Li storage capacity and
high rate capability as compared to the undoped porous carbon.

Received: June 11, 2014
Accepted: September 4, 2014
Published: September 4, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 15950 dx.doi.org/10.1021/am503716k | ACS Appl. Mater. Interfaces 2014, 6, 15950−15958

www.acsami.org


Thinner SEI films and much enhanced Coulombic efficiencies
are obtained because the S doping reaction has removed the
active carbon segments that tend to irreversibly combine with
Li ions. Our work demonstrates a reliable new strategy, by S
doping, to promote the electrochemical performance of anodes
for LIBs.

2. EXPERIMENTAL METHODS
Synthesis of S-PCs. BMS (5Mg(OH)2·MgSO4·3H2O) whiskers

were prepared by a previously reported hydrothermal process.21,22 In a
typical run, first, ∼1 g pitch was dissolved in 30 mL toluene. Then, 10
g BMS whiskers were added into the pitch solution with violent
agitation, followed by filtration and drying in an oven at 80 °C. The as-
obtained pitch/BMS whisker mixture was set in an alumina boat. The
boat was set in a quartz tube reactor, heated in an Ar flow to 700−
1000 °C at a rate of 10 °C/min, and calcined for 30 min. After being
cooled to room temperature, the obtained black powder was taken out
and purified by a hydrochloric acid washing. After an oven drying, a
fine powder was obtained as the final product. Synthesis processes with
different calcination temperatures (700, 900, and 1000 °C) were
performed, and the products were labeled as C700, C900, and C1000,
respectively. The none-doped porous carbon (labeled as G1) was
prepared using MgO porous whiskers as templates, which were
obtained by calcination of the BMS whiskers at 1100 °C.
Characterization. The as-prepared samples were characterized by

transmission electron microscopy (TEM, JEM 2010), scanning
electron microscopy (SEM, Quanta 200F), scanning transmission
electron microscopy (STEM, FEI F20) equipped with energy
dispersive spectroscopy (EDS), Raman spectroscopy (Renishaw
RM2000, 633 nm), X-ray photoelectron spectroscopy (XPS,
PHI700), X-ray diffraction (XRD, D8 ADVANCE), thermogravimetry
(TG) analysis (Q500, in air flow with a temperature scan of 10 °C/

min) and nitrogen physisorption (Micrometritics ASAP 2010). The I−
V curves were obtained at the CHI660C type electrochemical working
station using the compressed pellets (50 mg) of 13 mm in diameter,
composed of the as-prepared porous carbons, which were processed in
a stainless steel mold by using 10 MPa pressure. The purity of the as-
prepared carbon materials was analyzed by an inductively coupled
plasma−atomic emission spectrometry (ICP-AES, Varian Vista MPX)
with a resolution <0.004 nm and a detection limit in ppb-ppm grade.
In the digesting process of the ICP-AES analysis, ∼0.25 g carbon
material was loaded in a ceramic crucible and calcined in an oven in air
up to 700 °C. Then, the obtained ash was dissolved in aqua regia
(HCl/HNO3 = 3:1), and no insoluble residue was left. Finally, the
solution was diluted by deionized water in a volumetric flask, and the
diluted solution was pumped into the ICP-AES apparatus for the
analysis. Elementary analysis was carried out using a Vario MICRO
Cube CHNS analyzer.

Electrochemical Test. Coin cells were assembled using Li sheets
as both reference and counter electrodes. In order to remove any
possible solvent or moisture, calcination at 400 °C for 1 h in Ar flow
was performed on the carbon materials before assembling the coin-
type cells. A slurry containing 70 wt % carbon materials, 10 wt %
acetylene black (Super-P) and 20 wt % polyvinylidene fluoride was
coated on copper foils to prepare the working electrodes, following by
a 105 °C oven drying overnight. One M LiPF6 solution in a 1:1
(volume) mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) was used as electrolyte. The cells were galvanostatically
charged and discharged in the voltage range from 0.01 to 3 V vs Li/Li+

at different current densities. The AC impendence spectra were
obtained by applying a sine wave with amplitude of 5.0 mV over the
frequency range from 100 kHz to 0.01 Hz.

Figure 1. Synthesis process and mechanism of S-PCs. (a) Illustration showing the synthesis process of the porous carbons. (b) S doping reaction
that leads to S doping of carbon materials.

Figure 2. Morphology of the BMS whiskers. SEM images of BMS whiskers before (a) and after a 700 °C calcination (b and c).
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3. RESULTS AND DISCUSSION

The strategy for the synthesis of S-doped porous carbons is
illustrated in Figure 1a. S-doping is achieved during the
calcination following the reaction between asphalt and MgSO4,
as we call the “S-doping reaction” (Figure 1b). In the S-doping
reaction, carbonized pitch reduces MgSO4, while the MgSO4

oxidizes the carbon.23 The S-PC with a well-controlled porous
structure is finally obtained after removal of the template by an
acid washing.
BMS (5Mg(OH)2·MgSO4·3H2O) whiskers were prepared by

a previously reported hydrothermal process.21,22 As shown in
Figure 2a, the as-prepared whiskers have a length ∼100 μm and
a diameter ∼2 μm with a smooth surface. TG analysis shows
that BMS whiskers decompose at 100−500 °C due to the
release of crystal water and the decomposition of Mg(OH)2
(Figure S1 in Supporting Information). As shown in Figure 2b
and c, the surface of the calcined whiskers is not smooth, and
some pores can be observed. Therefore, the calcined whiskers
are porous cylindrical templates. We have measured the specific

surface areas (SSAs) of the whiskers before and after a 700 °C
calcination. The SSA and pore volume of the calcined whiskers
are 10.0 m2/g and 0.05 cm3/g, slightly higher than those of the
original whiskers (9.8 m2/g and 0.03 cm3/g).
Porous carbon films (C700, Figure 3a and b) were obtained

after a 700 °C calcination on the pitch/whisker composite. The
porous structure of the calcined whiskers has contributed to the
formation of the porous carbon films. The carbonized pitch
might have been activated by H2O released from BMS whiskers
during the calcination. With calcination at 900 °C, a
hierarchically porous structure composing of carbon cages
(labeled as C900) was obtained. The carbon cages have a
cylindrical appearance similar to the BMS whiskers (Figure 3c),
or a porous belt-like structure (Figure 3d) probably due to
tearing of the porous cylinders. High resolution TEM (Figure
3e) and STEM observations (Figure 4) show that the carbon
cages have three-dimensional pores in size of ∼20 nm and well-
graphitized walls in thickness of 1−5 nm. Considering that the
thermal decomposition of MgSO4 starts at ∼900 °C
(Supporting Information Figure S1), the carbon cages are

Figure 3. Morphology of the as-prepared porous carbons. TEM images of the porous carbons prepared with calcinations at 700 (a and b), 900 (c−
e), and 1000 °C (f).

Figure 4. STEM image (left) and EDS mapping (right) of C900.
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likely formed due to the etching of SOx (x = 2 or 3) released by
MgSO4. Further increase of the calcination temperature to
1000 °C has produced a branch-like carbon material (labeled as
C1000, Figure 3f), showing a corrupted porous structure due to
the etching of excess SOx. The yields of the S-doped carbons
(the weight of carbon/the weight of pitch) are listed in Table 1.

The yield decreases while the carbonization temperature
increasing, indicating that more carbon atoms have been
gasified due to the oxidization of SO4

2− at higher temperature.
The nitrogen adsorption isotherms and pore distributions of
the S-doped carbons are shown in Figure 5, and the SSA values
and pore volumes are summarized in Table 1. The BET SSAs
of the S-doped carbons are in the range 650−700 m2/g. Two
types of pores centralized at ∼3.8 and 17.5 nm are observed in
the pore distribution curve of C900, well consistent with the
hierarchically porous structure of C900 shown by the TEM
observation.
EDS mapping (Figure 4) shows that S element is evenly

distributed in C900. The Cu and Si peak in the EDS spectrum
might come from the copper grid with carbon films. Usually,
MgSO4 is stable at 700 °C, and no decomposition of MgSO4 is
observed after a 700 °C calcination, as indicated by the XRD
curve in Figure 6a. However, at the case for the BMS/asphalt
composite, MgO peaks can be found in the XRD pattern of the
material after a 700 °C calcination (Figure 6a). It means that
MgSO4 has decomposed at 700 °C with the existence of
asphalt, thus providing S atoms for S doping. These results give
a conclusive evidence showing that the S-doping reaction
between MgSO4 and asphalt, as shown in Figure 1b, has taken
place at 700 °C. XPS analysis (Figure 6b) indicates an S
concentration of 10.1 atom % for C700, 8.2 atom % for C900,
and 3.3 atom % for C1000 (Table 1). The S concentration of
10.1 atom % (corresponding to 22.5 wt %) is higher than most
reported S-doped carbon materials and close to the highest S
doping level of up to 30 wt % (obtained by using Na2S2O3 as S

source).23,24 In previous reports, graphene oxide is often used
as the starting material to prepare S-doped graphene via the
reaction between oxygen-containing groups in GO and S-
containing compounds25 or pure S.26 Recently, Liu et al.23

reported the synthesis of S-doped carbons by moderating black
powder chemistry with sulfate (K2SO4 and Na2S2O3) as S
source. In order to moderate the explosion, the reactants (sugar
and sulfate) were diluted by chemically inert molten salt. Our
results indicate that the sulfate anions (SO4

2−) in MgSO4 can
mildly react with −CHx or C−C groups in asphalt to form C−S
bonds, realizing S doping with a high S content. In the typical S
2p spectrum for the S-PCs (Figure 6c), the peaks at 164.3,
165.6, and 168.8 eV can be attributed to the S atoms with
covalent bonds of SC, SC, and SOx (x = 2−4),
respectively. About 87% S atoms are directly connected with
carbon framework rather than existing in SOx groups. A
control sample (labeled as G1) was prepared by a similar
process but using porous MgO whiskers as templates
(Supporting Information Figure S2), and no S element was
detected in G1. Therefore, it is confirmed that the S doping at
700 °C is ascribed to the S-doping reaction between asphalt
molecules and MgSO4 (Figure 1b). N 1s peaks are observed in
the XPS survey curves for all the porous carbons, with N
concentrations in the range of 1.5−2.8 at%. The N atoms
should origin from the N-containing compounds in pitch. The
purity of C700 was also analyzed by ICP-AES. The content of
Mg in the product is only 0.023 wt %, indicating that almost all
MgO or Mg salts has been removed after acid washing.
In the high-resolution C 1s pattern of the pristine porous

carbon G1 (Figure 6d), the peak at 284.8 eV corresponds to sp2

carbon atoms, and the peaks at 285.9 and 288.7 eV are
attributed to CO and OCO bonding configurations.27

Compared to G1, the S-doped porous carbon C700 (Figure 6e)
has a higher content of sp2 carbon atoms (71.0%) and a lower
content of the OCO bonding configuration (4.2%). It
indicates that the oxygen-containing groups have been reduced
after the S doping reaction. TG analysis indicates that the
thermal decomposition of MgSO4 starts at ∼900 °C. With
calcination at 900 or 1,000 °C, the SO3 released by MgSO4
thermal decomposition would preferentially react with the
highly active S-doped structures, thus resulting in a lowered S
content and more SOx groups (Supporting Information
Figure S3). Considering the oxidizability of SO4

2−, the removal
of oxygen functional groups in C700 may be attributed to the
oxidization of CO into CO2 or the S substitution of oxygen
atoms during calcining with MgSO4.

Table 1. Characterization of the S-Doped Porous Carbons

S content by
XPS

samples
yield
(wt %) (at %) (wt %)

S content by
element analysis

(wt %)

BET
SSA

(m2/g)

pore
vol.

(cm3/g)

C700 49.2 10.1 22.5 26.8 658.6 0.85
C900 34.4 8.2 18.9 19.6 690.8 1.01
C1000 30.6 3.3 8.2 15.6 661.8 1.13

Figure 5. Nitrogen adsorption isotherms (a) and pore distributions (b) of the S-doped carbons.
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The S doping level in bulk was measured by elemental
analysis. As listed in Table 1, the S content in bulk for C700 is
as high as 26.8 wt %, indicating that the S doping process
presented in this work is quite efficient to realize S doping with
a high level. The S contents in bulk obtained by element
analysis are obviously higher than the values in surface (3 nm in
depth) obtained by XPS analysis. It indicates that the S-doped
carbon segments in surface may be easily oxidized when
contacting MgSO4. The S content in surface for C1000 (8.2 wt
%) is only 53% of that in bulk, showing that the oxidization by
MgSO4 is more severe at higher temperature (1000 °C).
Raman spectroscopy also provides direct proof for the S

doping. In Figure 6f, obvious upshift in D bands and downshift
in G bands are observed as the S content increasing, showing
an important characteristic of n-type substitutional doping of
carbon materials. An increase of the D to G ratios (ID/IG) is
also observed after S doping, indicating that S-doping has
aroused formation of more disorders in the carbon framework
due to introduction of foreign atoms. The EDS mapping and
XPS analysis coupled with Raman spectroscopy have strongly
confirmed that S atoms have been successfully introduced into
carbon frameworks via covalent bonds.
Figure 7a shows the current−voltage (I−V) curves of

compressed pellets (the top left inset) containing a set amount

of porous carbons. Higher conductance is found at higher S
content (the lower right inset of Figure 7a), indicating that the
S doping has promoted the conductivity of the porous carbons.
The graphitization degree, porosity, and morphology of G1 are
similar to C700 because they were prepared with the same
carbonization temperature of 700 °C. Therefore, the
significantly enhanced electronic conductivity of C700, as
compared to G1, should be attributed to the S doping rather
than other factors. Yun et al.26 have reported a similar
promotion of the electrical conductivity in S-doped graphene
nanosheets, showing that the conductivity of S-doped graphene
nanosheets (1743 S m−1) is 2 orders of magnitude higher than
that of graphene nanosheets (32 S m−1). Our results is also well
consistent with the theoretical calculation on S-doped
graphene, which can exhibit better metallic properties than
the pristine graphene sheet at a S concentration ∼4 at %.28 The
structural distortions caused by the S atoms increase the
metallic properties of graphene, which might explain why the
conductivity has been enhanced by S doping for the porous
carbon. The enhanced electronical conductivity aroused by S
doping is in favor of improving the rate capability because of
the quick charge transfer.
Electrochemical tests were performed via assembling coin-

type cells using the as-prepared porous carbons as anode

Figure 6. Characterization of the S-PCs. (a) XRD patterns of the 700 °C-calcined BMS whiskers and BMS/asphalt composite. (b) XPS survey data
of the S-doped porous carbons in comparison with the undoped one G1. (c) XPS S 2p spectrum of C700. XPS C 1s spectra of G1 (d) and C700 (e).
(f) Raman spectra of the S-doped porous carbons in comparison with the undoped porous carbon G1.
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materials. As shown in Figure 7b, higher delithiation capacity is
obtained at higher S content, indicating that S-doped carbon
segments have larger Li storage capacity than pure carbon.13,26

The highest capacity (1781 mA h g−1 at the current density of
50 mA g−1) is obtained at the S content of 10.1 atom %, which
is more than two times that of the undoped porous carbon
(832 mA h g−1 at 50 mA g−1). The reversible capacity delivered
by C700 (1781 mA h g−1 at 50 mA g−1) is obviously higher
than the capacity delivered by S-doped porous carbons
hybridized with graphene (1400 mA h g−1 at 50 mA g−1)
reported by Yan et al.29 The Li storage capacity at 1000 mA g−1

for C700 reaches 604 mA h g−1, showing excellent rate
capability.
Figure 7c shows typical lithiation−delithiation curves of

C700 in comparison with G1. The lithiation and delithiation
capacities of C700 at the current density of 50 mA g−1 are 2200

and 1781 mA h g−1, respectively, in the first cycle. The
reversible lithiation capacity between 0.5 and 0 V for C700 is
1244 mA h g−1 in the second cycle. It is noticeable that the
Coulombic efficiency in the first cycle for C700 (81.0%) is
much higher than that for G1 (39.6%). As shown in Figure 7d,
higher Coulombic efficiencies in the first cycles, corresponding
to less irreversible Li storage, are obtained at higher S contents,
indicating that S doping has contributed to reducing the
irreversible Li storage capacity. The initial Coulombic efficiency
of C700 (81.0%) is superior as compared to the recently
reported graphene-based materials (e.g., 51% for S-doped
graphene sheets,26 68% for NiO nanosheet/graphene compo-
site,30 and 56% for S-doped porous carbons hybridized with
graphene29).
Cycling performance of the porous carbons is shown in

Figure 7e and f. Almost no capacity decay is observed for both

Figure 7. Electrochemical properties of the S-PCs. (a) Conductivity of porous carbons with different S concentrations. (b) Rate capabilities of the S-
PCs in comparison with the undoped porous carbons. (c) Typical lithiation−delithiation curves of the S-doped carbon cages for the 1st and 2nd
cycles at the constant current of 50 mA g−1. (d) Coulombic efficiencies of the carbon materials with different S contents for the 1st and 2nd cycles at
50 mA g−1. (e) Cycling performance of the S-doped (C700) and the undoped (G1) porous carbons. (f) High rate cycling performance of C700.
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G1 and C700 after 100 cycles at 1000 mA g−1. At the current
density of 150 mA g−1, a capacity of 1096 mA h g−1 is obtained
for C700 after 130 cycles, which is much higher than that for
G1 (647 mA h g−1). Figure 7f shows that the S-PCs exhibit
excellent cycling stability at high rate. A specific capacity of 214
mA h g−1 is retained at the current density of 10 A g−1 after
even 500 cycles, showing better rate capability as compared to
the hierarchically porous carbon monoliths reported by Hu et
al. (150 mA h g−1 at ∼11 A g−1).4 The excellent rate capability
can be attributed to the enhanced conductivity, the larger Li
storage capacity of S-doped carbon segments and the porous
structure of the S-PCs, which are propitious to the quick charge
transfer and the fast diffusion of Li ions by reducing the
diffusion distance.14,15 In addition, although the as-prepared
porous carbons are also doped by N atoms, the contribution
from N doping is quite limited as considering the fact that
C900 and C1000 have lower N doping but exhibit higher Li
storage capacity as compared to G1 (Supporting Information
Figure S4).

The enhanced Coulombic efficiency is partially explained in
Figure 8a and b, which compare the cyclic voltammetry (CV)
curves of the S-PC (C700) and the undoped porous carbon
(G1). In the CV pattern of the undoped porous carbon, a
cathodic peak in the first cycle is observed at 0.7 V,
corresponding to the irreversible Li+ consumption due to
formation of SEI films on the surface of the anode. Such a
cathodic peak disappears in the CV pattern of the S-PC,
indicating that the formation of SEI films on carbon surfaces is
obviously affected by the S-doping. AC impedance curves of G1
and C700 are shown in Figure 8c and d. The equivalent circuit
shown in Supporting Infromation Figure S5 was used to fit the
impedance data for the electrodes before and after charge−
discharge cycling. The SEI film resistance (Rf) and the charge-
transfer resistance (Rct) are obviously reduced after the charge−
discharge test as compared to those before cycling, indicating
that much better contact between electrolyte and electrode
materials has been realized after the cycling. After the rate test,
the SEI film resistance (Rf) for C700 (14.5 Ω) is smaller than

Figure 8. CV curves of G1 (a) and C700 (b). AC impedance curves of G1 (c) and C700 (d). The insets of c and d are the magnified impedance
curves.

Figure 9. Porous carbons after electrochemical tests. High resolution TEM images of the undoped (a, G1) and the S-doped (b, C700) porous
carbons after 30 charge−discharge cycles.
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that for G1 (20.3 Ω), indicating that thinner SEI films have
been formed on C700. Figure 9 shows the TEM images of the
two carbon materials after 30 charge−discharge cycles. No clear
dark lines corresponding to graphite layers are found on the
surface of the undoped porous carbon (Figure 9a), indicating
that thick SEI films have been formed. In contrast, clear
graphite layers without thick SEI films are observed on the
edges of the S-PC (Figure 9b), well consistent with the analysis
of the CV patterns.
XPS C 1s spectra of G1 and C700 after charge−discharge

cycling are shown in Figure 10. The peaks at 284.6−284.9 eV
can be attributed to graphitic carbon atoms with CC bonds
(as shown in Figure 6d and e). The peaks at 286.2−286.8 eV
observed for both the two samples should correspond to C−O
and CO bonds.27 The strong peaks at 289.5 for G1 and
289.8 eV for C700 should be attributed to the C atoms in
LiCO3. In the C 1s spectrum of G1 after cycling, the small peak
at 291.0 eV can be attributed to C−CO3 or CF2 bonds.
Compared to C700, the peak corresponding to C−O and C
O bonds for G1 (286.2 eV) is much stronger. If the C atoms in
LiCO3 are excluded, 53% of the carbon atoms in the SEI films
of G1 exist in oxygen-containing groups, much higher than the
percentage in the SEI films on C700 (29%). This might be the
reason why clear graphite layers without thick SEI films are
observed on the edges of C700 after charge−discharge cycling
(Figure 9).
The suggested mechanism for the enhancement of the

Coulombic efficiency aroused by S doping is illustrated in
Figure 11. Irreversible Li storage is usually aroused by the
irreversible lithium combination with oxygen-containing func-
tional groups (CO, COH) or active carbon atoms (C*),
which leads to the formation of SEI films on carbon

surfaces.2,31,32 The main components of the SEI films are
Li2CO3, ROCO2Li, etc., corresponding to the irreversible
combination of Li ions. Prelithiation33 or Co3O4 saturation

20 of
the active sites has been demonstrated to be capable of
reducing irreversible Li storage and enhancing Coulombic
efficiency. However, selective removal of these active sites has
not been reported. As shown in Figure 11, the O-containing
functional groups or active carbon atoms that contribute to the
irreversible Li storage might have been removed in the S-
doping reaction due to oxidation of SOx or S substitution, thus
resulting in a promoted Coulombic efficiency. Our results
indicate that the Li storage in S-doped carbon segments is well
reversible.

4. CONCLUSIONS

In summary, S-PCs with S doping up to 10.1 atom % have been
produced by carbonization of pitch using BMS whiskers as both
S source and templates. EDS mapping and XPS analysis
companied with Raman spectra have confirmed that the S
atoms are evenly introduced into carbon frameworks via
covalent bonds. Compared to the undoped porous carbon, the
S-PCs exhibit significantly enhanced Li storage capacity,
Coulombic efficiency, and high rate capability, with an excellent
cycling stability. The significant promotion of the Coulombic
efficiency in the first cycle can be attributed to the selective
removal of active carbon atoms that tend to irreversibly
combine with Li ions during the S doping reaction. Our work
demonstrates a scalable synthesis of S-PCs, and provides a
reliable new strategy to promote the electrode performance by
S-doping.
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