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T
he slow kinetics of the oxygen-reduc-
tion reaction (ORR) is the major limit-
ing factor in the energy-conversion

efficiency of fuel cells (FCs).1,2 So far, the
most effective electrocatalyst for ORRs in
the cathodes of commercial FCs is Pt or its
alloys.3,4 However, the high cost, limited
supply, and poor durability of Pt have hin-
dered the large-scale application of FCs. Nu-
merous efforts have therefore beenmade to
reduce or replace the Pt-based catalysts in
FCs.5�9 In particular, the search for new
nonprecious-metal catalysts (NPMCs) with
high activity and practical durability for
ORRs has been one of the most active fields
in chemistry.6

Graphene, as a result of its unique two-
dimensional monolayer structure of sp2-
hybridized carbon, has attracted interest
in a wide range of fields, such as elec-
tronics,10,11 sensors,12,13 batteries,14,15 and
catalysts.16 Both theoretical calculations
and detailed experiments have proven that
the introduction of nitrogen (or P, B) atoms
into sp2-hybridized carbon frameworks in
graphene (or CNTs) is generally effective in
modifying their electrical properties and
chemical activities.17 Recent studies have
confirmed that N-doped carbon materials
with a graphitic structure, such as CNTs,5,18

graphene,16,19 and mesoporous graphitic
arrays,20 are promising candidates for re-
placingPt-basedcatalysts forFCs,because they
not only exhibit high catalytic activity, long-
term stability, and excellent methanol toler-
ance in alkaline media, but also possess the
advantages of low cost and environmental
friendliness. Dai et al.5 proposed that the
high activity may be attributed to the larger
electronegativity of N (electronegativity of
nitrogen: 3.04) with respect to C atoms
(electronegativity of carbon: 2.55),21 and
the creating of positive charge density on

the adjacent C atoms. These factors
may result in the very favorable adsorption
of O2. Very recently, other carbonmaterials
doped with the low electronegative
atoms such as P-doped graphite layers22

(electronegativity of phosphorus: 2.19)21

and B-doped CNTs23 (electronegativity of
boron: 2.04)21 have also shown pronounced
catalytic activity. Theoretical studies using
simulation calculations have confirmed that
breaking the electroneutrality of graphitic
materials to create charged sites favor-
able for O2 adsorption is a key factor in
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ABSTRACT

Tailoring the electronic arrangement of graphene by doping is a practical strategy for

producing significantly improved materials for the oxygen-reduction reaction (ORR) in fuel

cells (FCs). Recent studies have proven that the carbon materials doped with the elements,

which have the larger (N) or smaller (P, B) electronegative atoms than carbon such as N-doped

carbon nanotubes (CNTs), P-doped graphite layers and B-doped CNTs, have also shown

pronounced catalytic activity. Herein, we find that the graphenes doped with the elements,

which have the similar electronegativity with carbon such as sulfur and selenium, can also

exhibit better catalytic activity than the commercial Pt/C in alkaline media, indicating that

these doped graphenes hold great potential for a substitute for Pt-based catalysts in FCs. The

experimental results are believed to be significant because they not only give further insight

into the ORR mechanism of these metal-free doped carbon materials, but also open a way to

fabricate other new low-cost NPMCs with high electrocatalytic activity by a simple,

economical, and scalable approach for real FC applications.
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enhancing ORR activity, regardless of whether the
dopants are N or B atoms.23 Obviously, tailoring the
electronic arrangement of graphene (or CNTs) by dop-
ing could be a practical strategy for producing signifi-
cantly improved materials for ORRs in FCs. It will be
very interesting to see what will happen when the
doped element has the similar electronegativity with
carbon. Sulfur (electronegativity of sulfur: 2.58) has a
close electronegativity to carbon (electronegativity of
carbon: 2.55).21 Although many investigations invol-
ving ORR catalysts based on N (or P, B) doped carbon
materials have been reported, to our knowledge,
sulfur-doped carbon materials have rarely been in-
vestigated.24 Herein, we demonstrate the successful
fabrication of sulfur-doped graphene (S-graphene) by
directly annealing graphene oxide (GO) and benzyl
disulfide (BDS) in argon. The electrocatalytic perfor-
mances show that the S-graphenes can exhibit excel-
lent catalytic activity, long-term stability, and high
methanol tolerance in alkaline media for ORRs. More-
over, we find also that the graphenes doped with an-
other element which has a similar electronegativity as
carbon such as selenium (electronegativity of sele-
nium: 2.55), show a similarly high ORR catalytic activity.
The experimental results are believed to be significant
because they not only give further insight into the ORR
mechanism of these metal-free doped carbon materi-
als, but also open a way to fabricate other new low-
cost NPMCs with high electrocatalytic activity by a
simple, economical, and scalable approach for real FC
applications.

RESULTS AND DISCUSSION

The experimental scheme for S-graphene prepara-
tion is illustrated in Figure 1. In a typical procedure, GO
and BDS were first ultrasonically dispersed in ethanol.
The resulting suspension was spread onto an evapor-
ating dish and dried at 40 �C, forming a uniform solid
mixture. Themixture was placed in a quartz tube under
an argon atmosphere and annealed at 600�1050 �C.
The final products were collected from the quartz tube.
The contents and bonding configurations of sulfur in
these S-graphenes can be adjusted by varying the
mass ratios of GO and BDS or the annealing tempera-
ture. For comparison, GO without any S dopant
was treated under the same conditions. The resulting
materials are denoted as graphene-600, S-graphene-600,
graphene-900, S-graphene-900, graphene-1050, and
S-graphene-1050, respectively. Their physical para-
meters, electrochemical properties, and corresponding
experimental data are listed in Table 1.
Figure 2a shows a typical TEM image of S-graphene-

1050. As can been seen from Figure 2a, transparent
sheets with wrinkled and folded features are easily ob-
served. The elemental composition analysis from the
EDX pattern in Figure 2b confirmed the presence of
elemental S in S-graphene-1050. The S distribution in
the plane of S-graphene-1050 is relatively uniform,
which is verified by STEM and the corresponding ele-
mental mapping images (Figure 2c�g). The same C
and S mappings of S-graphene-1050 suggest that not
only the plane but also the edge contains S atoms.

Figure 1. Schematic illustration of S-graphene preparation.

TABLE 1. Physical Parameters, Electrochemical Properties, and Corresponding Experimental Data for Various Graphenes

and a Pt/C Catalyst

samples

mass ratio

Of BDS and GO

specific surface

area (m2/g) S content (wt %)

sulfide (�C�S�C�)

(atom %)

oxidized sulfur groups

(�C�SOx�C�) (atom %)

peak potential

(V vs Ag/AgCl)

kinetic current density,

(mA cm�2)

number of electron

transfer, n

S-graphene-600 1:2 440 1.53 63.1 36.9 �0.32 3.07 2.51
S-graphene-900 1:2 438 1.35 70.2 29.8 �0.31 5.12 3.27
S-graphene-1050 1:2 435 1.30 82.3 17.7 �0.29 9.34 3.82
graphene-600 0 443 �0.35 1.92 1.95
graphene-900 0 437 �0.34 2.43 2.21
graphene-1050 0 436 �0.33 2.97 2.48
Pt/C 4.52 3.90
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The elemental compositions and sulfur-bonding
configurations in these S-dopedgrapheneswere further
investigated using X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy. The XPS spectra of GO
(Figure 3a) and the graphenes (graphene-600, gra-
phene-900, and graphene-1050, Supporting Informa-
tion, Figure S1) show the presence of only carbon and
oxygen atoms. The high-resolution C1S spectra of GO in
Figure S1b shows a new peak at approximate 286.9 eV
compared to the graphenes. This result indicates that

the GO contains abundant oxygen-containing groups
(e.g., carboxyl, hydroxyl, carbonyl and phenol groups).25

Unlike these undoped graphenes, all the S-doped gra-
phene samples show a visible peak corresponding to
S2p; the S levels in S-graphene-600, S-graphene-900, and
S-graphene-1050 are 1.53%, 1.35%, and 1.30%, respec-
tively. This is consistent with the EDX result in Figure 2b.
To clarify whether the S signals in these S-doped
samples arise from physical adsorption of S or from
covalent C�S bonds, all the S-graphene samples were
ultrasonically dispersed in solvents such as alcohol,
acetone, or H2O. The XPS results showed no change in
the S levels before and after sonication, which suggests
that the covalent C�S bonds may be formed in these
samples. Moreover, the previous investigations have
proved that the C1S peak of sp

2 carbon becomes asym-
metric and broadened toward the high binding energy
side as the amount of functional groups increases,
rather than a single symmetry peak with a constant
width.26�28 For the S-doped graphene, Supporting In-
formation, Figure S1 shows that their high-resolution
C1S peaks corresponding to sp

2 carbon atomsup-shifted
to a higher binding energy (284.7 eV) than that of
pristine graphene (284.5 eV), and their full-widths at
half-maximumat 284.7 eV increasedwith S introduction
(Figure S1d). These results further suggest that GO
annealing in BDS led to S incorporation into the sheets
to afford C�S bonded groups. According to Kinoshita's
report, some oxygen-containing groups in graphite
oxide are reduced at 250�1100 �C by heat treatment.26

Dai's report has confirmed the oxygen-containing
groups in GO can react with NH3 to form C�N bonds.25

Figure 2. (a) TEM, (b) EDX, and (c) STEM images of S-gra-
phene-1050, (d) C- and (e) S-elemental mapping of square
region1, (f) C- and (g) S-elementalmappingof square region2.

Figure 3. (a) XPS spectra of GO, S-graphene-600, S-graphene-900, and S-graphene-1050, High-resolution S2P spectra of (b)
S-graphene-600, (c) S-graphene-900, and (d) S-graphene-1050.
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Thus we speculate that the formation of a C�S bond
may be attributed to the reaction between oxygen-
containing groups in GO (e.g., carbonyl, carboxylic, and
lactone groups) and BDS. Moreover, Raman spectrosco-
py in Supporting Information, Figure S2 also provided
direct proof for the S doping of graphene. Under similar
conditions, the G peaks of the S-graphene samples
down-shifted to 1580 cm�1, compared to that of the
pristine graphene peak at 1589 cm�1; this is an impor-
tant characteristic of n-type substitutional doping of
graphene.17 The similar red shift for the N-graphenes
previously reported can also be observed.19,25 The XPS
results coupled with Raman spectroscopy strongly con-
firmed that S atoms have been successfully introduced
into the graphene framework via covalent bonds, and
that sulfur doping of graphene can be achieved using
our approach.
To investigate the electrocatalytic activities of these

graphene samples, the cyclic voltammograms (CVs) in
O2- or N2-saturated 0.1 M KOH solutions for different
electrodes (graphene-600, S-graphene-600, graphene-
900, S-graphene-900, graphene-1050, and S-graphene-
1050) were measured at a constant active mass load-
ing. The detailed information can be found in Table 1.
As can been seen from Figure 4 and Supporting
Information, Figure S3, distinct peaks corresponding
to ORRs can be observed for all the graphene elec-
trodes. In Figure 4a, a single cathodic reduction peak
at�0.35 V can be observed in an O2-saturated solution
for the graphene-600 electrode. After the introduc-
tion of S atoms, the peak potential of the ORR for the

S-graphene-600 electrode shifted positively to�0.32 V
and its oxygen-reduction current was measured to be
123 μA after correcting background current, and was
obviously higher than that of the graphene-600 elec-
trode (82 μA). These results clearly indicate that the
ORR catalytic activity of S-graphene-600 is greater than
that of graphene-600. Compared with the graphene-
900 electrode, the S-graphene-900 electrode also
shows a slightly positive shift in theORR peak potential,
with a more pronounced increase in the ORR current
(Figure 4b). Similar results can also be observed for
graphene-1050 and S-graphene-1050 electrodes, as
shown in Figure 4c. Our experimental results strongly
approve that the S-doped graphene has a higher
electrocatalytic activity than the corresponding un-
doped graphene. It is undoubted that the S doping
plays the key role for ORR activity enhancement of
graphene.Moreover, from Figure 4, it can also be found
that the CVs of the S-doped graphenes show a larger
background current than the corresponding undoped
graphenes. We speculate that it may be attributed to
the increase of the edge plane site and disorder of
graphene after S-doping, resulting in improving the
capacitance current.29

To gain further insight into ORRs with these gra-
phene samples, linear sweep voltammetry (LSV) mea-
surements were performed on a rotating-disk elec-
trode (RDE) for all of the graphene samples, and for a
commercial Pt/Celectrocatalyst, inO2-saturated0.1MKOH
at a rotation rate of 1600 rpm. From Figure 4d,
it can be seen that all of the S-graphene samples

Figure 4. Cyclic voltammograms for (a) graphene-600 and S-graphene-600, (b) graphene-900 and S-graphene-900, and (c)
graphene-1050 and S-graphene-1050; (d) LSV curves for various graphenes and a Pt/C catalyst on a glass carbon rotating disk
electrode saturated in O2 at a rotation rate of 1600 rpm.
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(S-graphene-600, S-graphene-900, and S-graphene-
1050) have more positive onset potentials and higher
limiting current density than those of the correspond-
ing graphenes without dopants (graphene-600, gra-
phene-900, and graphene-1050). These results are in
agreement with the CV observations, and further con-
firm that S introduction can significantly enhance the
ORR catalytic activity of graphene. From Figure 4d, it
can also be observed that the onset potential for
S-graphene-1050 is close to that of the Pt/C catalyst,
and that its current density (at�0.8 V) is the highest of
all these materials. These results suggest that the ORR
catalytic activity of S-graphene-1050 is better than that
of commercial Pt/C catalysts. To further study ORRs
with respect to these samples, we performed RDEmea-
surements at various rotating speeds. The diffusion
current densities depend on the rotating rates, and the
number of electron transfers (n) and the kinetic-limit-
ing current density (Jk) involved in the ORR can be calc-
ulated from the Koutecky�Levich equation (Supporting
Information , Figure S5, Table 1). The n for S-graphene-
1050 is calculated to be 3.82 at�0.30 V, which indicates
a four-electron-transfer reaction to reduce oxygen di-
rectly to OH�. The calculated Jk value is 9.34 mA 3 cm

�2

at �0.30 V. The electrocatalytic activity of S-graphene-
1050 can be comparable to those of N-doped CNTs
(or mesoporous graphitic arrays) in an alkaline elec-
trolyte.5,20 All the above results further confirm that
S-graphene-1050 is a promising metal-free NPMC with
high catalytic activity for ORRs.
The CV and LSV observations also show that the

annealing temperature plays a very important role in
the ORR catalytic activity of graphene. To further eluci-
date the correlations among the structures, composi-
tions, and catalytic activities of S-graphenes obtained
at different annealing temperatures, the Raman spec-
troscopy and XPS high-resolution results were again
analyzed. As is known, the IG/ID value of a carbon
material is an important parameter for evaluating the
degree of graphitization.30 From Supporting Informa-
tion, Figure S2, it can be seen that the IG/ID values of
these S-graphenes increase with increasing annealing
temperature. The improved graphitic degree of the
S-graphene samples might be caused by reduction
effects and “self-repairing” of the graphene layer at
high temperatures, and was believed to be one of the
factors contributing to the significantly enhanced cat-
alytic activity. Moreover, the binding energy of XPS-S2p
was also used to analyze the sulfur doping in these
S-graphenes (Figure 3). Sulfur was doped into the
carbon in two distinct forms: as sulfide groups
(�C�S�C�, at ∼163.8 eV) and as oxidized sulfur
groups (�C�SOx�C�, x = 2�4, at 167.5�171.5 eV)
such as sulfate or sulfonate.29 From Figure 3b�d and
Table 1, it can be seen that the oxidized sulfur groups
(sulfate or sulfonate) can be transformed into sulfide
groups at higher annealing temperatures. Considering

the almost identical mesostructures such as surface
areas (see Table 1), we speculate that the C�S bond
should be an important catalytic active site for promot-
ing ORR. According to previous reports23 involving the
origin of this ORR activity enhancement with the N
(or B) doped carbon materials, breaking the electro-
neutrality of graphitic materials owing to the different
electroneutrality between carbon and the dopant
would create favorable positive charged sites for the
side-on O2 surface adsorption. This parallel diatomic
adsorption could effectively weaken the O�Obonding
and facilitate the direct reduction of oxygen to OH� via

a four-electron process. In our case, considering that
sulfur has a close electroneutrality to carbon and the
C�S bonds are predominately at the edge or the
defect sites, we speculate that the change of atomic
charge distribution for the S-graphene is relatively
smaller, compared to N (B, or P) doped carbon materi-
als. Very recently, Zhang et al. reported that the spin
density should be more important in determining the
catalytic active sites through using density functional
theory (DFT) calculation, compared to atomic charge
density.31 Zhang's theory may be appropriate for ex-
plaining the enhancement effect of S doping in our
experiment. We believe that the spin density is the
dominant factor to regulate the observed ORR activity
in the S-graphene. The detailed relationship between
the catalytic activity and the microstructure for the
S-graphenes needs to be further investigated.
Moreover, the experimental results coupled with

Zhang31 and Yang's reports23 motivated us to further ex-
plore whether other dopants, which can effectively tailor
spin density or atomic charge density distribution on
graphene, can also enhance the ORR catalytic activity of
graphene. This has been proven by the graphene doped
with iodine or selenium (see Figure 5, Supporting Infor-
mation, section S6, and ref 32). These experimental re-
sults are significant to further develop new NPMCs with
new structure as a general rule, and make clear the ORR
mechanism of doped carbon materials. We believe that
more dopants may have a similar enhancement effect.
Themechanism is complicatedand itmaybedifferent for
different dopants. The detailed mechanisms for various
different dopants are under investigation.

Figure 5. Cyclic voltammograms for graphene-1050 and
Se-graphene-1050 in KOH solution with saturated O2.
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Resistance to crossover effects and stability of the
catalyst materials are important considerations for
their practical application to fuel cells. The chronoam-
perometric responses to methanol introduced into
an O2-saturated electrolyte were measured for S-
graphene-1050 and for the Pt/C catalyst. It can be seen
from Figure 6a that after the addition of 3 M methanol
to a 0.1 M KOH solution saturated with O2, no notice-
able change was observed in the ORR current at the
S-graphene-1050 electrode. In contrast, the ORR cur-
rent for the Pt/C catalyst decreased sharply. These
results indicate that S-graphene-1050 exhibits high
ORR selectivity and has a good ability for avoiding
crossover effects. The durabilities of the S-graphene-
1050 and Pt/C catalysts were also compared. The
catalysts were held at �0.30 V for 20 000 s in an O2-
saturated 0.1 M KOH solution. From Figure 6b, it can be

seen that the chronoamperometric response for S-
graphene-1050exhibits very slowattenuation, andahigh
relative current of 91.1% still persisted after 20000 s. In
contrast, the Pt/C electrode exhibits a gradual decrease,
with a current lossof approximately 71.5%after 20 000 s.
These results confirm that S-graphene-1050 has po-
tential use in direct methanol and alkaline fuel cells.
In summary, we have reported a new kind of metal-

free ORR catalysts, fabricated through a simple, eco-
nomical, and scalable approach, which boasts a greater
electrocatalytic activity than that of current commer-
cial Pt/C catalysts. The new types of heterodoped
structures may provide opportunities for further devel-
opment of low-cost NPMCs with high activities and
long lifetimes for practical FC applications. Our results
could also provide useful information to further clarify
the ORR mechanisms of doped carbon materials.

METHODS
Electrode Preparation. Glassy carbon (GC) electrodes (3 mm

diameter, CH instrument Inc.) were polished with a 0.05 and 0.3
μm alumina slurry (CH Instrument Inc.) on a microcloth, and
subsequently rinsed with ultrapure water and ethanol. The
electrodes were then sonicated in ultrapure water, rinsed
thoroughly with ultrapurewater, and dried under a gentle nitro-
gen stream. To prepare the working electrode, all samples were
ultrasonically dispersed in ethanol under the same process, and
equal amounts of each catalyst were dropped onto the GC
surface and dried at room temperature. For comparison, a com-
mercially available Pt/C-modified GCE (20 wt % Pt supported on
carbon black, fuel cell grade) was prepared in the same way.

Synthesis of the S-Graphene. Graphene oxide (GO) was pur-
chased from commercial corporation. Sulfur-doped graphene
(S-graphene) was synthesized by directly annealing graphene
oxide (GO) and benzyl disulfide (BDS) in argon. The anneal
treatment was carried out in a tube furnace with high purity
argon as protective ambient. The detailed procedure is as
follows: GO and BDS were first ultrasonically dispersed in etha-
nol for about 30 min. The resulting suspension was spread onto
an evaporating dish and dried, forming a uniform solid mixture.
The mixtures were placed into a quartz tube with argon atmo-
sphere and annealed at 600�1050 �C. After that, the sample
was cooled to room temperature under ambient Ar and col-
lected from the quartz tube. The contents and bonding config-
urations of sulfur in these S-graphenes can be adjusted through
varying the mass ratio of GO and BDS as well as the annealing

temperatures. The graphenes doped with selenium were syn-
thesized by directly annealing graphene oxide (GO) and di-
phenyl diselenide in argon. For comparison, the GOwithout any
dopants was treated under the same condition. The resulting
materials are denoted as graphene-600, S-graphene-600,
graphene-900, S-graphene-900, graphene-1050, S-graphene-
1050, I-graphene-1050, and Se-graphene-1050, respectively. Their
physical parameters, electrochemical properties, and corre-
sponding experimental data are listed in Supporting Informa-
tion, Table S1.

Electrochemical Measurements. All electrochemical measure-
ments, including cyclic voltammograms (CV), rotating-disk elec-
trode voltammograms and chronoamperometry, were per-
formed at room temperature in 0.1 M KOH solutions, which
were purged with high purity nitrogen or oxygen for at least
30 min prior to each measurement.

Characterizations of Physical Parameters. X-ray photoelectron
spectroscopy (XPS) measurements were carried out with an
ultrahigh vacuum setup, equippedwith amonochromatic Al KR
X-ray source and a high resolution Gammadata-Scienta SES
2002 analyzer. Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
images were recorded with a JEOL-3010 instrument. The spe-
cific surface area was calculated using the Brunauer�Emmett�
Teller (BET) equation. The nitrogen adsorption/desorption data
were recorded at the liquid nitrogen temperature (77 K) using a
Micromeritics ASAP 2020 M apparatus. Before the measure-
ments, the samples were evacuated for 10 h at 300 �C.

Figure 6. Chronoamperometric responses of S-graphene-1050 and Pt/C-modifiedGC electrodes (a) with 3Mmethanol added
at around 120 s and (b) at �0.30 V in an O2-saturated 0.1 M KOH solution.
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