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Although single-heteroatom doped porous carbon/tin (Sn) composites have been extensively studied, an overall
understanding of the effects of dual-heteroatoms doped porous carbon on the lithium storage properties of Sn is
still insufficient. Herein, we provide a green self-derived templating strategy to synthesize the nitrogen, sulfur co-
doped porous carbon/Sn composites (Sn/NSPC) with synergistic effect through one-step carbonization. The key
to this approach is the self-generation of NapCO3 template, and it is apt to eliminate with water directly. The
resultant NSPC can prevent the agglomeration of Sn particles. The synergistic effect is confirmed by density
functional theoretical (DFT) calculations, revealing that N, S co-doped improves the electronic conductivity. The
lithium storage mechanism and structural stability of Sn/NSPC electrode are researched via in-situ XRD and ex-
situ XPS. The obtained electrode affords a discharge capacity (200 cycles, 712.6 mAh/g at 0.1 A/g) and long-life
cyclability (2000 cycles, 330.1 mAh/g at 3 A/g). Additionally, the Sn/NSPC||LiCoOx full cell achieves excellent
discharge capacity (572.6 mAh/g at 0.1 A/g) while remaining impressive cyclability (440.6 mAh/g at 1 A/g).
This green and eco-friendly approach may be extended to the preparation of other heteroatom-doped carbon/Sn

composites.

1. Introduction

On account of the ever-growing requirements of power sources for
hand-held electronic apparatus and EVs, lithium-ion batteries (LIBs)
possessing high energy density have captured tremendous interest
[1-3]. Since the graphite anode possesses relatively poor specific ca-
pacity (372 mAh/g) [4]. great efforts have been attempted on the
development and preparation of alternative anode materials. Of the
alternative candidates designed, tin (Sn) exhibits tremendous potential
thanks to its large specific capacity (993 mAh/g) and proper operation
voltage [5,6]. Nonetheless, the massive volume variation of Sn upon
cycling results in inferior cycling life [7,8].

Considerable strategies have been taken to tackle the foregoing ob-
stacles, including preparing nanostructures [9] ,constructing a thin film
[10] or incorporating Sn with inactive metal elements [11,12], metal
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oxide [13] and carbon matrices [8,14,15]. Among these, the introduc-
tion of carbon matrices is regarded as to be one of the most efficacious
strategies to heighten the electrochemical properties of the Sn anode
[16]. Particularly porous carbon (PC) is exceptionally appealing as
matrix materials because it could provide short pathway for ion trans-
portation and raise the electrode contact with electrolyte [17]. When
coupled with Sn anode, the porous structure provides extra buffer space
for volume change of Sn and reduces the pulverization of Sn. Conse-
quently, the electrochemical properties of the Sn anode can be greatly
heightened.

Recently, heteroatom doping has been recognized as a valid way to
tailor and ameliorate the physical and chemical properties of PC mate-
rials [18,19]. Among various heteroatoms, the incorporation of nitrogen
(N) could introduce defects in carbon matrix, fortify the electronic
conductivity and supply more active sites, which is helpful for Li*
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storage [20,21]. The incorporation of sulfur (S) can alter the charge state
of the neighboring C atoms, enhancing adsorption ability [22]
Furthermore, S possesses larger atomic radius and smaller electronega-
tivity, contributing to promoting Li" diffusion [23]. It could supply extra
electron transfer path via C-S-C bond as well [23]. Meanwhile, S doping
is of great importance to increase the electrochemical activity of elec-
trode materials [24]. Given the individual characteristics of single
element doping for the enhancement of solely one aspect of properties, it
would be interesting to develop the PC materials with multi-element
doping, which is hopeful for ameliorating the overall performance of
the materials in view of the synergetic effect from the heteroatoms.
Typically, heteroatom doping PC materials could be achieved by tem-
plating method, where the porous structure is formed via in situ doping
heteroatom-embodying organics on the surface of templates, and then
through organic calcination and template removal [17]. However,
templating methods previously reported generally need the tedious
multiple steps, high-cost raw materials and harmful chemical reagents,
enabling it hard to mass production and unsuitable for practical appli-
cation. As a consequence, it will be greatly interesting to design a simple,
cost-effective and environmentally friendly self-derived templating
strategy for preparing dual-heteroatoms doped PC materials. More
importantly, the N, S co-doped PC has been widely researched in the
fields of Li-S batteries, supercapacitors, and LIBs [25-27], but has not
been employed in the Sn anode of LIBs so far.

In this work, we use low-cost thiourea (CH4N3S) and disodium
stannous citrate (DSSC) as raw materials to construct N, S co-doped
porous C/Sn composites (Sn/NSPC) via a facile self-derived templating
method, followed by removal of self-derived NayCOs template with
water directly, which avoids the tedious synthesis processes, expensive
raw materials and toxic chemical solvents in most template prepara-
tions. The pores are formed by the release of gas during the carboniza-
tion process. And the self-derived template (NapCO3) can further boost
the formation of pores. The formed pore structure can supply sufficient
diffusion channels for ion transportation and alleviate volume change
upon cycling. Furthermore, NSPC could arrest the agglomeration of Sn
particles. Meanwhile, NSPC could produce more active sites and defects,
improve the reactivity, conductivity, and increase the lithium storage
capacity of the anode materials. The synergistic effect is demonstrated
by Density Functional Theoretical (DFT) calculations, suggesting that
the NSPC could significantly raise the electronic conductivity, which is
instrumental in promoting the electron transfer and enhancing the
lithium storage capacity. Accordingly, Sn/NSPC electrode achieves high
discharge capacity, outstanding rate capability and long-life cyclability.
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A full cell Sn/NSPC||LiCoO; is also assembled and provides a high
discharge capacity.

2. Experimental section
2.1. Preparation of samples

The Sn/NSPC composite was synthesized via a simple one-step
carbonization process in a tube furnace, as displayed in Scheme 1.
Typically, 4 g of DSSC powder was mixed with 0.08 g of CH4N»S in a
ball-milling machine, and placed in a tube furnace and heated at 750 °C
for 1 h. Later the resultant powder was washed by deionized water to
eliminate the self-derived template (NapCO3) and finally obtained Sn/
NSPC composite. As comparison, the Sn/PC was made via the same
process except for the absence of CH4N2S. The nitrogen-doped porous
carbon/Sn composite (Sn/NPC) was also made under the same condi-
tions in the existence of urea.

2.2. Characterization

Scanning electron microscope (SEM, SUPER55/SAPPHIRE) and
transmission electron microscopy (TEM, FEI Talos F200S) were utilized
to record the morphology of samples. The Brunauer-Emmett-Teller
(BET) surface area was assessed by N adsorption/desorption isotherms
measurement. X-ray diffraction (XRD, Rigaku-D/MAX-3A with Co-Ka
radiation) was utilized to identify the crystal structure of products.
Raman spectra were performed by Raman system. Thermogravimetric
analysis (TGA) was implemented with a NETZSCH-STA409C instru-
ment. X-ray photoelectron spectroscopy (XPS) was conducted to analyze
the composition of samples. The in-situ XRD data were acquired via a
Rikagu Ultima IV instrument at 150 mA/g.

2.3. Electrochemical measurements

Acetylene black (20 wt%), carboxymethyl cellulose (10 wt%) and
active substance (70 wt%) were grinded in deionized water to form
homogeneous slurry, which was then coated on Cu foil. The loading
mass and thickness of the electrode were approximately 1.0-1.2 mg/cm?
and 20 pm, respectively. The coin-type cells (CR2032) were installed in a
glove box with Li foil (as counter electrode and reference electrode) and
Celgard 2400 (as separator). 1 M LiPFs in a mixture of ethylene car-
bonate/dimethyl carbonate (1:1, v/v) was utilized as electrolyte. Gal-
vanostatic charge/discharge (GCD) and galvanostatic intermittent

Sn/NSPC/Na2C0O3

Scheme 1. Schematic diagram of the fabrication processes of Sn/NSPC composite.



K. Liu et al.

titration technique (GITT) measurements were conducted from 0.01 to
3.0 V applying LAND-CT2001A. Cyclic voltammetry (CV) profiles and
electrochemical impedance spectra (EIS) data were obtained employing
a CHI660D electrochemical workstation. The full cells are assembled
using prelithiated Sn/NSPC as anode and LiCoO, as cathode. The
fabrication process of LiCoO; electrode was the same as that of Sn/NSPC
except that the Cu foil was changed to Al foil. The active weight ratio
between cathode and anode was around 5.5:1. To ameliorate the
coulombic efficiency, the Sn/NSPC anode was prepared by the pre-
lithiation process. The Sn/NSPC||LiCoO- full cells are cycled within
1.0-3.8 V. The specific capacity of the full cell was obtained from the
weight of Sn/NSPC.

2.4. Computational methods

The detailed computational methods [28-30] are available in Sup-
porting information.

3. Results and discussion

The morphology and microstructure of hybrids were harvested by
SEM and TEM. Fig. S1 describes the morphology of unwashed sample
after carbonization, showing the presence of self-generated template
(NayCOs), which is further demonstrated in XRD pattern (Fig. S2). After
being rinsed with deionized water, the Na,CO3 template is eliminated
and then PC is acquired. As portrayed in (Fig. 1a, b and c), Sn/PC, Sn/
NPC and Sn/NSPC display typical morphologies of PC and Sn particles
composites. Sn particles are dispersed into PC matrix, which could
validly tolerate the volume change and aggregation of the Sn particles.

Sn C
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The EDS mapping analysis unveils the distribution of Sn, C, N, S, and O
elements (Fig. 1d), suggesting the co-doping of N and S into PC, which is
also certified by XPS. From the TEM images (Fig. 1e and f), the Sn/NSPC
depicts the distributed Sn particles with diameter of about 200-600 nm
into the PC, which well supports the above SEM result. HRTEM image
(Fig. 1g) reveals a lattice spacing of 0.294 nm, assigning to the (200)
facet of Sn. Additionally, the TEM mapping further illustrates the dis-
tribution of Sn, C, N, S, and O elements (Fig. 1h).

The specific surface area (SSA) of Sn/PC, Sn/NPC, and Sn/NSPC
products were examined via Ny adsorption/desorption tests, as
described in (Fig. 2a and b). The SSAs of the Sn/NSPC and Sn/NPC are
successively 178 m?/g and 171 m?/g, which exceeds that of Sn/PC (141
m?/g). Moreover, the isotherms for the three samples exhibit the typical
IV curves, manifesting the presence of mesoporous structure. Compared
with the Sn/NSPC, the SSA of unwashed Sn/NSPC/NayCOs is only 0.98
m?/g, and the pore volume is negligible (Fig. S3), suggesting that the
self-derived template (Na3COs3) hinders the generation of pores. After
being rinsed with deionized water, the SSA and pore volume of the Sn/
NSPC are greatly increased, which indicates the formation of pores.
Therefore, the NapCO3 generated by carbonization is served as a sacri-
ficial template to support the formation of pores. The pore size distri-
bution curves (Fig. 2b) display that mesoporous are primarily
distributed at the diameter of about 3.8 nm. Higher SSA and mesoporous
structure of the Sn/NSPC not only can relieve volume changes during
cycling, but offer ample active sites for Li " diffusion and the penetration
of electrolyte [31,32].

XRD patterns (Fig. 2c) exhibit that all diffraction peaks correspond to
the tetragonal Sn. No peaks of C are detected, reflecting its amorphous
nature [33,34]. This is also supported via the Raman spectra (Fig. 2d).

0.294 nm

Fig. 1. SEM images of (a) Sn/PC, (b) Sn/NPC and (c) Sn/NSPC. (d) EDS mapping of Sn/NSPC. (e-f) TEM, (g) HR-TEM and (h) the corresponding mapping images of

Sn/NSPC.
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Fig. 2. (a) N, adsorption/desorption plots, (b) pore size distribution, (c) XRD patterns, (d) Raman spectra and (e) XPS full spectra of Sn/PC, Sn/NPC and Sn/NSPC,

high-resolution of (f) Sn 3d, (g) C1s, (h) N 1 s and (i) S 2p spectra for Sn/NSPC.

Two peaks at approximately 1341 and 1584 cm™! are indexed to the D
and G bands of amorphous C [35,36]. Furthermore, the Ip/Ig of Sn/
NSPC is 1.10, evidently higher than that of Sn/PC (1.05), implying that
more defects are generated in the PC as a result of N, S co-doping
[37,38].

To identify the surface chemical composition of samples, XPS mea-
surement was adopted. The XPS full spectra of unwashed Sn/NSPC/
NayCO3 composite shows the presence of Sn, C, O, S, N and Na elements
(Fig. S4), in which the Na element originates from the self-derived
template (NayCOs3). After being rinsed with deionized water, the
NayCOg template is eliminated. Therefore, the XPS full spectra of three
specimens authenticate the presence of Sn, C, and O elements, but no Na
element (Fig. 2e). Meanwhile, two weak peaks of N and S elements are
seen in Sn/NSPC. The S and N doping contents for Sn/NPC and Sn/NSPC
samples were determined by elemental analyzer (EA). The results indi-
cate that Sn/NPC sample provides 0.71 % N, while the S and N contents
of Sn/NSPC sample are 0.94% and 0.56%, respectively. The Sn 3d
spectrum is deconvoluted as four peaks (Fig. 2f), two strong peaks
correspond to Sn 3ds3/; (495.8 eV) and Sn 3ds,, (487.4 eV) because of
the partial surface oxidation of Sn/NSPC exposed to air [39,40]. Two
weak peaks at 485.4 and 493.7 eV are derived from Sn’. The C 1 s
spectrum (Fig. 2g) is deconvoluted as four peaks at 284.7, 285.8, 287.4,
and 290.6 eV, which is related to C-C/C = C, C-N/C-S, C= 0, and O = C-
O bonds in turn, indicating the incorporation of N and S into C matrix

[23,41]. (Fig. 2h) shows that the three deconvoluted peaks originate
from pyridinic-N (398.6 eV), pyrrolic-N (400.3 eV) and graphitic-N
(401.3 eV), respectively [42,43]. It is well known that the pyrrolic-N
and pyridinic-N can generate more defects and active sites in C ma-
trix, contributing to facilitating the Li" diffusion [36,44]. The graphitic-
N can heighten the electronic conductivity of C matrix [23,38]. The
peaks at 163.6 and 164.7 eV (Fig. 2i) are successively identified as S 2p3,
2 and S 2p; s, of carbon-bonded thiophene-like sulfur C-S-C, and the peak
at 168.5 eV is derived from C-SOy-C [45,46]. The introduction of S could
offer extra electron transfer route by C-S-C bond and meanwhile
enhance the electrochemical activity of electrode materials [23].
Furthermore, thiophene-S group is helpful for increasing the reversible
capacity [38]. Above analysis further demonstrates the successful co-
doping of N and S into PC, beneficial for improving the electronic con-
ductivity and reactivity, introducing active sites, and thus enhancing Li
storage ability.

To investigate the lithium storage property of Sn/NSPC electrode,
the initial three CV curves are given in (Fig. 3a). An irreversible
reduction peak at approximately 0.6 V is seen for the first cathodic scan
but disappears in the following cycles, which implies the generation of
SEI film [47]. Peaks between 0.35 and 0.65 V represent the formation of
LixSn in the cathodic scan [7,34]. In the anodic scan, the four peaks
within 0.5-0.82 V are originated from the de-alloying reaction of Li,Sn
[39]. In addition, there is a peak at around 3 V in the first cycle, which
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Fig. 3. (a) CV curves of Sn/NSPC at 0.2 mV/s. (b) GCD plots of Sn/NSPC. (c) Cycling performance at 0.1 A/g and (d) rate capability of Sn/PC, Sn/NPC and Sn/NSPC

electrodes. (e) Cycling performance of Sn/NSPC at 3 A/g.

vanishes in the next cycles. This may be associated with the presence of
oxygen in the system [48-50].

The first charge/discharge (CD) capacities of the Sn/NSPC electrode
are 1037.6 and 1179.5 mAh/g in sequence (Fig. 3b), corresponding to an
initial columbic efficiency (ICE) of 88.0%. The cycling performance of
three electrodes is plotted in (Fig. 3c). Intriguingly, the discharge ca-
pacity of the Sn/NSPC electrode decays from 1179.5 to 638.4 mAh/g
during the first 23 cycles, and then progressively raises to a maximum
value of 715.8 mAh/g at the 80th cycle. After that, the capacity trends to
stabilize (712.6 mAh/g) in the subsequent cycles, indicating outstanding
cycling stability. The Sn/PC and Sn/NPC electrodes also undergo a
similar electrochemical process. This phenomenon can be observed in
many previous Sn-based anodes, which is largely related to the

reversible formation of the polymeric gel-like layer deriving from elec-
trolyte decomposition [39,44,51-53]. Compared to the Sn/NSPC elec-
trode, the other two electrodes deliver relatively inferior discharge
capacities of 578.5 and 660.3 mAh/g in several, which is because of the
synergistic effect of N, S co-doping, improving the electronic conduc-
tivity, enhancing the electrochemical activity, and producing more
active sites, and thus leading to more available Lit storage sites [38,54].
The Sn/NSPC electrode presents good electrochemical properties
compared to previously Sn-based electrode materials (Table S1).

The Sn/NSPC electrode also achieves impressive high-rate capa-
bility, as unveiled in (Fig. 3d). Remarkably, the Sn/NSPC yields a
discharge capacity of 384.9 mAh/g at 3 A/g, while the other two elec-
trodes only afford 301.6 and 340.9 mAh/g. As plotted in Fig. S5, the
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semicircle diameter for the Sn/NSPC is smaller than that of the other two
electrodes, meaning that the Sn/NSPC electrode owns lower charge-
transfer impedance, which verifies that the Sn/NSPC displays higher
electric conductivity owing to N, S co-doping. The long-life cycling
performance of the Sn/NSPC electrode at 3 A/g was further assessed
(Fig. 3e). The discharge capacity of Sn/NSPC electrode can remain at
330.1 mAh/g after 2000 cycles and the CE is close to 100%, signifying
the superior cyclability.

To further evaluate the reaction kinetics of electrodes, the GITT
measurement was performed, as plotted in (Fig. 4a). The Li" diffusion
coefficients (Dy; ") are determined using Eq. (1) [18,55]:

4

V, AEg
Dy = mp V2 N

MgS~ "AE;

( )? )}

T
Herein, mp, Vy;, S, and My are individually the mass, molar volume,
area, and molar mass of electrode, 7 is the constant current pulse time,
and AEs is the difference of two consequent stabilized open circuit po-
tentials. According to the calculation results (Fig. 4b), the Dy; " values of
Sn/NSPC (in the magnitude of 108 cm?/s) are superior to that of the Sn/
PC (in the magnitude of 10° crnz/s, Fig. S6a) and Sn/NPC (in the range
0f10° t0 108 ecm?/s, Fig. S6b), which means the fast Li* diffusion ability
in the Sn/NSPC. The larger Dy;" for Sn/NSPC is owing to the fact that the
N,S co-doping can not solely increase the electronic conductivity of
electrode but also supply more defects and active sites on the carbon
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matrix, which can boost the Li* diffusion. In addition, the S atom forms a
C-S-C bond with the carbon, which can improve the electrochemical
activity of electrode and heighten the storage sites of Li, thereby pro-
moting the Lit diffusion.

To further understand the high-rate performance of Sn/NSPC elec-
trode, the kinetic analysis was investigated. The CV curves of Sn/NSPC
electrode show similar shapes as the scanning rate increases from 0.2 to
1 mV/s (Fig. 4c). In general, the charge-storage mechanism of electrode
complies with the following relationship [29,56]:

i=a 2)

Thereinto, a and b are adjustable parameters. To be more specific, b
= 0.5 implies a diffusion-controlled process, b = 1.0 means a capacitive
process. The b-values are 0.64, 0.81, 0.73 and 0.58, 0.74 (Fig. 4d),
separately, indicative of mixed diffusion- and capacitive-controlled
processes [57,58]. The capacitive contribution is determined with the
subsequent formula [32,59]:

i = kv + k' 3)

As exhibited in (Fig. 4e), a capacitive contribution of ca. 42.2% of the
total charge storage at 0.2 mV/s is acquired for the Sn/NSPC electrode.
As the sweep rate increases (Fig. 4f), gradually enhanced capacitive
contribution ratios from 42.2% to 64.5% vindicate the capacitive-
controlled behavior at high scan rates. In contrast, the CV results of
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Sn/PC (Fig. S7) present relatively low capacitive ratios on account of the
absence of N, S atoms.

Heartened by the electrochemical performance of half cells, the full
cells are assembled by employing the LiCoO; as cathode to evaluate the
potential practicality of Sn/NSPC anode. (Fig. 4g) portrays the CD
profiles of the Sn/NSPC||LiCoO full cell at 0.1 A/g. The full cell yields
an initial charge and discharge capacities of 855.3 and 686.4 mAh/g
(according to the anode active material), separately, with an ICE of
80.3%. After 100 cycles, a discharge capacity of 572.6 mAh/g is yielded
and CE exceeds 98% (Fig. 4h), revealing the potential practicality in full
cells. In addition, after 500 cycles at 1 A/g, the full cell can sustain a
discharge capacity of 440.6 mAh/g (Fig. 4i), illustrating the good
cycling stability.

DFT calculations were conducted for better understanding the elec-
tronic structure of samples. The calculated results indicate a large partial
density of states (PDOS) at Fermi level (Fig. 5a, ¢ and e), implying
intense metallic characteristic of Sn/PC family. Compared with the Sn/
PC (0.26, Fig. 5a) and Sn/NPC (0.36, Fig. 5c), the PDOS around the
Fermi level for the Sn/NSPC (Fig. 5e) is 0.42, suggesting that the Sn/
NSPC possesses higher electronic conductivity in view of the synergistic
effect of N, S co-doping. Specifically, peak values at Fermi level for Sn/
PC and Sn/NPC are only 0.26 and 0.36, respectively, while the peak
value for Sn/NSPC is 0.42. Better conductivity of one system means
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better charge transfer at the interface. To understand this, charge den-
sity maps at the interface of each system were calculated and rendered
(Fig. 5b, d and f). It is clearly shown that the N and S synergistically play
a charge channel role at the surface for the Sn/NSPC, while the syner-
gistic effect is only localized in C and N for the Sn/NPC. Therefore,
different types of atoms at the interface indicate that synergistic effects
are more likely to occur due to the different elements orbital energies
overlap, such as S-p, N-p and Sn-d overlap. The S-p orbital electron may
be more chance in multi-element system to the energy-similar orbital,
rather than in only one single or two element-composed system. In the
aspect of theory, this may explain why the Sn/NSPC has the best con-
ductivity among the three systems. Additionally, the electronic con-
ductivity of the sample was further evaluated by four-point probe
method. The average electronic conductivities of Sn/PC, Sn/NPC and
Sn/NSPC samples are tested to be 2.5 x 102, 4.6 x 102and 6.2 x 102/
cm, separately, which well supports the DFT calculations.

To further figure out the Li*-storage mechanism of Sn/NSPC elec-
trode, in situ XRD was conducted during the first two CD profiles at 0.15
A/g. From the 2D contour plots of the in situ XRD patterns (Fig. 6a), the
peaks at 36.1°, 38.6°, 41.3° and 44.0° are indexed to lithium sheet and
BeO (JCPDS NO. 35-0818), which are also observed in (Fig. 6b-c). In the
stage I (OCV-0.55 V) of the first lithiation process, the four peak in-
tensities of the Sn progressively decrease, which indicates a continuous

Fig. 5. Partial density of states and charge density difference between amorphous C and Sn of (a-b) Sn/PC, (c-d) Sn/NPC and (e-f) Sn/NSPC. Black, yellow and blue
represent C, S and N, respectively. Density map in yellow represents charge accumulation, and the density map in blue represents charge depletion.
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Fig. 6. (a) 2D contour plot of in situ XRD patterns and corresponding voltage curve for the Sn/NSPC electrode during the first two CD process. Selective in situ XRD
patterns at various (b) discharge and (c) charge stages. (d) Ex-situ Sn 3d XPS spectra of the Sn/NSPC electrode after 50 cycles, discharged to 0.01 V and charged to 3

V. (e) Raman spectra of the Sn/NSPC electrode before and after 50 cycles.

conversion reaction between the Li* and Sn. In the stage II (0.55-0.36
V), the peak intensity from the Sn continues to reduce until the Sn peaks
entirely vanish, suggesting the completion of the conversion reaction
with Sn transforming into LisSns (31.4°, 34.9°, 37.1°, 40.2° and 43.1°).
In the stage III (0.36-0.26 V), these peaks from the Li>Sns gradually
lower in intensity and disappear. Meanwhile, a new peak at about 35.9°
gradually appears, corresponding to the formation of LiSn. The occur-
rence of LiSn is stemmed from the alloying reaction between Li>Sns and
Li". In the stage IV (0.26-0.15 V), the peaks of LiSn gradually lower until
it vanishes thoroughly, followed by the emergence of a new peak situ-
ated at 38.3° (stage V, from 0.15 to 0.01 V). The new peak at 38.3° is
assigned to Li;Sna. Therefore, the Li*-storage mechanisms of Sn/NSPC
electrode can be concluded as “Sn — LizSns — LiSn — LizSns” during the
discharge process. The variations in the subsequent charging process are
inverse to the discharging process. The de-alloying/alloying reaction in
the next cycle is similar to that in the initial cycle.

The ex-situ XPS spectra were collected at various CD states and cycle
number for the Sn/NSPC electrode (initial discharge to 0.01 V, charge to
3 V and after 50 cycles). As exhibited in (Fig. 6d), two obvious peaks of
Sn 3ds,2 (487.2 eV) and Sn 3d3,2 (495.6 eV) are in accord with that of
fresh Sn/NSPC electrode (Fig. 2f), indicating the structural stability of
Sn/NSPC during the electrochemical process. The XRD pattern of Sn/
NSPC electrode after 200 cycles demonstrates its structural stability
again (Fig. S8). Furthermore, the Raman spectra of Sn/NSPC before and
after 50 cycles are displayed in (Fig. 6e). As the number of cycles raises
to 50, the line width of D-band adds as well, which suggests that
amorphous C becomes less ordered and possesses defects [48]. These

defect sites offer more electrochemically active locations, thereby
improving electrode specific capacity [48,60].

4. Conclusions

To sum up, we have successfully fabricated N, S co-doped porous
carbon/Sn composites with synergistic effect via a simple self-derived
templating strategy, in which NayCO3 generated by carbonization of
mixture of DSSC and thiourea is served as a sacrificial template. The N, S
co-doped porous carbon cannot only offer additional space to buffer the
volume variation but also introduce more defects in the C matrix for the
Li storage. More importantly, the DFT calculations confirm the syner-
gistic effect of N, S co-doping, which can effectively heighten the elec-
tronic conductivity. In addition, in-situ XRD reveals the detailed lithium
storage mechanisms. Worked as an anode in LIBs, the Sn/NSPC renders
the best lithium-storage properties among the three electrodes. Besides,
the full cell assembled reaches a discharge capacity of 572.6 mAh/g after
100 cycles and good cycling stability up to 440.6 mAh/g after 500 cy-
cles. In general, the Sn/NSPC composite possesses enormous potential as
a new anode material for the next generation high capacity LIBs.
Furthermore, this strategy herein has the advantages of decreasing the
synthesis cost and simplifying the synthetic routes that possesses a great
prospect for realistic application.
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