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Heterogeneous carbon-based materials with high porosity are attracting increased attention for energy
storage due to their enhanced capacity and rate performance. Herein, we report a sulfur-doped porous
carbon material, which is achieved by spray-drying and subsequent sulfuration. The porous structure can
provide vast diffusive tunnels for the fast access of electrolytes and sodium ions. Also, the S—C bond

R 4 20th March 2020 increases the electrical conductivity of the carbon frameworks and offers excessive reaction sites for
eceive th Marc . ) ) . . 1
Accepted 5th June 2020 sodium-ion storage. The elaborated carbon architecture enables a high capacity of 370 mA h g~ at

0.5 A g~! and provides an excellent rate performance for long-term cycling (197 mA h g~*at 2.0 A g~*

DOI: 10.1035/d0rad2556h for 650 cycles). Considering the scalable and facile spray-pyrolysis preparation route, this material is
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Introduction

Due to the rapid consumption of lithium resources, the
commercial production of lithium-ion batteries (LIBs) is seri-
ously restricted by the increasing price of lithium resources.*
Sodium-ion batteries (SIBs), with abundant reserves of raw
materials and reasonable energy density, are considered as one
of the most promising alternatives to LIBs.> Unfortunately, the
radius of sodium-ions is 55% larger than that of lithium-ions,
which makes it difficult to reversibly insert into electrode
materials.* Only a few materials for lithium-ion batteries are
suitable for accommodating sodium-ions. Therefore, the study
on high-performance and low-cost sodium-ion battery elec-
trodes materials is one of the most important directions for the
development of sodium-ion batteries. So far, including carbo-
naceous materials,* metals/alloys,” metal oxides,® a large
number of materials have been studied as anode materials for
SIBs. Among them, carbon-based materials are the most
potential anode materials for the commercial application of
sodium-ion batteries due to their low potential (vs. Na*), high
conductivity, good cycle stability, and low cost.”

Porous structure designing and element doping are used to
solve the problem of high irreversibility and capacity loss of
hard carbon materials.® Various technologies, including
hydrothermal carbonization, emulsion templating, ice tem-
plating, were studied to synthesize the porous carbon.’
However, most of them often need harsh reaction conditions or
high costs.” Therefore, as a facile and low-cost method for
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expected to serve as a low-cost and environmentally friendly anode for practical sodium-ion batteries.

synthesize of the porous carbon, spray-drying is highly desirable
for large-scale preparation. In this paper, S-doped carbon (SPC)
materials were introduced by a simple spray-drying method and
subsequent carbonization and sulfurization. The porous struc-
ture can promote mass transport and short diffusion distance,
while the S-doping could improve the electrical conductivity of
carbon by generating extrinsic defects. The pseudo-capacitance
mechanism delivers a fast adsorption/desorption process,
which is beneficial to the Na* storage. Thus, the material shows
superior sodium storage ability, excellent rate, and long-cycle
performance.

Experimental
Synthesis of SPC

The lab-scale spray drying system (Fig. S11) was used to prepare
the styrene butadiene rubber (SBR) powders. The SBR latex
(solid content 48%) for spray drying was bought from Nippon
A&l Inc. The temperatures at the outlet of the spray dryer were
fixed at 120 °C and 180 °C, respectively. The dried precursor was
ground with sulfur in an agate mortar and sealed in quartz tube,
then calcined at 650 °C for 2 hours to obtain the final samples.

Characterization

X-ray powder diffractometer (XRD, Bruker AXS D8 Advance),
and Raman spectrometer (Renishaw, in Via-reflex) were used to
characterize the phase structure, elemental constituents and
surface elemental state of the products. Field emission scan-
ning electron microscopy (FESEM; HITACHI-SU8200) and
transmission electron microscopy (TEM; Jeol-2100F) were
employed to confirm the size, surface morphology, and interior
structure of the samples.
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Electrochemical measurements

The electrochemical performances of the obtained samples
were tested in half coin cells (CR2032). The active material
(70 wt%), the conductive agent (Super P, 20 wt%), and the
binder (PVDF, poly(vinylidene fluoride), 10 wt%) were dissolved
in N,N-dimethylpyrrolidone (NMP) to form a uniform slurry.
The slurry was coated on a Cu foil and dried at 120 °C for 12 h.
The electrolyte is made up with NaClO, (1 M), propylene
carbonate and ethylene carbonate (1 : 1 volume%), and fluoro-
ethylene carbonate (5 wt%). The half coin cells were assembled
in a glovebox filled with Ar and the water and oxygen concen-
tration less than 0.1 ppm. The cycling test were performed on
a LAND battery testing system at room temperature with the
voltage ranges between 0.01 and 3 V. The CV and EIS were
performed on an Autolab modular electrochemical system
(Autolab PGSTAT302N). CV was conducted in the potential
window of 0.01-3.0 V, and EIS was conducted over a frequency
range of 100 kHz to 0.01 Hz after cycled for 1 round at
500 mA g~ .

Results and discussion

By collecting the SBR, S-doped carbon materials with porous
structure were prepared after subsequent carbonization and
sulfurization (Fig. 1a). For comparison, samples dried at 120 °C
and 180 °C were prepared and named as SPC-120 and SPC-180,
respectively. The crystalline structure of the samples was char-
acterized by XRD. As can be seen in Fig. 1b, for both SPC-120
and SPC-180, the carbon does not show a sharp diffraction
peak. All samples exhibit disordered carbon structure with
broad peaks of (002) planes at around 26 = 24.1°, which is
significantly shifted to lower angles compared with graphite.
According to Bragg's equation, the interlayer distance (doo,) of
the SPC-180 is calculated as 3.90 A, which is much larger than
that of graphite (3.35 A). Because the radius of S (102 pm) is
larger than that of C (77 pm), S-doping should be the main
reason for the enlarged d-spacing in the samples. The larger
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Fig. 1 (a) Illustration of the preparing process of S-doped porous
carbon material, and the (b) XRD patterns and (c) Raman spectroscopy
of samples as-prepared.
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interlayer distance will be more suitable for the insertion of
sodium-ions, and consequently contributes a higher capacity.*®
Besides, the reflection of sulphur was only observed in SPC-120,
which indicated that there were S particles remained in the SPC-
120 after heat treatment. Meanwhile, from the XRD pattern of
SPC-180, there is no peak can be ascribed to the polymer or
sublimed sulphur. The S is evenly distributed in SPC-180, which
was further confirmed by the EDS (Energy-dispersive X-ray
spectroscopy) mapping of SPC-180 (Fig. S21). Raman spectros-
copy was further applied to study the structure of these carbon
materials, and the results are shown in Fig. 1c. Both samples
demonstrate two broad peaks corresponding to the D band
(1345 cm™ ") and the G band (1590 cm™ '), respectively. The
graphitization degree of carbon can be obtained by calculating
the integral strength ratio (Ip/I;)."* The strength ratio of D- and
G-band (Ip/Ig) of SPC-180 and SPC-120 are 1.09 and 1.75,
respectively. Generally, the smaller the intensity ratio of the D
band to the G band (Ip/Ig), the better the graphitization and
well-ordered structure is. Thus, the partial graphitization degree
in these samples is beneficial to improving the electrical
conductivity.*”

The structure and morphology of as-prepared SPC-120 and
SPC-180 were analyzed by scanning electron microscopy (SEM)
and transmission electron microscope (TEM). It can be seen
from the SEM figures that both the SPC-120 (Fig. 2a) and SPC-
180 (Fig. 2b) mainly consist of a spherical structure with
a size of 2-10 pm. In the high-resolution SEM images of SPC-180
(Fig. 2¢), porous with diameter of about 10-50 nm are detected.
These pores were also detected from the TEM (Fig. 2e). In
contrast, the SPC-120 shows no obvious porous in SEM and
TEM image (Fig. 2d). The pores structure can provide a large
number of channels for the sulphur vapour penetrating the
interior of the carbon sphere. Besides, in the HRTEM of SPC-180
(Fig. 2f), lattice fringes with the spacing of 0.39 nm were
observed. It indicates that the spacing lattice fringes were
expanded after the doping of sulphur. This is corresponding
with the results from the XRD patterns.

XPS measurements were carried out to investigate the
surface element composition and chemical state of the samples.
As shown in Fig. 3a and S3, the XPS survey spectra confirm the

100 nm
—

Fig.2 The SEM images of sample (a) SPC-120 and (b) SPC-180, (c) the
SEM image of SPC-180 with higher resolution, the TEM images of (d)
SPC-120 and (e) SPC-180, and (f) the HRTEM image of SPC-180.
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Fig.3 XPS spectra of the as-prepared SPC-180: (a) C 1s spectrum, and
(b) S 2p spectrum.

existence of C, O and S in SPC-180. For the deconvolution of the
XPS C 1s spectrum of SPC-180 (Fig. 3a), two fitted peaks at 284.8,
285.7 eV binding energy can be assigned to C-C and C-S bond
vibration,' while the fitted peaks at binding energies of 286.6,
287.7 and 289.5 eV should be attributed to the vibration of C-O,
C=0 and COO", respectively."* For the deconvolution of the
XPS S 2p spectrum of SPC-180 (Fig. 3b), the fitted peaks at
binding energy of 165.2 and 164.0 eV is related to the S 2p,,, and
S 2ps., of elemental S and the fitted peak at 168.5 eV should
correspond to the Sulfonic acid configuration.” The deconvo-
lutions of the C 1s, and S 2p spectra of SPC-120 (Fig. S3c and d+)
are similar to those of SPC-180.

The cyclic performances of SPC-120 and SPC-180 at the
current density of 0.5 A g~* are shown in Fig. 4a and $4,}
respectively. For SPC-120 and SPC-180, the discharge/charge
capacity of the first cycle is 424/178 and 691/407 mA h g *,
respectively. The discharge plateau below 0.3 V for the initial
cycle could be attributed to the irreversible decomposition of
the electrolyte, the formation of solid-electrolyte interphase
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Fig. 4 (a) Cycling performances of SPC-120 and SPC-180 electrodes
at 0.5A gL (b) Rate performance of SPC-120 and SPC-180 electrodes
at the current density range from 0.1 Ag~*to 5A g% (c) Long-term
cycling performance of SPC-180 at 2 A g%
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nanodomains and nanovoids.' Therefore, the capacity reten-
tion rates of the two samples are 42% and 59% respectively.
Although both the two electrodes show relatively low initial
coulombic efficiencies due to the decomposition of electrolyte,
the coulombic efficiency quickly reaches nearly 100% after
several cycles, indicating their good structure stability. After 300
cycles, the reversible specific discharge capacity of SPC-180
remains at 370 mA h g™, which is significantly higher than
that of the SPC-120 electrode (221 mA h g™ '). Besides, both the
two samples have low capacity decay rate and stable coulomb
efficiency of about 100%. The reversible capacities of SPC-180
are much higher than that of SPC-120 and other reported
hard carbon.” It indicating that the S doping and porously
structure should be responsible for the performance. The
porous structure can enrich the sulphur doping and shorten the
ion diffusion distance, and the doped S could not only enhance
the electrical conductivity of carbon, but also provide excess
reaction sites for sodium-ion storage. The rate performance of
SPC-120 and SPC-180 were tested at current densities ranged
from 0.1 to 5 A g '. As shown in Fig. 4b, the SPC-180 electrode
not only has excellent sodium storage performance at room
temperature, but also better rate performance than SPC-120.
The specific discharge capacities of the SPC-180 were 446,
387, 335,297, 254 and 185 mA h g " at current densities of 0.1,
0.2,0.5,1,2 and 5 A h g™, respectively. When the current was
returned to the initial value, the specific capacity could be
almost fully recovered, indicating that the material had excel-
lent rate capability. Meanwhile, the discharge capacity of SPC-
120 is only 270, 223, 190, 159, 124 and 67 mA h g~ ' at current
densities of 0.1, 0.2, 0.5, 1, 2 and 5 A h g~', respectively.
Moreover, the SPC-180 electrode exhibited excellent stability
even at a high current density of 2 A g~". After 650 cycles, it
could still maintain a high capacity of 197 mA h g™ " (Fig. 4c).
The excellent rate performance of the SPC-180 can be attributed
to the porous structure, which can shorten diffusion distance of
Na" ions and electrons.'® The electrochemical performance of
SPC-180 electrode is better than most of the reported carbon-
based electrodes. The comparative results are listed in Table
S1.%

As shown in Fig. 5, because of the uniform distribution of S,
the semicircle in Nyquist plots for the SPC-180 electrode after
the first cycle represents charge transfer resistance. An
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Fig.5 EIS spectra of SPC-120 and SPC-180 after the first cycle and the
equivalent circuit (inset).
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additional semicircle in the middle frequency region of the
Nyquist plot appears, indicating an inactive SEI layer was
formed and coated onto the surface of SPC-120 after the first
cycle.” The R values calculated from the fitting results were
368 and 797 Q for SPC-180 and SPC-120, respectively. Therefore,
the Warburg impedance of SPC-180 electrode is smaller than
that of SPC-120, which is beneficial to the charge transfer and
the Na-ion storage properties.*

Pseudocapacitive Na* storage based on the fast absorption/
desorption kinetics can realize the high rate capability.
Herein, the sodium-ion storage kinetic of the SPC-180 electrode
was further investigated by conducting CV tests between 0.01
and 3.0 V under a sweep rate range from 0.2 to 1.0 mV s~
Generally, two kinds of sodium-ion storage modes exist in the
electrochemical system, the pseudocapacitive process derived
from the surface reaction, and diffusion controlled process
contributed by the intercalation. The contributions of the
pseudocapacitive process and the diffusion controlled process
can be described by the following equation:*

i=a’, (1)

where a and b are the adjustable values, i and v represent the
actual current and the corresponding scan rate, respectively. As
shown in Fig. S5a,t broad cathodic/anodic peaks are distinctly
observed on each curve. Thus, the b-values at different scan
rates can be calculated from fitting the log(v)-log(i) plot. As
shown in Fig. 6a, the SPC-180 has b-values of 0.74 and 0.91 for
anodic and cathodic processes, respectively, indicating the
pseudocapacitive controlled Na* storage mechanism. Thus, Na*
(de)intercalation in SPC-180 is fast to allow a high cycling rate.
Furthermore, according to the previously theoretical modern
proposed by Bruce Dunn et al.,** the current response at a fixed
potential is expressed as the combination of two separated
contributions of surface capacitive and diffusion controlled.
The ratio of pseudocapacitive contribution to total capacity
during the whole redox process can be further quantified
according to the equation:

i= le + kzl’l/z (2)

where k,, and k, are the proportionality constants that describe
the capacitive and the diffusion-controlled processes, respec-
tively. Using the measured current values (i) and the scan rates
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Fig. 6 (a) Linear relationship between log(i) and log(») at different

voltages. (b) The ratios of pseudocapacitive and diffusion controlled
contributions of SPC-180 electrode at different scan rates.
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(v), values of k; and k, of each process can be obtained. Fig. S5bt
shows the calculated portion of pseudocapacitive contribution
in SPC-180 electrode at the scan rate of 1 mV s~ . Fig. 6b further
listed the pseudocapacitive contributions are 42.27%, 47.78%,
52.14%, 55.13% and 57.68% at scan rates of 0.2, 0.4, 0.6, 0.8 and
1.0 mV s, respectively. It is clear that the higher the sweep
rate, the more the pseudocapacitive component. Due to the
improved sodium-ion diffusion and rapid electron transfer in
the pseudocapacitive process, the dominant pseudocapacitive
contribution for the SPC-180 electrode at high rates should be
responsible for its excellent rate performance.

Conclusion

In summary, S-doped carbon materials were prepared by spray
drying and subsequent carbonization using SBR as the carbon
source. When it is used as anode in sodium-ion battery, the SPC-
180 electrodes exhibit high capacity and stable cycling perfor-
mance at high rates. The excellent electrochemical performance
is beneficial to the excess reaction sites for sodium-ion storage
provided by S-doping, and the short sodium-ion diffusion
pathway of the porous structure. Furthermore, the pseudoca-
pacitive behaviour is the main reason for its high rate perfor-
mance. Overall, this work provides a low-cost way for large-scale
preparation of high-performance carbon based anode materials
for sodium ion batteries.
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