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S,N-co-doped porous carbon ( SNPC ) materials are good candidates for cathodic oxygen-reduction reaction ( ORR ) and

lithium-ion batteries ( LIBs ). However, SNPC has low yield and high cost. Herein, we reported a new and efficient method

of synthesizing S,N-co-doped mesoporous carbon material through the carbonization of S,N-containing precursors in

molten ZnCl,, where ZnCl, served as the ionic solvent and Lewis catalyst. The resultant SNPC-800 showed a mesoporous

structure with a specific surface area of 1235 m? /g and mesopore-size range of 10-45 nm, which was considerably larger

than those obtained through carbonization of ionic-liquid and fabrication of graphene oxides. Furthermore, ORR

measurements exhibit good catalytic activity, comparable to the commercial Pt/C catalyst. Also the SNPC-800 material

exhibited excellent good catalytic stability, and a high methanol tolerance compared to the commercial Pt/C catalyst.

Density functional theory calculation results revealed that the catalytic property originated from the synergistic effect of

S/N dopant and that the main catalytic reaction path followed an associative mechanism. LIB tests further showed high

reversible capacity, as well as excellent cycling stability and rate performance.

Introduction

Research on the exploration of high-performance proton-
exchange membrane fuel cells ( PEMFCs ) is largely stimulated
by their wide-ranging potential applicationsl. Generally,
PEMFCs involve a reaction between a fuel at the anode and an
oxidant ( e.g. O,) at the cathode using a catalyst to reduce
electrochemical overpotential. In particular, electrocatalysts
based on pure platinum and platinum—transition metal alloy
are gaining considerable attention’. However, given the low-
kinetic characteristic of oxygen-reduction reaction® ( ORR), it
usually requires a relatively high loading of precious Pt-based
catalyst4. This requirement continues to hinder the extensive
Therefore, identifying a
substitute for high-cost Pt catalysts is urgent.

commercialization of fuel cells.

The ordered matrix and unique electronic structure of
heteroatom-doped porous carbon ( PC) materials® with high
specific surface area and numerous active sites enable these
materials to be ideal metal-free ORR catalysts. Since the report
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of Jasinski on N-doped materialsG, much effort has been
devoted to investigate the controllable design of these
Notably, binary-doped PCs inherit individual
electronic effect and generate synergistic effect on the
catalytic reaction. Within this context, the nitrogen atom is
regarded as the most effective dopant atom because of its
electronegative property and odd-number electronic
configuration7. And sulphur atom, featuring p orbits in the
outermost shell, possesses unique electronic structure similar
with nitrogen atom but with different electronegativity8 and
atomic radius, which is likely to induce structural defects in
the matrix of PCs’. Consequently, one particular class of
binary-doped cases featuring S, N dopants has received great
interest because of its unique matching electronic structure of
S and N atoms™ *°. Traditional synthetic strategies of S, N-co-
doped PC are concentrated on the thiourea-etching carbon
materials and the carbonization of S,N-containing precursors,
such as organic molecule and ionic quuidmi, which have low
yield and high-cost deficiency. Following catalytic design
philosophy, these problems can be effectively resolved by
using of catalyst. Molten ZnCl, at high temperature shows
good solvents for S,N-containing azole and good catalytic
activity for the trimerization reaction™’. Previously, A. Thomas
et. al. reported the synthesis of covalent organic frameworks
by heating a mixture of nitrile and ZnCIzu. To date, the PC
materials prepared by this method are still not reported.
Meanwhile, lithium-ion batteries ( LIBs ) are attracting
tremendous attention because of their practical applications in
electric vehicles, laptops, personal digital assistants, and

materials.
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cellular phoneu. High energy and high-power densities are
prerequisites for the high-performance applications of LiBs™®.
However, to obtain LIBs with high-power densities is still a
great challenge because of the kinetic problems of the
electrode materials'®. Generally, high-rate ion and electron
diffusion in electrode materials of LIBs are very important for
high rate and high density. To this end, the use of porous
materials featuring ordered channel and high surface area has
been a successful strategy.

Herein, we reported an easy method of designing S, N-co-
doped mesoporous carbon materials with high specific surface
area through the carbonization of 2-aminothiazole in molten
ZnCl,. The resultant S,N-co-doped PC ( SNPC ) material shows
high ORR electrocatalytic activity in alkaline media.
Furthermore, density functional theory ( DFT ) calculation
results reveal that ORR follows associative mechanism, and the
catalytic activity is mainly derived from the synergistic effect of
S,N dopants. Moreover, this binary-doped carbon material
exhibits good Li-ion battery property.

Experimental
Materials

Anhydrous ZnCl, ( 98+% ), NiCl, ( 98% ), CoCl, ( 97% ) and
Commercial 20 wt % Pt/C were purchased from Alfa Aescar. 2-
Methylimidazole ( 98% ) and 2-Aminothiazole ( 97% ) were
acquired from Aladdin. Dibenzothiophene ( 98% ) was
obtained from J&K scientific Itd.. All solvents were obtained
from commercial suppliers and used without further
purification.

Synthesis of SNPC: SNPC-500, SNPC-600, SNPC-700 and
SNPC-800 were obtained under the same procedure except
the reaction temperature. A typical experiment for SNPC-500
was presented as follow: A sandwich-like mixture of zZnCl, (
0.8815g ), 2-Aminothiazole ( 0.1282g ) and ZnCl, ( 0.8815 g )
was placed into the ceramic crucible. Subsequently, the
mixture was put in a chamber oven with the exposure of a
nitrogen flow ( 30 ml.min™ ) at room temperature for 30 min,
and then heat treated at 500 °C for 8 hours under N,
atmosphere, with ramp rate of 5 °C.min™. The resultant black
powder was extensively washed using a 35% concentration of
hydrochloric acid to remove the residual Zn-contained
component. Next, the sample was washed several times with
deionized water and absolute ethanol, and dried in an oven for
3 h at 80 °C. Finally, the products were further heated to 200
°C for 2h to remove water and ethanol in the surface. The
obtained powder was denoted as SNPC-500. The vyield for
SNPC-500, SNPC-600, SNPC-700 and SNPC-800 are about 70%,

67%, 71% and 68% ( based on 2-Aminothiazole ).

Synthesis of single-doped NPC and SPC: In comparison to
SNPC-800 material, the only nitrogen-doped NPC-800 and
sulphur-doped SPC-800 were prepared using the same
procedure as described above for the synthesis of SNPC-800,
but using 2-Methylimidazole ( 0.105g ) and Dibenzothiophene (
0.2359g ) in place of 2-Aminothiazole ( 0.1282g ), respectively.

2| J. Name., 2012, 00, 1-3

Structural Characterization

The morphologies of samples and elemental mappings were
observed transmission electron microscopy ( TEM, Tecnai G2
F30 ) and scanning electron microscopy (SEM, Hitachi S4700).
X-ray powder diffraction ( PXRD ) patterns were recorded in a
Panalytical X-Pert pro diffractometer with Cu-Ka radiation. A
thermal gravimetric analyzer ( SDT Q600, TA Instruments Co. )
was applied to identify thermal stability, where samples were
heated at a rate of 10°C min™ from room temperature to
800°C in an Ar atmosphere. X-ray photoelectron
measurements were conducted on a Kratos AXIS Ultra DLD
instruments using 300W Al Ka radiation and C 1s peak at 284.5
eV as internal standard. The surfaces area based on the
nitrogen adsorption isothermal were recorded in an Surface
properties analyzer instrument ( 3Flex, Micromeritics ). Raman
spectra were recorded with a Renishaw 2000 model confocal
microscopy Raman spectrometer.

Measurement of ORR and LIB property

Electrochemical measurements were performed using a
three-electrode electrochemical cell. A Ag/AgCl electrode in
saturated KCl aqueous solution and a platinum wire were used
as reference and counter electrode, respectively. The
electrolyte contains 0.1 M aqueous KOH. The process of
loading the catalyst on glassy-carbon working electrode is
presented as follows: 1) Glassy carbon ( GC) electrodes (4 mm
diameter ) were polished with a 0.05/0.3 mm alumina slurry,
and subsequently rinsed with ultrapure water. 2) 0.2 mL of 5
wt % Nafion aqueous solution was added to 1.8 mL of ethanol
( 99.7+% ), and 2 mg of catalysts were dispersed in the as
prepared mixtures by at least 10 min sonication to generate a
homogeneous catalyst ink. 3) 10 pL ( 10ug catalyst ,7.96 X 10"
5g/t:m2 ) of the suspension was uniformly loaded onto as
pretreated glassy carbon electrode and was dried under an
infrared lamp. For comparison, 1 mg mL™ commercially 20 wt
% Pt/C was also used, 10uL of the 20 wt% Pt/C ink was dipped
on a as pre-treated glass carbon electrode. Before ORR
measurement, the cell was purged with high purity oxygen for
at least 30 min. In order to ensure O, saturation during the
recording of CVs, a flow of O, was maintained over the
electrolyte. The temperature of electrochemical measurement
was about 22 °C . Cyclic voltammetry ( CV ) curves were
measured at a scanning rate of 10 mV s ! within the potential
range from -1.0 to +0.2 V ( vs.Ag/AgCl/V ) using a CHI760E
electrochemistry working station ( Shanghai Chen hua, China
)-

The RDE linear voltammetry was performed by a CHI760E
and RRDE-3A ( ALS ) from -1.0 and +0.2 V ( vs.Ag/AgCl/V ) at a
scan rate of 100 mV s .. Rotating disk electrode ( RDE )
measurement: An Ag/AgCIl/KCl ( 3M ) and a Pt sheet were used
as reference and the counter electrodes, respectively. And the
same amount of the catalyst as CV used was dipped on a
rotating glass carbon electrode ( 4 mm in diameter ). The linear
sweep voltammograms with a scan rate of 10 mV st oat
rotating speeds range from 400 to 2025 rpm were recorded in
O,—saturated 0.1 M KOH. The reference of potentials was

This journal is © The Royal Society of Chemistry 20xx
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converted to the RHE, where the potential difference between
Ag/AgCl and RHE is 0.965 V',

The LIB properties of NPC-800, SPC-800 and SNPC-800 were
evaluated using CR2025 coin-type cells assembled in a glove
box under argon atmosphere. The working electrode was
fabricated by mixing active materials, conductivity agent (
Super P ), and polyvinylidene fluoride ( PVDF ) binder at a
weight ratio of 70:15:15 in a N-methyl-2-pyrrolidene ( NMP )
solvent. In order to identify the effects of Super P on LIB
properties, we also conducted reference experiments in the
mixture of active materials and PVDF ( 85: 15 ). The loading
mass of each working electrode was about 3 mg ( 2-3mg cm? ).
The lithium foil was used as both counter electrode and
reference electrode. A 1 M solution of LiPFg in the 1:1 ethylene
carbonate ( EC ) and dimethyl carbonate ( DMC ) solution was
used as the electrolyte with a Celgard membrane ( 2300 ) as
the separator. The galvanostatical charge ( Li* extraction ) and
discharge ( Li* insertion ) tests were conducted in the voltage
range of 0.0-3.0 V at different current densities using a Battery
Testing System at ambient temperature ( Shenzhen Neware
Battery, China ). Cyclic voltammetry ( CV ) curves were
measured at a scanning rate of 0.1 mV s within the potential
range of 0.0-3.0 V using a CHI660D electrochemistry working
station ( Shanghai Chen hua, China ).
impedance spectroscopy ( EIS ) measurements were
conducted in the tablet of 1.76 mm” x 0.20mm with the
frequency ranging from 0.01 to 10° Hz at room temperature by
Zahner Zennium electrochemical workstation.

DFT Computational Details

Electrochemical

All polarized DFT calculations were carried out using the
projector-augmented wave ( PAW ) ®method of Blochl, as
implemented in the ab initio VASP programls. PAW method
features the accuracy of augmented plane-wave methods as
well as the efficiency of the pseudo-potential approach. The
generalized gradient approximation ( GGA ) with Perdew Burke
Ernzerhof ( PBE ) Yformalism was used to describe the
exchange- correlation ( XC ) effects. One non-local correlation
vdW-DF'® based on opt88 functional was applied to correct the
long-distance dispersion interaction. 3s and 3p electrons of S,
2s and 2p electrons of C, N and O, and 1s electrons of H were
explicitly treated as valence electrons. The electron wave
function is expanded in plane waves up to a cutoff energy of

This journal is © The Royal Society of Chemistry 20xx
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450 eV and the integration in Brillouin zone adopts I' centered
9%x9x2 grid, which are verified to be enough accurate in the
calculation of total energy. The convergence of SCF was
assumed when the energy difference between two adjacent
circle is less than 1.0x10™® eV. The initial structures of SN PC, O-
SNPC, HO-SNPC and HOO-SNPC are fully relaxed until the
resultant Hellmann—Feynman force per atom is less than 0.02
eV/A. The adsorption energy were typically calculated
according to the formula: E,= E( X-SNPC )- E( X ) — E( SNPC))
( X= 0, OH, OOH ). On the assumption of real condition ( pH =0,
p =1 bar, T = 298K ), the difference of Gibbs free energy ( AG )
was simplified as this formula: AG= E, + AZPE-TAS- neU,
where n represents the number of transferring electron in
elemental reaction and U is labelled as equilibrium potential.
And the difference of zero-point energy ( AZPE ) and the
change of entropy AS were derived from the DFT calculation of
vibrational frequencies and standard table of gas molecules,
respectively. Herein, we neglect the temperature dependence
of enthalpy, as labelled as AH( 298K )= AH( OK ). Based on the
optimized structure, Spin density and frontier orbitals at
Gamma point were calculated by DMol software™ with PBEY
method and DNP* basic set.

Results and discussion
Structural Characterization

The morphology and structure of SNPC, NPC and SPC were
examined by scanning electron microscopy (SEM) and
transmission electron microscopy ( TEM ). Within this context,

J. Name., 2013, 00, 1-3 | 3
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Fig. 1 TEM images of SNPC-800 with a scale bar of 100 nm (a), 50 nm (b), and 5 nm (c). (d—g) EDX maps of SNPC-800, C, N, and S.

SNPC-800 was chosen as a typical example to discuss its
morphology and microstructure. The SEM images ( Fig. S1 )
shows hierarchical porous structure of SNPC-800. A distinct
fold and cavity of the irregular orientation of graphite layers
were identified using low-magnification TEM images ( Figs. 1la
and 1b ). This phenomenon was similar to previously reported
results with respect to highly PClei, indicating the formation of
vast graphitized-carbon frameworks. And the high-resolution
TEM image ( HRTEM ) shows that the amorphous carbon
materials was formed by the stacking of the curved graphene
layers ( Fig. 1c ). Elemental mapping images revealed that C
(red), N (orange ), and S ( yellow ) were uniformly distributed
on the entire surface of SNPC-800, as shown in Figs. 1d-1g.
Moreover, the morphology and structure of SNPC-500, SNPC-
600, and SNPC-700 were similar with SNPC-800 ( see Figs. S2-
S7 ). And both SEM and TEM images show NPC-800
hierarchical porous structure and
graphene, as shown in Figs. S8-S9. Meanwhile, we obtained
vast sulphur-doped SPC-800 solid carbon microsphere ( see
Figs. S10-S11 ), with diameter of about 500 nm, and S ( yellow )
was uniformly distributed on the entire surface of carbon
microsphere.

X-ray diffraction ( XRD ) patterns of the S,N-co-doped
samples, including SNPC-500, SNPC-600, SNPC-700, and
SNPC-800, are presented in Fig. 2a. Similar diffraction features
with a broad peak at approximately 20 = 26° corresponded to

feature multi-layers

This journal is © The Royal Society of Chemistry 20xx

the carbon peak ( 002 ) of crystal plane. As carbonization
temperature increases, the peak at approximately 26 = 43°

o
a) 9" spc.soo b) —SNPC-500
——SNPC-600
o ——SNPC-700
ifly 45 =SNPC-900.
z 2z
2 2 Yo/ls 1.39
3 s
z £
o/l 1.26
/ \_ols 1.25
10 2 0 0. % & 70 80 500 1000 1500 2000 2500 3000 3500
b Raman shift(cm”)
- 650
SNPC-500 C1s SNPC-500 Adsorption
c):supcmo = m d):suvc-soo Desorption
——SNPC-700 % ao0]  ——SNPC600 Adsorption
f— SNPC-600 Desorption
_ SNPC-800 2] ™ i
g o1s  Nis § 400
3 > 350
H H H 2 300
s 5 250
£ - s2p 3 2004
2 1504
' £ 100" ——SNPC-700 Adsorption
i, E 50 ~»—SNPC-700 Desorption
a 0 ~—+— SNPC-800 Adsorption
m' —a— SNPC-800 Desorption
nm =5 : . . .
8bo
Binging Energy(oV) 99 02 Mppts 08 10

Fig. 2 (a) PXRD curves of the SNPC samples obtained at different carbonization
temperatures. (b) Raman spectra of the SNPC samples. (c) Survey XPS spectra of the
SNPC samples. (d) Nitrogen adsorption/desorption isotherms of SNPC.

labelled as ( 100 ) crystal plane gradually increased, suggesting
the ordered degree in the crystal plane improveszo. However,
the product ZnS at the carbonization

resultant was

J. Name., 2013, 00, 1-3 | 4
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temperature of 900 °C( see XRD pattern in Fig. S12 ) because of
the full decomposition of organic molecules. To explore the
inner structure of SNPC, Raman spectroscopy was also
conducted. As displayed in Fig. 2b, Raman spectra showed a
disordered band at roughly 1338 cm'l, related to sp3 defects.
Moreover, the crystalline band at approximately 1582 cm™was
attributed to the in-plane vibration of sp2 carbon. Notably, the
D band was stronger than the G band with Ip/lg ratio of more
than 1.0 for all spectra, implying that a lot of defects exist in
SNPC samples. Furthermore, the ratio of Ip/lg gradually
increased from 1.25-1.45 with carbonization temperature
increases. This result was due to the fact that the defect of the
carbon matrix was prone to be induced at higher temperature.
The I/l ratio for SNPC-800 was greater than that of the other
samples, indicating more amount of defect atoms. However,
the lp/lg ratio for the NPC-800 was only 0.98 ( Fig. S13b ),
suggesting the existence of small amounts of defects, while
the Ip/lg ratio for the SPC-800 was 1.39, implying large
amounts of defects in SPC-800 ( see Fig. S14b ). The elemental
analysis ( EA ) results indicated the C, N, and S contents of
SNPC samples, as shown in Table S1. SNPC-700 contained the
highest 21.06 wt% nitrogen. However, not all N atoms were
incorporated into the graphitic lattice because a high N-doped
content could result in structural instability. The N contents at
the pyrolysis temperature of 500, 600, and 800 °C were 16.93
wt%, 20.05 wt%, and 14.82 wt%, respectively. With increased
pyrolysis temperature, S content gradually increased until
reaching the 3.86 wt% sulfur at 800 °C.

Moreover, X-ray photoelectron spectroscopy ( XPS )
confirmed the component of SNPC, NPC and SPC. As shown in
Fig. 2c, the XPS full spectrum showed a dominant Cls peak
(284.5 eV ), an Ols peak ( 532.0 eV ), an N1s peak ( 400.0 eV ),
and a visible S2p peaks ( 228.0 eV ). The existence of an Ols
peak in SNPC may be due to the incorporation of adsorbed
oxygen and H,O on the surface of SNPC sample. To further
investigate the chemical states of C, N, and S, the high-
resolution Cls, N1s, and S2p peaks were identified in detail.
The high-resolution spectrum of Cls in SNPC could be divided
into five single peaks, corresponding to C-S, C-C, N-C ( sp2 ),
N-C ( sp3 ), and S=C, as displayed in Fig. S15. In the high-
resolution N1s spectra of SNPC ( Fig. S16 ), the peaks of 398.3,
399.8, 400.9, and 402.5 eV were attributed to pyridinic
nitrogen ( N1 ), pyrrolic nitrogen ( N2 ), graphitic nitrogen ( N3 )
and S-N ( N4 ) atoms, respectively. Based on the intensity of
XPS ( Fig. S17a and b ), the N-binding configuration included
38.77% N1, 43.25% N2, 13.82% N3, and 4.36% N4 for SNPC-
800. Notably, with increased temperature from 500 —800 °C,
the S2p peaks gradually increased. To verify the experimental
reproducibility, we repeated the high-resolution S2p XPS
spectra of the re-produced SNPC sample and gained the same
results. As shown in Fig. S18, the S2p peaks can be resolved to
three different peaks: both of two peaks at 163.82 eV ( 165 eV,
S1 ) and 166.92 eV ( 168.1 eV, S2 ) can be assigned to the S
atoms in the moieties of C—S and C=S, and the peak at 168.22
eV ( 169.4 eV, S3 ) is attributed to the S atoms of N-S bonds. S
atoms had been successfully doped into carbon matrix by the
current method. In comparison to SNPC samples, high

This journal is © The Royal Society of Chemistry 20xx

resolution N1s XPS spectra of NPC-800 and S2p XPS spectra of
SPC-800 ( see Figs. S19 - S20) indicates the only nitrogen-
doped NPC-800 and sulphur-doped SPC-800. In addition, this
result coincided well with the Cls peak. Therefore, the
heteroatom modifications in the pristine graphite plane can
render more defects than those in the perfect ones, which is
beneficial for the charge transfer.

The porosity of SNPC, NPC and SPC were further confirmed
by N, adsorption experiment at 77.3 K, resulting in the
parameters of specific surface area, pore size, and pore
volume ( see Fig. 2d ). Scrutinizing the N, adsorption—
desorption isotherms showed that the distinct hysteresis loop
characteristic at the P/P, of more than 0.40 was found in the
four SNPC samples. Based on the definition criterion of
International Union of Pure and Applied Chemistry ( IUPAC ),
SNPC materials feature the mesoporous property. Specific
surface area is typically calculated by Brunauer-Emmett-Teller
method. SNPC-800 had higher specific surface area ( 1235
m?/g ) than SNPC-700 ( 1173 m?/g ), SNPC-600 ( 821 m?/g ) and
SNPC-500 ( 622m?/g ). With increased S content, specific
surface area also improved. Pore-size distributions calculated
by Barrett—Joyner—Halenda method showed that the pores of
SNPC-800 material are distributed in the scale of 10-45
nm( see Fig. S21 ), which is considerably larger than those
obtained through carbonization of ionic-liquidwi, and
fabrication of graphene oxides™* . Notably, the higher specific
surface area and broad pore-size distribution were mainly
beneficial for the transfer of reaction substrate, thereby
reducing the energy barrier of diffusion. Moreover, no
hysteresis loop was observed in the N, adsorption/desorption
isotherms of NPC-800, as shown in Fig. S13d, suggesting the
microporous trait, while SPC-800 with hysteresis loop above
P/P, of 0.60 shows mesoporous characteristic ( see Fig. S14d ).
Furthermore, the specific surface area of NPC ( 1195 m?/g )
SPC-800( 315 m?/g ) was smaller than that of SNPC.
Thermogravimetric properties were also performed in an
argon atmosphere at a heating rate of 10 °C/min71, indicating
thermostability improved with increased carbonization
temperature ( see Fig. S22 ). Notably, SNPC-800 exhibited
greater thermostability than pristine graphene.

Generally, N-doped, S-doped and S, N-co doped porous
carbon materials were successfully synthesized by one-spot
method. In this vein, ZnCl, acts as good solvent of C, N-
containing monomers as well as Lewis catalyst for the reaction.
In order to uncover the role of ZnCl,, we conducted reference
experiments using the same procedure as described above,
but using CoCl, and NiCl, in space of ZnCl,, respectively.
However, the final products are not black porous carbon but
Co/Ni-containing compounds ( see Fig. S33 ). Therefore, it is
found that molten ZnCl, play a critical role in the preparation
of porous material.

ORR properties

To evaluate ORR catalytic activity, we performed cyclic
voltammetry ( CV ) measurements of SNPC, NPC and SPC in O,-
saturated 0.1 M KOH electrolyte solutions at a constant active
mass loading and a scan rate of 10 mV s™*. NPC-800 and SPC-

J. Name., 2013, 00, 1-3 | 5
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800 material exhibited modest cathodic ORR peak ( 0.51 V for
SPC-800, 0.41 V for NPC-800) with a current density of —0.92
mA.cm” for SPC-800 and —1.2 mA.cm > for NPC-800.
Noticeably, SNPC-800 showed an ORR peak at the most
positive potential ( 0.63 V ), onset potential ( 0.86 V ), and
higher current density( —2.1 mA.cm > ) among all electrodes
( Fig. 3a ). And electrocatalytic activities of SNPC improve with
increased carbonization temperature. The superior ORR
activity in SNPC-800 hybrid can be concluded as three aspects.
Firstly, the ORR performance of SNPC-800 highly depended on
the content and types of doped nitrogen. According to XPS and
EA results, SNPC-800 has the most content of N1 and N2 in
spite of low total-nitrogen amount. These N atoms doped in PC
matrix is likely to trigger charge density on the C atoms
because of the larger difference in the electronegativity
between N and C atoms™. The resultant charge separation
promotes the adsorption of O, over catalyst and hence
improves ORR property. Secondly, doping sulfur atoms are not
active site of ORR, due to less difference of electronegativity
between C and S atom. However, these S atoms, featuring
two-pair local electron and larger atomic radius (110 pm ) than
C(70 pm)andN (65 pm ) atoms, can easily induce the
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Fig. 3 (a) CV curves of the samples in O,—saturated 0.1 M KOH; (b) LSV curves of the
samples on an RDE (1600 rpm) in an O,—saturated 0.1M KOH solution; (c)
Koutecky-Levich plots of the samples at —0.6 V( vs.Ag/AgCl/V ); (d) endurance test of
the samples for 2000 cycles in 0.1 M KOH. (e) The 1st and 2000th cycle voltammetry
curves of the samples in aqueous 0.1 M KOH saturated with O,.

polarization neighboring of C and N atoms, resulting in strain
and defect in carbon framework. These defects usually serve
as adsorption sites of substrate in ORR®. This improvement
was evidently concluded by comparison with NPC-800 and
SPC-800. Third, N, S—doped atoms affected the electronic
structure of carbon materials, resulting in the increases of
conductivity and electrochemical activity. This point can be
confirmed by the fact that the conductivity of SNPC-
800( 1.62x10° ¢ / cm” ) is larger than those of NPC-800

6 | J. Name., 2012, 00, 1-3

(1.10x107 o / cm®) and SPC-800 ( 8.60x10™°> o /cm’ ), as
shown in Fig. S. Therefore, catalytic activity of SNPC is much
better that N—doped21 and S-doped mesoporous carbons®™. In
conclusion, the excellent ORR activity of SNPC-800 was due to
the synergistic effect of N, S, and the mesoporous structure.

To gain further insight into the ORR process on SNPC-800
and NPC-800 catalysts, linear sweep voltammetry ( LSV )
measurements were conducted on a rotating-disk electrode
( RDE ) at different rotating speeds from 400-2025 rpm. Fig.
S23a shows that the current density of SNPC-800 increases as
the rotating rate increases, which is caused by the enhanced
diffusion of electrolytes. ORR onset potentials of each sample
were acquired from RDE LSV at 1600 rpm, as displayed in Fig.
3b. Evidently, SNPC-800 significantly showed better
performance than the 20 wt% Pt/C and other SNPC samples in
both onset potential and reaction current density. These
results indicated that N and S dual doping in our case was very
effective for ORR activity enhancement, and the possible
reason was that the dual doping can create larger numbers of
active sites toward ORRs. The Koutechye—Levich plots ( ' mA
cm™ ) of all samples were resolved from LSVs for different
potentials ( Figs. 3c and S23b ). The obtained plots showed
fairly good linear relations, hinting first-order reaction kinetics
toward dissolved oxygen and similar electron transfer number
for the ORR process at different potentials. Furthermore,
SNPC-800 showed high ORR current, which was surprisingly
insignificantly superior to NPC-800 and approached that of
Pt/C. The transferred electron numbers (n) ( Fig. S23c ) per
oxygen molecule involved in the ORR process can be identified
based on Koutechye—Levich equations. The electron number of
n=2.2,2.3 and 4.2 were responsible for NPC-800, SPC-800 and
Pt/C, respectively. The obtained electron number n for SNPC-
800 was 4.1 at -0.6 V ( vs.Ag/AgCl/V ), indicating that SNPC-
800 electrode follows a four-electron mechanism. This result is
good agreement with those reported previously4b’ 2,

An ORR electrocatalyst for fuel cells should have high
catalytic selectivity for cathode against
oxidation, especially when using small-molecule organic fuels

reactions fuel
such as methanol. These organic fuels can easily penetrate
through a polymer electrolyte membrane from the anode to
cathode, thereby compromising cell performance. Fig. S23d
shows that the ORR current for SNPC-800 remained
unchanged, whereas that for Pt/C sharply decreased after
adding 3 M methanol to a 0.1 M KOH solution saturated with
0,. This result indicated that SNPC-800 had high stability and
immunity toward methanol crossover in addition to its
excellent electrocatalytic activity. The durability of SNPC-800
and Pt/C was also evaluated through chronoamperometric
measurements at —0.2 V in O,-saturated 0.1M KOH solution for
2000 cycles ( Fig. 3d ). Evidently, SNPC-800 exhibited a high
relative current of 87% that still persisted after 2000 cycles. By
contrast, Pt/C showed a gradual decrease with a current loss
of approximately 30% measured after 2000 cycles. The CV
curves of the ORR before and after 2000 cycles for SNPC-800
and Pt/C ( Fig. 3e ) further confirmed that SNPC-800 exhibits
better stable performance than Pt/C for ORR. Overall, SNPC-
800 showed good ORR catalytic stability.

This journal is © The Royal Society of Chemistry 20xx
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Generally, SNPC-800 exhibited comparable ORR activity and
better stability than commercial Pt/C catalyst in 0.10 M KOH
solution, making it one of the best-performing metal-free
carbon ORR catalysts. The durability of SNPC-800 was superior
to that of the Pt/C catalyst. Furthermore, from the view of
practical application, this feature is particularly important.

LIB properties

Moreover, we evaluated the LIB properties of NPC-800, SPC-
800 and SNPC-800 by assembling CR2025 coin type cells,
where three samples acted as the anode materials of LIBs, as
shown in Fig. 4 and Figs S27-S31. All specific capacities had
been calculated on the total mass of the composites. Fig. S27a
shows the CV curves of SNPC-800 electrode at room
temperature between 0.0 and 3.0 V at a scanning rate of 0.1
mv s, Compared with the other cycle, the first discharge cycle
with large inevitable capacities below 1V can be ascribed to
the formation of solid electrolyte interface ( SEl ) layers
because of the side reactions on the electrode surfaces and
interfaces. From the second cycle onwards, the CV curves
almost overlapped, indicating the stable and superior
reversibility of SNPC. The charge/discharge profiles of SNPC-
800 sample at a current density of 0.1 Ag'1 between 0 and 3 V
are displayed in Fig. S27b. The first discharge and charge
capacities of SNPC-800 sample were 1340.66 and 678.35 mAh

15001 (@) —e—SNPC:800 ——NPC-800
O L ansn at Ruated it situsragtutug tatetteitadt 100
o =
1200+ e discharge capacity-SNPC-800 L
w & A c}'mrge capacil_\'-'S.\'PC-SOO INPC-308 180
S 9004 discharge capacity-NPC-800
13 4 charge capacity-NPC-800 160
&
‘s 600
g 40
8 [V TR o
300 s
20
commercial graphite NPC-800
04
T T T T 0
0 10 20 30 40 50
Cycle Number

Journal-ef-Materials-Chemistry A

g'l, respectively. The large capacity loss in the first cycle was
mainly attributed to the irreversible processes such as
inevitable formation of the SEI Iayerzg. The initial discharge
curve had a long slope, which can be assigned to the formation
of the SEI film and the insertion of Li*ions into carbon material.
The phenomenon was consistent with the previous CV curves.
Slow shrinkage of the charge/discharge curves after the first
cycle demonstrated good cycling stability. Meanwhile, from
the second cycle onward, SNPC-800 electrode showed the
fascinating cycling stability ( Fig. 4a ). The Columbic efficiency
steadily reached around 99% accompanied by the increasing
cycle number, indicating highly efficient Li*
insertion/extraction. Among the working anodes, the NPC-800

ion-

anode showed the lower capacity and decreased after 50
cycles, SNPC-800 anode exhibited the higher
electrochemical performance with enhanced capacity
retention. At the end of the 50th cycle, a reversible capacity as
high as 675.1 mAh g'1 can be retained for SNPC-800, whereas
NPC-800 and commercial graphite can deliver a specific
capacity of only 329.1 and 372 mAh g'l, respectively. Moreover,
with increased current density from 0.1-1 A-g'l, the discharge

whereas

and charge capacities remained stable and regularly decreased
with an enhanced rate ( Fig. 4b ). The corresponding reversible
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Fig. 4. LIB properties of the as-prepared samples. (a) Cycling performance and Coulombic efficiency of samples SNPC-800 and NPC-800 at a 100 mA g” current

density. (b) Rate performance of samples SNPC-800 an

capacities at 0.1, 0.25, 0.5, and 1 A-g'1 were 720.2, 671.3, 570.6,
and 467.5 mAh g'l, respectively. This phenomenon was mainly
due to the kinetic-limited effects of the electrochemical
conversion reaction in nature, rendering a higher overpotential
and a lower capacity at a higher current. Furthermore, the
capacity rapidly remained at 630.5 mAh g'1 and retains
excellent stability after another 55 cycles upon reducing the
rate to 0.1 Ag'l. Noticeably, the reversible capacities of SNPC-
800 anodes were always higher than NPC-800 and SPC-800
anodes, and they all had excellent cycling stability ( see Fig.
S27 ). In order to identify the effect of conductivity agent
( Super P ) on the LIB property, we also conducted parallel
experiments without conductivity agent, as shown in Figs. S28-
S31. The first discharge and charge capacities of SNPC-800
sample were 1473.28 and 828.73 mAh g'1 ( Fig. S28 ),
respectively, where the higher capacities can be attributed to

This journal is © The Royal Society of Chemistry 20xx

NPC-800 (current density unit:

mA g7).

extra 15% more active component of SNPC-800 than that of
preceding experiment with Super P. Meanwhile, the specific
capacities of NPC-800 and SPC-800 after 25 cycle are 360.37
and 385.82 mAh g'l, which is smaller than that of SNPC-800. In
this regard, this result generally demonstrates the effect of
Super P on the capacity is very small.

The good lithium-ion storage performance of SNPC-800 was
due to the S, N-co-doping, novel structure, and high degree of
graphitization. The porous networks, high specific surface
areas, and large numbers of pores provided a large space that
served as the reservoir for the storage of Li* ions and reduced
the diffusion length of Li* ions, Moreover, the stability of PC
guaranteed the sustainable cycles. By contrast, N, S-co-doping
improved the conductivity the
electrochemical activity of SNPC-800, which can generate high
capacity. Notably, high N?* and S*° contents in PC contributed

simultaneously and
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to a high specific capacity for Li storage, and their sites can
attract more Li* ions and adjust the electron properties of the
adjoining carbon atoms with the cycles. Therefore, SNPC
sheets of SNPC-800 can accept a greater charge than the
commercial graphite, SPC-800 and NPC-800.

DFT calculation for ORR Mechanism

To determine the ORR catalytic mechanisms, spin-polarized
DFT calculations for SNPC-800 were conducted. Based on XPS,
EA, and TEM results, the accurate structure of SNPC-800 was
difficult to be determined. The real model must consider the
arrangement of various N, S, and C components, leading to a
large number of possible configurations. Therefore, we had to
simplify the model of SNPC as graphitic N, S, and C atoms.
Essentially, the electronic effect of S atom on graphitic N was
similar to those of pyridinic nitrogen and pyrrolic nitrogen. In
view of the C, N, and S ratio of 25:5:1 obtained by EA results,
the initial geometry can be derived from the doping of 10 N

Journal Name

(a)

Fig. 5. Most stable structures of SNPC (a), O-SNPC (b), OH-SNPC (c), and OOH-SNPC (d)
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Fig. 6 Partial DOS of SNPC (a), O-SNPC (b), OH-SNPC (c), and OOH-SNPC (d) with the Fermi level of 0.0 eV relative energy.

atoms and 2 S atoms on the surface of 6 x 7 super cell
graphene. Geometrical optimization of SNPC was summarized
as the following three steps. First, 6 x 7 super cell graphene
was fully relaxed without any constraint. Second, the most
stable structure of ten N-doped graphene was resolved by step
by step. N doping prefers the para-position of graphene.
Finally, we searched the most stable structure of the two S
doping on N ten N-doped graphene ( Fig. 5a ), where the S
atoms are lifted away from the surface of graphene. Through

8 | J. Name., 2012, 00, 1-3

the consideration of all possible adsorption sites and initial
configurations, the adsorption properties of the three key
intermediates consisting of O, OH, and OOH were further
identified. As shown in Figs. 5b—5d, O preferred to be
adsorbed on S atom, whereas the preferred adsorption sites
for OH and OOH were the C atom around S atoms. The
adsorption energies were —1.39, —2.89, and —1.27 eV for O,
OH, and OOH, respectively. O, OH, and OOH had stronger
adsorption on SNPC. Scrutinizing Bader charge results revealed

This journal is © The Royal Society of Chemistry 20xx
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that after substrate adsorption, the atomic charge around
adsorption sites significantly changed. For the case of O-SNPC,
the O component endowed 1.17 electrons to S1 atoms,
whereas OH and OOH had 0.41 and 0.35 e from bonding C2
atom ( see Table S2 ), respectively. Noticeably, chemical bonds
were produced between substrates and SNPC. Thus, the spin
density of SNPC was distributed on the S atom and adjacent to
C and N atoms ( as shown Fig. S32a ), leading to the significant
enhancement of ORR catalytic activity. This conclusion is also
in line with that reported by Qiao®. The frontier orbital figure
of SNPC ( see Figs. S32b—d ) revealed that the highest occupied
molecular orbitals ( HOMO ), lowest unoccupied molecular
orbitals( LUMO ), and HOMO-1 concentrate on the 3p-dialing
orbitals of S, 2p-localized orbitals of N, and O near S atoms.
Hence, it is directly observed that S, N- doping atoms can act
as synergistic sites in ORR.

To examine the electronic effect of S and N atoms on SNPC,
partial density of states ( PDOS ) were further calculated for

pristine SNPC and O, OH, OOH-adsorbed SNPC, as shown in Fig.

6. After inspecting the four PDOS, we can conclude four
important points. First, no noticeable differences exist
between the states of spin up and spin down, implying weak
stronger spin polarizations on the most stable structure.
Second, the overlapping of PDOS between O and SNPC
validated stronger adsorption of the three key intermediates.
Third, for the case of SNPC, 2p PDOS of N, 3p PDOS of S, and
2p PDOS of C dispersed well in the vicinity of Fermi level,
resulting in effective overlap among them. This result enabled
synergistic catalysis. Fourth and last, for OH-SNPC and OOH-
SNPC with the C adsorption sites, the two main peaks of S
PDOS at -1.3 eV below the Fermi level showed a characteristic
similar to that of pure SNPC ( Figs. 6a, 6b, and 6d ), whereas
only one main peak existed at the same position for the O-
SNPC with the S adsorption site, as shown in Fig. 6b. The
phenomenon can be due to the fact that upon adsorption of
O* moiety to S1, the obtained electrons of S1 can transfer to
S2 and thereby produced a degenerate state, as confirmed by
the results of Bader charge. In conclusion, both S atoms can
also generate synergistic effect. Xia et al. indicated that the
Stone—Wales defect of S-doped graphene plays an important
role in the catalytic activity of ORR?, However, our calculation
results showed that no such defect existed in SNPC, and that
ORR performance can result from synergistic electronic effects
among N and S atoms from the view of PDOS.

Gibbs free-energy diagrams for ORR on SNPC can help
obtain quantitative information of reaction kinetics. In N-
doped graphene, Hu et al. found that ORR showed two
different mechanismszs, i.e., dissociative and associative
mechanisms, which involve five and three elemental steps,
respectively. The largest difference between them is whether
the OOH* moiety is produced on the catalyst. In the present

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Diagram of free energy at U = 0 and 1.23 V for SNPC under two different
mechanisms: dissociative (a) and associative mechanisms (b).

work, we calculated their Gibbs free-energy diagrams at the
equilibrium potential of 0 and 1.23 V, as displayed in Fig. 7.
Noticeably, the rate-determining steps were the formation of
OOH for associative mechanism and the formation of HO* for
dissociative mechanism. The reaction barriers, calculated by
the difference in Gibbs free energy between intermediates,
were 1.08 and 0.92 eV for associative and dissociative
mechanisms, respectively. dissociative
mechanism, the uphill of 0.15 eV continued to appear in H,0

However, for

formation, resulting in the required energy of 1.07 eV. For
associative mechanism, the formations of O* and H,0 were
exothermic reactions with released energies of 1.82 and 0.15
eV, respectively. Therefore, ORR on SNPC preferred associative
mechanism, which well agreed with experimental results.

Conclusions

We successfully designed a novel and efficient method of
synthesizing S,N-co-doped mesoporous carbon material,
where molten ZnCl, served as solvent and catalyst. This
method was simple, green, and able to produce high yield. The
resultant SNPC material exhibited higher ORR performance,
stability, and methanol tolerance than commercial Pt/C
electrocatalyst. SNPC also showed good LIB property. DFT
calculations demonstrated that ORR catalytic activity was due
to the synergistic effect of S,N dopants through an associative
mechanism. Therefore, this study presented a highly promising
metal-free electrocatalyst for alkaline fuel cells and anode
materials for LIBs. This new method of designing dual- or
multi-heteroatom-doped catalysts can serve as a general
strategy for synthesizing other carbon materials.
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Synergistic effect of S,N-co-doped Mesoporous Carbon Materials with High

Performance for Oxygen-Reduction Reaction and Li-ion batteries
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We reported a new and efficient method of synthesizing S,N-co-doped mesoporous carbon
material, which exhibit high performance for ORR and LIB properties.



