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a b s t r a c t

Carbon materials doped with sulfur (S) and nitrogen (N) are prospective alternatives to Pt-based catalysts
as oxygen reduction reaction (ORR) catalyst since they are inexpensive and highly catalytic active.
However, the further advancement of catalysts is greatly hindered for its unclear and equivocal catalytic
sites. Here, using density functional theory studies, we find that those inactive carbon atoms next to
graphitic N become ORR catalytic sites after S doping, which is distinctly different from N-doped carbon
materials where catalytic sites are introduced by pyridinic N. The electrochemical results show that
increasing the content of graphitic N can lead to higher catalytic activity for S and N dual-doped carbon
materials, which exhibits higher turnover frequency towards ORR than that of N-doped carbon materials.
This work provides insights for further advancement of electrocatalysts via heteroatom doping.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Oxygen reduction reaction (ORR) is significant in various ap-
plications, especially in metal-air batteries, fuel cells and water
purification [1e5]. The poor durability and high cost of currently-
used Pt/C catalyst severely hinder the realistic viability of these
applications [6,7]. With good catalytic performance and durability,
cost-effective nitrogen (N)-doped carbonmaterials are supposed to
replace Pt-based materials as ORR catalysts [8,9]. The ORR active
sites in the N-doped carbon materials were recently determined as
carbon atoms nearby pyridinic N sites [10]. Thus, it is an effective
strategy to increase the content of pyridinic N and lower the con-
tent of inactive N species for improving the ORR performance.
Nevertheless, the improvement is still limited, due to low intrinsic
odification of Chemical Fibers
and Engineering, Innovation
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ng), txliu@dhu.edu.cn, txliu@
catalytic activity created by pyridinic N sites and the inevitable co-
existence of different configurations of nitrogen species in N-doped
carbon materials.

Previous studies have suggested that introducing another het-
eroatom (e.g., S, P and B) into N-doped carbon materials can enable
the synergistic effects between the dopants and achieve enhanced
ORR activity [11e16]. For S and N co-doped carbon materials, S
atoms with close electronegativity to C atoms by virtue of its
featuring p orbits, can cause the polarization of neighboring C or N
atoms and create distinct matching electronic structure with N
atoms [12,17,18]. As a result, the spin densities of C atoms adjacent
to the S atoms can appreciably increase, leading to improved ORR
activity. However, it remains uncharted how the S dopants interact
with different types of N species in the S and N dual-doped carbon
materials. The ORR active site(s) is still indistinct, which greatly
limits farther advancement in catalyst design.

Herein, we further develop physical models and explore the ORR
active sites in the S and N dual-doped carbon materials. Using
density functional theory (DFT) studies, we find that inactive car-
bon atoms next to graphitic N become ORR active sites after S
doping, which is different from N-doped carbon materials where
active sites are created by pyridinic N. To experimentally verify the
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DFT calculations, we synthesized S and N dual-doped carbon
nanosheets (SNC) with various contents of graphitic N, and N-
doped carbon nanosheets (NC) as control. The electrochemical re-
sults manifest that increasing the content of graphitic N can lead to
higher ORR activity for the SNC catalyst, which exhibits 1.6-times
higher turnover frequency towards ORR than that of NC catalyst.
The resultant SNC catalyst with high catalytic activity, good stability
and methanol tolerance shows great potential as alternative ORR
catalysts.

2. Experimental section

2.1. Synthesis of sulfur spheres

The sulfur (S) spheres were obtained by a modified method.
First, 6.32 g Na2S2O3 was dissolved into PVP aqueous solution
(500 mL, 1 wt%) under magnetic stirring at room temperature.
Then, 10 mL HCl aqueous solution (1 M) was dropwise added into
the above solution under stirring. The mixture solution became
turbidity after 10min and becamemilky after 2 h. The precipitate (S
spheres) was collected via centrifugation and vacuum drying.

2.2. Synthesis of SNC and NC catalysts

First, S spheres (1 g) were dispersed into tris(hydroxymethyl)
aminomethane aqueous solution (0.1 M,100 mL) by ultrasonication
and the pH of the mixture was adjusted to 8.5. Then, 1 g of dopa-
mine (DA) hydrochloride was added into the above solution. After
12 h stirring, the precipitate (PDA/S spheres) was collected via
centrifugation and vacuum drying. Finally, the PDA/S spheres
(100 mg) and urea (5 g) were mixed and heated at 1100 �C in Ar
atmosphere for 2 h with a ramping rate of 5 �C min�1. The resultant
product was labeled as SNC. As control, the sample prepared via the
same procedure without adding S spheres was labeled as NC. Be-
sides, SNC-2, SNC-3 and SNC-4 samples with different contents of
graphitic N were also synthesized via heating the mixture of PDA/S
spheres (100 mg) and urea (5 g) at 1000 �C, 900 �C and 800 �C in Ar
atmosphere for 2 h with a heating rate of 5 �C min�1.

2.3. Electrochemical measurements

Electrochemical measurements were conducted using a three-
electrode configuration with an electrochemical workstation (CHI
660D). The graphite rod and Ag/AgCl electrode (with saturated KCl
as the filling solution) were employed as counter and reference
electrodes, respectively. Typically, the catalyst powder (5 mg) was
dispersed in a mixed solution with 0.35 mL of ethyl alcohol and
95 mL of Nafion solution (5 wt%) with ultrasonication to produce a
homogeneous suspension. Then, working electrode was prepared
by coating the glassy carbon electrode (GCE, diameter: 5 mm) with
the catalyst suspension (5 mL).

Cyclic voltammetry (CV) was measured in 0.1 M KOH aqueous
solution with a scan rate of 50 mV s�1 from �1.0 to þ0.2 V (vs. Ag/
AgCl). Linear sweep voltammetry (LSV) was recorded by employing
the rotating disk electrode (RDE, Pine AFMSRCE 2762) technique.
LSV tests were measured at various rotating speeds from 800 to
2400 rpm in O2-saturated 0.1 M KOH with a scan rate of 10 mV s�1.
For rotating ring disk electrode (RRDE) tests, the disk electrode was
scanned widely at a rate of 10 mV s�1 and the potential of ring
electrode was set to 1.20 V vs. RHE (see details in supporting
information).

3. Result and discussion

The electronic property of S-doped, N-doped as well as S and N
co-doped graphene models were investigated using DFT calcula-
tions (see supporting information for the calculation details), with
an aim to reveal the active sites. As reported, both charge density
and spin density can work as a criterion to evaluate whether an
atom is active site towards ORR, and spin density is a more
important factor [19,20]. S atom has similar electronegativity to C
atom and does not introduce extra unpaired electrons, hence the S-
doped graphene model shows no spin density (Fig. S1) [18]. For N-
doped graphene models (Fig. S2), four types of N dopants including
pyridinic N, graphitic N, pyrrolic N and oxidized pyridinic N were
considered. It is worthy to note that the spin density of carbon
atoms remains unchanged for pyrrolic N or graphitic N doped
graphene, while obvious enhancement is observed for pyridinic N
and oxidized pyridinic N doped graphene. After further introducing
S atom into these four N-doped graphene models with different
positions between S and N atoms (Figs. S3eS6), we find that the
spin densities of carbon atoms increase in the S, pyrrolic N co-
doped graphene and S, graphitic N co-doped graphene models.
Notably, the S, graphitic N co-doped graphene model features the
highest spin density of carbon atoms. In the four-electron pathway
towards ORR, desorption of *OOH intermediate is determined as
the rate-determining step. As shown in Fig. S7, the *OOH inter-
mediate prefers energetically to adsorb on the carbon atoms with
higher spin density. Note that the OeOH bond of OOH intermediate
is elongated from 1.343 Å to 1.417 Å when it is adsorbed on carbon
atom, which will facilitate the breakage of OeOH bond. As indi-
cated in Fig. 1, the spin density of carbon atoms greatly increases
after S doping, with the highest spin density located at the C2 atom,
which indicates that inactive carbon atoms next to graphitic N
become active sites towards ORR [20]. These results indicate that
co-doping of S and N heteroatoms not only increases the catalytic
activity, but also governs the ORR active sites.

Inspired by DFT calculation results, we synthesized S and N co-
doped carbon (SNC) materials with satisfactory content of N and S
dopants. It was reported that porous and nanostructured materials
with high accessible surface areawould achieve better ORR activity.
As illustrated in Fig. 2a, sulfur spheres wrapped by a thin layer of
dopamine were first prepared (Fig. 2b and Fig. S8). Then the
resultant sulfur/dopamine core/shell spheres were carbonized with
urea at 1100 �C to obtain SNC nanosheet with porous structure
(Fig. 2c and d). The gas-phase sulfur during pyrolysis would enable
the ready formation of porous feature and facilitate higher content
of heteroatom doping owing to the permeation from core to
dopamine shell. The graphitic N is possible to be derived from both
dopamine and urea. During the calcination process, adding urea is
employed to further increase the content of N element. The content
of N element for SNC obtained by carbonization of dopamine with
urea (3.8%) is higher than that of SNC obtained without urea (2.0%).
Uniform distribution of S and N elements throughout the whole
nanosheet of SNC is revealed in Fig. 2e. The (002) carbon diffraction
peak of SNC sample is weaker compared with the NC sample
(Fig. 2f), indicating its lower graphitization degree due to hetero-
atom doping into the carbon skeleton. Raman spectra (Fig. 2g) show
that the ID/IG (intensity ratio of D band and G band) of SNC sample is
higher than NC sample, which is attributed to the disorder in the
nanostructure caused by heteroatom doping [21]. As shown in
Fig. S9, the N2 adsorption curves of NC and SNC samples both show
type-IV adsorption curves, indicating the presence of micropores
and mesopores. Besides, the SNC sample has larger Brunauer-
Emmett-Teller (BET) specific surface area than NC sample, which
can provide more active sites for ORR.

X-ray photoelectron spectroscopy (XPS) was further character-
ized to study the chemical nature of SNC and NC samples (Fig. 3 and
Fig. S10). The oxygen species can be deconvoluted into three con-
tributions (C]O, CeOeC and CeOH) in the high-resolution O 1s



Fig. 1. Spin density isosurface of graphitic N doped (gra-N) model and S, graphitic N co-doped (gra-N-S) graphene model. (A colour version of this figure can be viewed online.)

Fig. 2. (a) Illustration of synthesizing S and N dual-doped porous carbon (SNC) nanosheets. SEM images of the as-prepared (b) dopamine/S spheres and (c) SNC nanosheets. (d) TEM
and (e) corresponding EDS mapping image of SNC nanosheets. Scale bar: 200 nm. (f) XRD patterns and (g) Raman spectra of the SNC and N-doped carbon (NC) nanosheets. Intensity
ratio of D band to G band (ID/IG) is shown in (g). (A colour version of this figure can be viewed online.)
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spectra (Fig. S11). The oxygen contents and species of NC and SNC
samples are similar (Table S1 and Table S2), which is probably
ascribed to the same calcination temperature during the prepara-
tion process. As displayed in Fig. 3a, the high-resolution spectra of N
1s were fitted into four peaks including pyridinic N (398.6 eV),
pyrrolic N (400.5 eV), graphitic N (401.2 eV) and oxidized pyridinic
N (402.0 eV) [11,22,23]. The content of different types of N species
from XPS quantitative analysis are summarized in Fig. 3b and
Table S1. It can be observed that the percentage of pyridinic N for
the SNC sample is much lower than that of NC sample. The per-
centage of graphitic N for the SNC sample is markedly higher than
that of NC sample. It is reported that the S atoms can substitute the
edge carbon atoms of N-doped carbon skeleton, which would
concomitantly influence the composition of N species [24]. The



Fig. 3. (a) High-resolution N 1s spectra and (b) the atomic percentage of pyridinic N and graphitic N species for NC and SNC samples. (c) High-resolution S 2p spectrum of SNC
sample. (A colour version of this figure can be viewed online.)

G. Chao et al. / Carbon 159 (2020) 611e616614
thermodynamic energy barriers for S atoms substituting the edge
carbon and pyridinic N of N-doped carbon model is lower than that
of S atoms substituting graphite N [24]. Thus the doping of S atoms
would cause the different composition of N types for NC and SNC
samples. The spectra of S 2p (Fig. 3c) were fitted into three peaks of
thiophene S 2p3/2 (163.6 eV), thiophene S 2p1/2 (164.7 eV) and
oxidized S (C-SOX-C) (168.2eV) [25e27]. Notably, it is energetically
difficult to form covalent bonds between S and N atoms due to the
large distance between them [28]. As discussed in DFT studies, the
carbon atoms next to graphitic N become ORR active sites for SNC
samples, which suggests higher content of graphitic N would lead
to higher ORR activity. Thus, SNC samples with different contents of
graphitic N (Fig. S12, Fig. S13, Table S3 and Table S4) were also
synthesized as control, to investigate the effect of the graphitic N
content of samples on their catalytic activity.

To evaluate the ORR performance of SNC and NC samples, CV
and LSV of catalysts deposited on GCEs were measured in O2-
saturated 0.1 M KOH aqueous electrolyte. From Fig. S14, charac-
teristic reduction peaks are observed in the CV curves of both
samples in O2-saturated electrolyte, while no redox peaks are
found in the N2-saturated electrolyte. Notably, the potential of the
reduction peak for SNC sample is much more positive than NC
sample, indicating its higher catalytic activity towards ORR. The LSV
curves reveal that the SNC sample exhibits a more positive half-
wave potential (E1/2) than NC sample (Fig. 4a). Specifically, the E1/
2 (0.83 V vs. RHE) of SNC sample is much higher than that (0.79 V vs.
RHE) of NC sample, and even comparable with that (0.85 V vs. RHE)
of commercial Pt/C catalyst. We have further compared the elec-
trochemical performance of four SNC samples with different per-
centages of graphitic-N. As shown in Fig. S15, the half-wave
potential (E1/2) of these samples increases concomitantly as the
percentage of graphitic N species of samples increases, which ver-
ifies the dependence of ORR catalytic activity on the graphitic N
contents. Since the conductivities and morphologies of these four
SNC samples may be different, we have further analyzed the
electrochemical performance with currents iR-corrected and the
specific activities of samples with currents normalized to the BET
surface area, respectively. As shown in Fig. S16, the iR-corrected LSV
curves show that the SNC sample exhibits a more positive half-
wave potential than other samples, indicating its highest catalytic
activity. As shown in Fig. S17, the LSV curves (with current
normalized by BET surface area) indicate that the SNC sample ex-
hibits highest ORR activity among all samples. In conjunction with
the DFT results, the increased catalytic activity of SNC catalyst can
be attributed to its increased content of graphitic N. With the
conductivity and porous structure of samples considered, the ac-
tivity trends still remain dependent on the graphitic N contents of
samples. The SNC catalyst also exhibits higher catalytic activity
than NC catalyst in acidic media (Fig. S18), which is in accordance
with the activity trends measured in alkaline condition. As dis-
played in Fig. 4b and Fig. S19, the Tafel slope of SNC (98mV dec�1) is
much lower than those of NC (117 mV dec�1) and Pt/C (142 mV
dec�1), indicating its faster reaction kinetics.

In order to study the intrinsic activity of SNC and NC samples, we
obtained their active site density (SDm) using the double-layer
capacitance (Cdl) method (Fig. S20) [29,30]. The SDm of SNC sam-
ple (3.1 � 1020 sites g�1) is greatly higher than that of NC sample
(2.5 � 1020 sites g�1). Besides, the turnover frequency (TOF) based
on carbon atoms was then calculated to assess the intrinsic activity
of every single site (Fig. 4c and Table S5). The TOF of SNC sample is
0.38 � 10�3 s�1, which is much higher than that of NC sample
(0.24 � 10�3 s�1), indicating its enhanced intrinsic catalytic activity
after S doping. The TOF is based on the mole number of carbon
atoms on the electrode calculated via the total loading mass. The
enhanced TOF of SNC catalyst is in accordance with the increased
spin density of carbon atoms next to graphitic N after S doping
(from DFT studies in Fig. 1). Furthermore, the electron transfer
number and peroxide yield based on RRDE tests are also obtained
(Fig. 4d and Fig. S21). With electron transfer number closer to four
and much lower peroxide yield, the SNC sample demonstrates its



Fig. 4. (a) LSV curves of NC, SNC and commercial Pt/C catalysts on GCEs in O2-saturated 0.1 M KOH aqueous electrolyte at a scan rate of 10 mV s�1. (b) Tafel plots of NC, SNC and Pt/C
catalysts. (c) Comparison of turnover frequency for the SNC and NC at 0.6 V (vs. RHE). (d) Electron transfer number (n) and peroxide (H2O2) yield for the NC (blue), SNC (red) and Pt/C
(black) catalysts. (e) Stability evaluation of SNC catalyst at 0.71 V (vs. RHE), and i-t curves of SNC and Pt/C catalysts with addition of 1 M methanol (inset of e). (A colour version of
this figure can be viewed online.)
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higher catalytic efficiency and selectivity than the NC sample
[31,32]. The electron transfer numbers calculated from the
Koutecky-Levich plots of SNC sample at different potentials are all
near 4 (Fig. S22), indicating its stable four-electron ORR process.

Aside from intrinsic catalytic activity and selectivity, long-term
stability and methanol tolerance are also crucial factors of ORR
catalysts. As displayed in Fig. 4e, the SNC catalyst exhibits good
stability with negligible loss (8%) over 14 h. Besides, when exposed
to methanol, the SNC sample remains very stable while the com-
mercial Pt/C catalyst undergoes a sharp current decline (inset of
Fig. 4e). High catalytic activity, good stability and methanol toler-
ance, along with the cost-effective property of SNC catalyst, make it
prospective alternatives to Pt-based ORR catalysts.
4. Conclusions

In summary, we demonstrate that the inactive carbon atoms
next to graphitic N become ORR active sites after S doping, as
verified by the DFT calculations and experimental results. The
active sites of S and N co-doped carbon materials are different from
N-doped carbon materials where active sites are introduced by
pyridinic N. The co-doping of S and N heteroatoms not only in-
creases the intrinsic catalytic activity and selectivity, but also gov-
erns the active sites. This work provides insights for further
advancement of electrocatalysts via heteroatom doping.
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