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Nitrogen and sulfur co-doped porous carbon spheres (NS-PCSs)
were prepared using L-cysteine to control the structure and the
functionalization during the hydrothermal reaction of glucose
and the following activation process. As the sulfur hosts in Li-S
batteries, NS-PCS combine strong physical confinement and
surface chemistry interaction to improve the affinity of
polysulfides to carbon matrix.

The lithium-sulfur battery has attracted significant attention due to
its high specific energy density (2600 Wh kg™), non-toxicity and the
abundance of sulfur in nature.' However, there are two drawbacks to
using sulfur: its low utilization due to its inferior electronic
conductivity, and a rapid capacity fade resulting from the high
dissolution of the soluble intermediates during the charge-discharge
process. An effective strategy to solve these problems is to select
specific carbon materials as hosts for the sulfur, such as graphene,”?
carbon nanotubes,4 porous carbons fibres,5 and porous carbon,ﬁ‘ " to
increase the utilization of active material and alleviate the
dissolution of polysulfides into the electrolyte. Carbons with a large
surface area and a hierarchical pore structure are therefore preferred.
Additionally, several studies have shown that doping carbon
materials with heteroatoms (nitrogen, boron, sulfur and
phosphorous) is a promising way to further improve the electric
conductivity and electrochemical activity.® N-doped carbons have
been proved to promote the interaction of sulfur atoms with the
carbon matrix.” Sulfur doping can also enhance the affinity of
polysulfides to the carbons with better cycling behaviour.'® " Zhou
et al.'* presented a Li/polysulphide battery with a high-energy
density and long-cyclic life using three-dimensional nitrogen/sulphur
co-doped graphene sponge electrodes. Thus, it is vital to design a
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novel carbon material, which not only possesses a high specific
surface area (SSA) and a hierarchical pore structure to obtain a high
loading of sulfur and facilitate fast Li ion and electron transport, but
also has a specific surface chemistry to increase the affinity between
the polysulfides and the carbon matrix. However, in most cases, the
structure control and functionalization are two separate processes
which result in a complex preparation method. Moreover,
functionalization after the formation of a complex pore structure
may not be uniform and always results in a low doping level.

Here, we propose a simple yet effective strategy to turn glucose-
derived carbon spheres with a microporous structure into
heteroatom-doped porous carbon spheres with a hierarchical pore
structure by introducing an agent in the preparation process that
serves two functions. More interestingly, the doped carbons have
much larger size than the undoped ones. Typically, N and S co-
doped porous carbon spheres (NS-PCSs) are prepared through a
simple hydrothermal treatment of D-glucose and L-cysteine and later
KOH activation. The L-cysteine not only acts as a functionalization
agent to provide the source for N and S doping, but also as a pore
structure modifying agent to turn the microporous structure into a
hierarchical pore structure. The NS-PCSs obtained have a high
specific surface area (SSA) of 2583 m” g™, a large pore volume (2.6
em’® g') and a broader pore size distribution, from micropores to
mesopores, which provide space for high sulfur loading. They also
accommodate the volume expansion of sulfur during charge-
discharge process and facilitate fast Li ion diffusion. In addition, the
in-situ N and S co-doping guarantees the uniform distribution of the
doping elements and further increases the affinity of polysulfides to
the carbon surface (Fig. S1, ESIT). As a result of the synergistic
effect of pore structure and surface functionalization, the prepared
NS-PCS/sulfur (NS-PCS/S) hybrid exhibits a high capacity, an
excellent rate capability as well as a stable cycling performance.

The preparation process of the NS-PCS is illustrated in Fig. 1a. D-
glucose as a carbon source was first dissolved in deionized water to
form a homogeneous solution and then L-cysteine, as a source of
both nitrogen and sulfur, was added under stirring to this solution
with a L-cysteine/glucose weight ratio of 1:5. The uniformly mixed
solution was filled into a Teflon liner where it underwent
hydrothermal treatment, and the obtained carbon spheres were
collected, washed and dried. Finally, the carbon spheres went
through a KOH activation process to obtain the NS-PCSs. For
comparison, porous carbon spheres (PCSs) were also prepared under
the same conditions but without L-cysteine. The NS-PCSs and the
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PCSs were infiltrated with S using a melt-infusion method to obtain
NS-PCS/S and PCS/S hybrids. The detailed preparation process is
provided in the Supporting Information.

The structures of the PCSs and NS-PCSs were investigated by
scanning (SEM) and transmission electron microscopy (TEM). As
shown in Fig. 1b, the PCSs have a spherical shape and a certain
degree of agglomeration. When adding the L-cysteine as nitrogen
and sulfur source, the NS-PCSs still have a uniform spherical shape
with a size range of 5-8 um and a rough surface (Fig. 1c). From a
comparison of the NS-PCSs and PCSs, we can see that the NS-PCSs
have a much larger particle size than PCSs, indicating that the
addition of L-cysteine affects the growth of the carbon spheres in the
hydrothermal process, which is mainly attributed to Maillard type
reactions. While both amines and thiols of the L-cysteine can react
with the aldehyde group of the glucose molecule and give rise to a
variety of products which result in the early formation of nucleation
seeded larger size.'> ' The detailed process is being investigated. A
high-resolution TEM image shows their amorphous nature (Fig. 1d
and e), but no obvious differences between them can be observed.
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Fig. 1 (a) Schematic of the synthesis of NS-PCSs and the NS-PCS/S
hybrid. SEM images of (b) PCSs and (c) NS-PCSs. TEM images of
(d) aPCS and (e) a NS-PCS.

The structural difference between PCSs and NS-PCSs can be well
reflected by the N, adsorption-desorption isotherms. The isotherm of
NC-PCSs shows combined characteristics of type I and IV isotherms
according to the IUPAC classification (Fig. 2a), which indicates the
presence of a broad pore size distribution ranging from micropores
to mesopores. From the pore size distribution (PSD) result (Fig. 2a,
inset), besides micro-pores of around 0.8 nm and 1.2 nm diameter,
mesopores of diameter 3-6 nm exist forming a hierarchical pore
structure, which is beneficial for restricting the dissolution of
polysulfides and facilitating the fast migration of Li ions. The
specific surface area and pore volume of NS-PCSs are about 2583
m? g and 2.6 cm® ¢!, respectively, which are much higher than the
values for PCS (2157 m® g" and 1.17 ecm® ') and reported porous
carbon spheres.'> '® The PCSs mainly shows a type I isotherm
indicating its microporous structure which is consistent with the PSD
result shown in Fig. 2a. These results clear show the L-cysteine not
only affects the formation process of the carbon spheres but also acts
as a pore modifying agent, possibly due to its ultralow charring yield
in the activation process leaving abundant pores. Raman spectra
further show the structural differences of NS-PCSs and PCSs. In Fig.
2b, the two samples show two evident peaks around 1348 and 1594
em’!, which correspond to the D and G bands, respectively.!” The
intensity ratios (Ip/Ig) for PCSs and NS-PCSs are 1.04 and 1.15,
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respectively. The increased value for NS-PCSs is possibly caused by
defects in the carbon framework and heteroatom doping.'®
Heteroatom doping caused by the L-cysteine was further
elucidated by X-ray photoelectron spectroscopy (XPS). The XPS
survey spectrum of NS-PCSs (Fig. S2a, ESI{ ) shows four
characteristic peaks at around 164, 285, 399 and 532 eV,
corresponding to the S2p, Cls, N 1s and Ols, respectively. The
elemental contents of N and S in NS-PCSs are 2.05 wt% and 0.56
wt%, respectively. In addition, the element analysis shows the
nitrogen and sulfur content in the NS-PCS are about 2.85 wt% and
0.95 wt%, which is in accordance with the XPS results, indicating
the uniform distribution of N and S elements in bulk particles. For
PCSs, no N and S signals can be detected (Fig. S2b, ESIT). High-
resolution Cls spectra of NS-PCSs (Fig. S3b, ESIT) can be divided
into several peaks corresponding to C-C (284.5 eV), C=N/C-OH
(285 eV), C=0 (285.6 eV), O-C=0 (289.1 eV), C-S (283.8 eV) and
C-N (287 eV), which is different from PCSs (Fig. S3a, ESIt).” As
shown in Fig. 2c, the Nls spectrum is divided into three typical
peaks located at 398.4, 400.1 and 401.2 eV, which are attributed to
pyridinic, pyrrolic and graphitic nitrogen, respectively.?' The
existence of pyridinic-N and pyrrolic-N helps improve the
electrochemical activity.?> Meanwhile, nitrogen doping in the carbon
material can effectively increase chemical adsorption between sulfur
atoms and functional groups on the carbon.?® In the S2p spectrum of
the NS-PCSs (Fig. 2d), the peaks at 163.8 and 165.0 eV represent S
atoms connected to carbon atoms, and the peak at 168.8 eV belongs
to oxidized S (SO,). Doping S in the NS-PCSs can positively modify
the catalytic properties as reported for some S-doped materials.>* >
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Fig. 2 (a) Nitrogen adsorption-desorption isotherms and pore-
size distributions (insets) of the NS-PCSs and PCSs. (b) Raman
spectra of the NS-PCSs and PCSs. High-resolution (c) N1s and
(d) S2p XPS spectra of the NS-PCSs.
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To have a sulfur/carbon electrode for Li-S battery, sulfur is
infiltrated into the NS-PCSs matrix by a melt-diffusion method. The
SSA of the NS-PCS/S hybrid is reduced to 260.2 m®> g and some
micropores and small mesopores still exist (Fig. S4, ESIT), which
facilitate the ion diffusion in electrochemical reactions. These results
also indicate that some sulfur are not immersed into the pores, which
can be further proved by the TG results discussed later. The sulfur
content of this hybrid is about 64.5 wt%, which is demonstrated by
TG-DSC curves (Fig. S5a, ESIT). For the TG curves of NS-PCS/S
hybrid, it shows two weight loss at around 160 °C and 260 °C, which
can be attributed to the loss of the sulfur situated at the outer surface
and confined in the pores of the carbon spheres, respectively.2® The
sulfur at the surface contributes the strong diffraction peaks in the
XRD patterns (Fig. S6, ESIt). In addition, sulfur in the pores of NS-
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PCSs and PCSs shows higher thermal stability than pure sulfur due
to the strong capillary force (Fig. S5, ESIt).”” STEM images of the
NS-PCS/S hybrid and the corresponding carbon and sulfur (Fig. S7,
ESIf) elemental maps also show that sulfur has uniformly dispersed
in the NS-PCS framework. The linear analysis (Fig. S8, ESIf) along
the diameter of the NS-PCS/S hybrid further proves the uniform
distribution of the sulfur in the sphere.
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Fig. 3 (a) CV curves and (b) discharge-charge voltage profiles of the
NS-PCS/S hybrid at 0.3C. (c) Discharge capacities at different
current rates and the cycle performance of the NS-PCS/S and PCS/S
hybrids at (d) 0.1 C and (e) 0.3C.

Coin cells (2032) using metallic lithium as the anode and the NC-
PCS/S hybrid as the cathode were assembled to evaluate the
electrochemical performances. For comparison, the performance of
the PCS/S hybrid (with similar sulfur content, Fig. S5b, ESI{) was
also investigated under the same conditions. Fig. 3a presents the CV
curves of the NS-PCS/S electrode with a scan rate of 0.1mV s, Two
main cathodic peaks at about 2.30 V and 2.05 V in the first cycle are
attributed to the change of sulfur to higher-order lithium polysulfide
(Li,S,, 3<n<8) and the further reduction of high-order lithium
polysulfides to Li,S, and eventually to Li,S, respectively.® Two
oxidation reaction peaks are observed in the NS-PCS/S electrode, the
first peak at 2.38 V is associated with the formation of Li,S;, (3<n<8)
and the second peak at 2.48 V corresponds to the formation of
elemental sulfur.”® The CV curves are almost overlapping for the
first five cycles, suggesting high reversibility, which is superior to
that shown by PCS/S hybrid (Fig. S9, ESIf). The discharge-charge
voltage profile (Fig. 3b) displays a high initial discharge capacity of
~938 mAh g (based on the mass of S) at 0.3C (1C=1675 mA g").
In contrast, the capacity of the PCS/S hybrid is only 675 mAh g
(Fig. 3c). Moreover, two typical discharge plateaus at around 2.3V
and 2.05V are observed, which correspond to the two reduction
peaks in Fig. 3a. After 100 cycles, the plateaus still exist, indicating
good stability. Fig. 3c shows the rate performance of the NS-PCS/S
and PCS/S hybrids, with the former showing a much better
performance. Fig. 3d gives the cycling performance of the NS-
PCS/S and PCS/S hybrids at a rate of 0.1C. The NS-PCS/S delivers
a high specific capacity of 1265 mAh g in the initial cycle and 1032
mAh g after 100 cycles. In contrast, the capacity of PCS/S dropped
from 1100 to 605 mAh g'. A prolonged cycling test was also
conducted for NS-PCS/S and PCS/S hybrids at 0.3C (Fig. 3e), an
initial discharge capacity of 942 mAh g' was delivered and the
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reversible capacity still remained 629 mAh g™ after 300 cycles with
only 0.11% capacity fade per cycle, which is higher than the PCS/S
hybrid (335 mAh g"). In addition, we also prepared the nitrogen
doped porous carbon spheres (N-PCSs) as sulfur host, which shows
relatively inferior electrochemical performance than NS-PCS/S
hybrid (Fig. S10, ESIT), further testifying the N, S co-doping can
further improve the performance of a C/S electrode compared to the
N only-doped case.

Generally, the excellent electrochemical performance of NS-
PCS/S can be ascribed to the synergistic effect of a hierarchical pore
structure and N and S co-doping. On the one hand, the hierarchical
pore structure of the NS-PCSs not only provides a large space for
high sulfur loading, but also effectively traps the intermediate
polysulfide and facilitates fast Li ion immigration. On the other
hand, the N, S-codoping increases the conductivity and
electrochemical activity of the NS-PCSs. More importantly, N and S
codoping can further increase the chemical adsorption between
sulfur atoms and oxygen functional groups on the carbon framework,
and thus improve the cyclic stability. The EIS measurement further
supports the above points (Fig. S11, ESIf). The semicircle in the
high frequency region corresponds to the charge-transfer resistance
(R occurring at the electrolyte-electrode interface and the straight
line in the low frequency region corresponds to a semi-infinite
Warburg diffusion process.*® Before discharge, the charge-transfer
resistance (R.) of NS-PCS/S is 28.1Q while this value for PCS/S is
39.4Q, which can be attributed to the increased conductivity and
electrochemical activity originating from the N and S doping and the
strong interaction between the heteroatoms and the sulfur.

In summary, N and S co-doped porous carbon microspheres with
a large SSA and a hierarchical pore structure were prepared by using
a chemical, L-cysteine that serves as two functions. It not only acts
as the heteroatom doping source but also a pore modifying agent.
Due to the synergistic effect of the hierarchical pore structure and
the N and S co-doping, the NS-PCS/S hybrid cathode delivers a high
initial capacity of 942 mAh g and maintains a reversible capacity of
629 mAh g™ after 300 cycles at 0.3C with only 0.11% capacity fade
per cycle. This work not only provides a new carbon material for use
in high performance lithium-sulfur batteries, but also presents an
effective strategy to simultaneously tune the structure and surface
chemistry of carbon materials by selecting and introducing suitable
multi-functional agents although the detailed process are awaiting a
detailed investigation.
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