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Multifunctional sandwich-structured
double-carbon-layer modified SnhS nanotubes with
high capacity and stability for Li-ion batteries

Jia Luo, Huaiyu Li, Guo Yu, Wenyuan Xu, Hong Yin2* and Zhaohui Hou ) *

Tin monosulfide (SnS) anodes have attracted much attention for lithium-ion batteries (LIBs) due to their
excellent chemical stability, high theoretical specific capacity and outstanding reversibility. However, the
slow kinetics and large volume expansion of intrinsic SnS electrodes in the conversion reaction process
restrict their application to a certain extent. To address the poor conductivity and volume fluctuation,
N-doped double-carbon-layer protective hierarchical structures decorating SnS nanotubes (N-DCSNs)
are introduced by in situ polymerization directed using a g-C3zN,4 soft template. Particularly, N-doped
double carbon layers provide fast transport channels for electrons and ions, affording decent
conductivity and rapid ionic diffusion rate. Most importantly, the volume expansion of SnS during the
charge—discharge cycles can be buffered owing to the confinement effect of the double carbon layer.
Synergistic effects of N-DCSNs enhance the mechanical integrity and electrochemical kinetics during
the charge—discharge process, leading to high-capacity retention and long-term stability properties. As a
remarkable anode for LIBs, the N-DCSN electrode delivers high capacities of 911.5 and 511.3 mA h g% at
0.2 and 1.0 A g~ ! after 270 and 1000 cycles, respectively. The feasible and versatile structure design can
offer new ideas for the preparation and regulation of other transition metal sulfide anode materials, and

rsc.li/materials-advances

1. Introduction

The demand for clean energy storage equipment is increasing
due to the intensification of the energy crisis and rapid eco-
nomic development. As secondary rechargeable batteries,
lithium-ion batteries (LIBs) have attracted much attention in
recent years because of their high energy density, wide working
voltage range, long service life and environmental friend-
liness."™ Moreover, LIBs have been widely used in electric
vehicles, portable devices, power grid energy storage and other
fields. However, currently as a commercial LIBs anode
material, graphite carbon has many disadvantages, such as
low charge and discharge plateau, side reactions, poor rate
performance, and the specific capacity being close to the
theoretical capacity threshold.>® Therefore, it is important to
find a more suitable anode material for LIBs.

Among various anode materials, metal chalcogenides based
on conversion/alloying reactions are attractive because of their
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provide a relevant experimental basis for the further development of lithium/sodium storage equipment.

high theoretical specific capacity, outstanding chemical stabi-
lity and eminent reversibility. In particular, as the voltage lag of
metal sulfide is smaller than that of metal oxide, which makes
the metal sulfide show higher energy efficiency for LIBs.”
A promising basal material for storing various alkali metal ions
through the conversion/alloying reaction is tin monosulfide
(SnS) with a unique two-dimensional layered structure.® The
layered structure provides abundant reaction sites for charge
storage, which is conducive to e /Li" transport and electrolyte
diffusion. The effect can improve the ion intercalation efficiency,
which shows high theoretical specific capacity (782 mA h g™ %),
and has broad electrochemical application prospects in power
storage devices.” However, the complex lithium storage mecha-
nism of SnS is based on the conversion reaction to form Li,S and
Sn. The alloying reaction occurs at the same time to form a Li,SnS
alloy leading to some serious problems."® First, a redox reaction
will occur in the process of lithiation/delithiation to form multi-
phase structures, which will lead to slow kinetic problems.
Second, the inherent electronic conductivity of SnS is poor, which
will directly affect the rate performance of LIBs. Third, irrespective
of whether a conversion reaction or an alloying reaction occurs,
SnS will produce large volume strain in the electrochemical
process, including electrode particle pulverization, deterioration
or agglomeration, resulting in poor cycle performance."
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Relevant approaches are adopted to address these problems,
such as combining with carbon materials,"” " preparing nano
hollow structures,” doping and modification of heteroatoms.'® ™
Carbon materials can play an important role in buffering volume
change, enhancing ion and electron transport and reducing the
size of anode materials by constructing a reasonable structure.'
Hollow nanostructures can not only inhibit metal agglomeration,
but also expose more active sites to ensure the full use of
electroactive materials. Additionally, nitrogen doping can also
increase the electrochemical reactivity, conductivity and sur-
face wettability of carbon, which is conducive to the diffusion of
Li-ion through the interface between the carbon electrode and
electrolyte.>® Jin et al. prepared N-doped carbon-coated SnS
nanoparticles, which delivered a capacity of 741.4 mA h g™*
at 100 mA g ! current density after 200 cycles, showing better
cycling stability.” Xia et al prepared a SnS/C nanofiber
membrane by a simple and general electrospinning method,
which is directly used as an independent anode in LIBs,
providing excellent electrochemical performance.'® However,
few Sn-based anode materials have achieved a super-long cycle
life of more than 500 cycles, which may be due to the fact that
carbon has not been excavated well. In order to solve this
problem, carbon matrix composite electrodes can be designed
rationally by selecting a suitable carbon source. Due to the
particularity of g-C3N,, it has been widely used in photo-
catalysis, electrocatalysis, supercapacitors and energy storage
systems.>"** The graphite phase C;N, (g-C5N,) has a similar
structure to graphene. It has a high specific surface area, easy
synthesis, excellent chemical stability, environmental friendliness
and high theoretical lithium storage capacity (524 mA h g ").*®
The g-C;N, has been broadly applied for building soft templates
or affording high-speed electronic channels to improve the
Li-storage of metal sulfide. Yin et al. constructed nanoflower
SnS, based on g-C3;N, nanosheet composite materials as effi-
cient anode electrodes of LIBs.>* It is worth noting that polyani-
line (PANI) has the characteristics of high specific capacity,
admirable redox reversibility, high conductivity, simple syn-
thesis method, and low cost.>® It is widely used in chemical
power supply and can alleviate the problem of poor cycling
stability of LIBs. Therefore, the reasonable design of the carbon
composite material can obtain excellent performance of anode
electrodes.

In this study, N-doped double-carbon-layer protective hier-
archical structures decorating SnS nanotubes (N-DCSNs) are
introduced for addressing the poor conductivity and volume
fluctuation by hydrothermal and in situ polymerization. Based
on the structure design, the N-doped double-carbon layer
provides abundant active sites and defects that help shorten
ion and electron transport paths. In addition, it helps to
maintain the mechanical integrity of the structure and stabilize
SEI formation to buffer volume changes of SnS. Structural
advantages enhance mechanical integrity and electrochemical
kinetics during the charge-discharge process, leading to long-
term stable lithium storage performances. The N-DCSN elec-
trodes deliver high capacities of 511.3 mA h g~ " after 1000 cycles
at 1.0 A g%, and the coulombic efficiency can reach 95.9% after
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the first discharge cycle. This method can be extended to the
preparation of other carbon-coated electrodes, aiming at improv-
ing the conductivity and structural stability of anode materials
for LIBs.

2. Experimental section
2.1 Materials preparation

All reagents including stannous chloride dihydrate (SnCl,-
2H,0, Xilong Chemical Co., Ltd, China), melamine (C3;HgNs,
Sinopharm Chemical Reagent Co., Ltd, China), thioacetamide
(TAA, C,H;NS, Sinopharm Chemical Reagent Co., Ltd, China),
polyvinylpyrrolidone (PVP, (CcHgNO),, Mw = 58000, Aladdin,
China), Aniline (C¢H,N, Aladdin, China), ammonium persulfate
(HgN,OsS,, Aladdin, China), anhydrous ethanol (CH3;CH,OH,
Hunan Huihong Reagent Co., Ltd, China), and hydrochloric acid
(HCI, Hunan Huihong Reagent Co., Ltd, China) are analytical
grade and can be used directly without purification. The sche-
matic of the fabrication process of N-DCSNs is shown in Fig. 1.
In addition, bare SnS and g-C;N, modified SnS composites
(CN/SnS) were prepared to compare with N-DCSNs.

(1) Preparation of bare SnS: Firstly, 0.5 g PVP was dispersed
in 60 ml absolute ethanol by ultrasound, then 0.45 g SnCl,-
2H,0 and 0.15 g TAA were added successively, and were stirred
for 30 min. Then the mixed solution was placed in a hydro-
thermal kettle and reacted at 180 °C for 12 h to obtain pure SnS
nano flower balls.

(2) Preparation of CN/SnS composites: Firstly, melamine was
placed in a crucible and heated to 550 °C at 5 °C min in the air
of a muffle furnace for 4 h. When the temperature was reduced
to room temperature, it was ground into powder to obtain
g-C3N,. 0.5 g PVP and 2 g g-C3N, powder were dispersed in
60 ml absolute ethanol by ultrasound. Then 0.45 g SnCl,-2H,0
and 0.15 g TAA were added successively and stirred for 4 h.
Then, the dispersion was placed in a hydrothermal kettle and
reacted at 180 °C for 12 h. Finally, it was centrifuged, washed
with ethanol several times and dried to obtain CN/SnS
composites.

(3) Preparation of N-DCSNs: The CN/SnS composites pre-
pared above were ultrasonically dispersed in 50 ml deionized
water, and 0.3 ml concentrated HCl was added for ultrasonic
uniformity. 0.45 g aniline monomer was added in an ice bath
and stirred for several minutes, then 1.23 g ammonium per-
sulfate was added slowly and was stirred for 12 h. After that, it
was centrifuged, washed with deionized water several times,
and dried in a 70 °C vacuum oven overnight. Finally, in a
tubular furnace, the temperature was raised to 800 °C at a rate
of 5 °C min~ " in Ar/H, gas, the temperature was maintained for
2 h, and then cooled to room temperature to obtain N-DCSNs.

2.2 Structure and morphology characterization

Scanning electron microscopy (SEM, HITACHI S$-4800) and
transmission electron microscopy (TEM, jeol2100f) were used
to observe the micro morphology of the prepared materials; the
crystal structure and defect characteristics of the prepared

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the synthesis process for the N-DCSNs.

materials were characterized using an X-ray diffractometer
(XRD, Rigaku, Ultima IV) and Raman spectrometer (HORIBA
Scientific LabRAM HR Evolution); the surface chemical compo-
sition of the prepared materials was analyzed by X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha); the
specific surface area, pore volume and pore diameter of the
material were measured by N, adsorption/desorption isotherm
(BET, Mike 2460).

2.3 Electrochemical tests

(1) Preparation of working electrodes: Appropriate amounts of
active materials, binder (PVDF) and conductive agent (Super P)
were weighed respectively according to the mass ratioof 8:1:1,
and were ground fully. The mixture was placed in a small 5 ml
beaker, an appropriate amount of 1-methyl-2-pyrrolidone was
added, and stirred at room temperature for 8 h to form a
uniform slurry. The slurry was coated on copper foil, dried at
70 °C in a vacuum for 12 h, and cut into 12 mm diameter discs
to obtain active material loaded working electrodes. The mass
loading of the electrode is about 0.91 mg cm™ and the area of
each electrode is 1.13 cm?.

(2) Assembly of button batteries: The working electrodes
were placed in the glove box protected by high-purity argon.
The electrodes, diaphragms and lithium sheets were placed at
the bottom shell of CR 2025 button batteries successively,
an appropriate amount of electrolyte (1.0 M LiPFs in EC:
DMC: EMC = 1:1: 1 Vol% with 5.0% FEC) was injected. And
the electrodes were packaged into coin half batteries for the
electrochemical test.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(3) Electrochemical performance test: The CT2001A battery
test system was used to test the cycle performance and rate
performance of the batteries; the voltage range of the battery
test was set to 0.01-3 V at 0.2 and 1.0 A g~ ', respectively. The
electrochemical workstation (Interface 1010E) was used to test
the cyclic voltammetry and AC impedance of the batteries. The

sweep rate range of cyclic voltammetry was 0.2-1.0 mV s~ .

3. Results and discussion
3.1 Characterization of N-DCSNs

XRD and Raman spectra are used to analyze the crystal struc-
ture of N-DCSNs. The XRD standard card can be indexed to the
orthogonal SnS map (JCPDS No. 39-0354). Fig. 2a shows the
XRD diagrams of bare SnS, CN/SnS composites and N-DCSNs,
it can be clearly observed that the diffraction peaks of the
three samples appear at theta degrees of 30.5°, 32° and 39°,
corresponding to the (111), (040) and (131) peaks of SnS,
respectively.'® In addition, except for pure SnS, diffraction
peaks appear at theta degrees of 26.5° and 45°, corresponding
to the (002) and (101) peaks of graphitized -carbon,
respectively.”® The result indicates that the graphitization
degree of N-DCSNs is relatively strong, which will be conducive
to the cycling stability of LIBs. Fig. 2b displays the Raman
spectrum of N-DCSNs. The Raman shift is the D peak belonging
to the carbon defect site at 1350 cm ™" and the G peak belonging
to the graphitized carbon at 1580 cm™'. The intensity ratio
(In/Ig) of the D peak (disordered structure) to G peak (graphite
structure) can reflect the degree of defects in carbon materials.””
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Fig. 2 (a) XRD patterns of bare SnS, CN/SnS composites and N-DCSNSs. (b)
(d) S 2p, (&) N 1s, and (f) C 1s.

The Ip/I; is about 1.05 of the N-DCSN sample, which proves that
N-DCSNs have highly disordered properties. The pore size dis-
tribution curve and nitrogen isothermal adsorption-desorption
curve of N-DCSNs are displayed in the ESIt (Fig. S1). Fig. Sla
(ESIt) reveals that the pore diameter of N-DCSNs is mainly
concentrated in the range of 2-4 nm, indicating that N-DCSNs
have a mesoporous structure. Fig. S1b (ESIt) shows that there is
an H2 type hysteresis loop at P/P, of 0.5-0.9 in the N, isothermal
adsorption-desorption curve of N-DCSNs, which is a type IV
isotherm, mainly due to the pore connectivity effect.

In order to determine the carbon content and elemental
composition of N-DCSNs, thermogravimetric analysis and XPS
measurement are carried out. The TGA curve is shown in Fig. S2
(ESIt). The main weight loss temperature range is 400-600 °C,
which can be attributed to the conversion from SnS to SnO, and
the gasification of carbon materials.”® Since the relative mole-
cular weights of SnS and SnO, are equal, the carbon content in
the composite can be determined to be about 64.68%.'%2°
In particular, the carbon materials could contribute some
capacities as the active material.*® Fig. 2c-f exhibit the XPS
measurement spectra of Sn, S, N and C of N-DCSNs, and the full
spectrum is shown in the ESIt (Fig. S3). Fig. 2c manifests that
the high-resolution Sn 3d spectrum can be deconvoluted
into two main peaks. The two peaks at 494.5 and 486 eV
can correspond to Sn 3ds, and Sn 3ds, of Sn*' in SnS,
respectively.®! The S 2p spectrum can be divided into four main
peaks (Fig. 2d), and the peak at 161.6 eV can be attributed to S
2ps» of SnS.>> Two peaks at 162.8 and 165.25 eV conform to
the C-S-C heterocyclic configuration,®® and the weak peak at

3634 | Mater. Adv, 2022, 3, 3631-3641

Raman spectrums of N-DCSNs. (c—f) XPS spectra of N-DCSNs for (c) Sn 3d,

167.1 eV is usually attributed to sulfate groups (C-SO.-C).**
These C-S-C bonds are rich in electron pairs, which is highly
beneficial for improving the electrochemical reaction kinetics
of SnS.'® The high-resolution N 1s spectrum in Fig. 2e shows
that there are three peaks at 398.3, 400.1 and 400.6 eV,
representing the pyridinic N, pyrrolic N and graphitic N,
respectively.>® As shown in Fig. 2f, the main peak of the C 1s
spectrum at 284.3 eV is attributed to the C-C/C—C bond, while
the small peaks at 286 and 286.6 eV are attributed to the C-N
bond and C-O bond, respectively.*® The results indicate that
nitrogen atoms are successfully doped at the edge or defect
position of the carbonized PANI lattice. N-doped carbon can
improve the reactivity and electronic conductivity by producing
extrinsic defects.”” Initially, nitrogen doped carbon matrix can
effectively reduce the energy barrier of lithiation and promote
the rapid diffusion of Li" and e~ on the surface and inside of
N-DCSN composites. Moreover, the introduction of pyridinic
nitrogen and pyrrolic nitrogen can produce a large number of
pores and surface defects on the carbon matrix, expose more
active sites, and provide a shorter diffusion path for Li"
insertion.?® Therefore, N-doped carbon matrix coated SnS
particles can enhance the lithium storage capacity and improve
the electrochemical performance of LIBs.

In order to further explore the structure and morphology
of N-DCSNs, the morphological characteristics of bare SnS,
CN/SnS composites and N-DCSNs are characterized by SEM.
The result of N-DCSNs is shown in Fig. 3a while the morpho-
logy of bare SnS and CN/SnS composites is displayed in the
ESIt (Fig. S4). According to SEM, the N-DCSN composite

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(a) SEM and (b) TEM images of N-DCSNs. (c) The HRTEM image of SnS nanocrystals with typical lattice distances. (d) The ED pattern of N-DCSNs.

(e and f) HAADF-STEM images with the corresponding elemental distribution images of N-DCSNs.

presents the morphology of sandwich double carbon layer
coated SnS nanotubes. The amount of exposed tubular struc-
ture of N-DCSNs is less than that of CN/SnS composites, which
may be due to the partial tubular morphology covered by the
PANI carbonization layer. However, the addition of the second
carbon layer of PANI can well alleviate the volume expansion of
SnS in the lithiation/delithiation process. Moreover, the PANI
carbonization skeleton helps maintain the mechanical integrity
of the structure, enrich the charge transfer channels, provide
more lithium storage active sites, shorten the transmission
path of ions and electrons, and accelerate the diffusion rate
of Li-ions.”> By observing the TEM diagram of N-DCSNs
(Fig. 3b), the double-layer carbon structure can be clearly seen
in the sample, which matches the SEM image (Fig. 3a). The
high resolution TEM (HRTEM) image (Fig. 3c) reveals clear
lattice fringes with spaces of 0.293 nm and 0.342 nm, corres-
ponding to the (101) and (120) planes of orthorhombic SnS,
respectively.'® The selected area electron diffraction (SAED)
pattern shown in Fig. 3d further confirms the existence of
SnS, and different diffraction rings can be well matched to
the (312), (211) and (120) planes of orthogonal SnS (JCPDS No.
39-0354).>® The EDX elemental maps (Fig. 3e-g) illustrate that
G, N, Sn and S elements are evenly distributed in the composite.

3.2 Lithium storage performance

The CV curve of the N-DCSN electrode is exhibited in Fig. 4a.
The scanning voltage range is 0.005-3 V and the scanning rate
is 0.5 mV s~ '. The reduction peak of about 1.11 V in the first
cathode scan corresponds to the conversion reaction of SnS
(SnS + 2Li" + 2e” — Sn + Li,S).*® In subsequent cycles, the

© 2022 The Author(s). Published by the Royal Society of Chemistry

cathode peak associated with the conversion reaction moved to
about 1.30 V. Besides, the distinct cathodic/anodic peaks
almost overlap after the second cycle, indicating reversible
Li-ion storage attributed to the contribution of doublel carbon
materials.">*> The reduction peak value of 0.54 V is attributed
to the irreversible decomposition of the electrolyte, resulting in
the formation of a solid electrolyte interface (SEI), which is the
main factor causing the irreversible capacity. The reduction
peak value of about 0.3 V is related to the alloy reaction of metal
Sn.** In anodic scanning, the oxidation peaks of 0.52 V and
0.68 V correspond to multi-step dealloying reaction, and the
oxidation peak at 1.99 V may come from the reversible conver-
sion reaction of SnS.*>*' At different scanning speeds, the CV
curves of N-DCSN electrodes (Fig. S6a, ESIt) overlap well,
indicating that N-DCSN electrodes have superior rate perfor-
mance. These results are further verified by the constant
current charge/discharge curve (Fig. 4b). The charge and dis-
charge curves almost coincide even after 200 cycles, which
shows that N-DCSN electrodes have high reversibility and
capacity retention. The rate performance of the N-DCSN electrode
is displayed in Fig. 4c. The reversible capacities of the N-DCSN
composite are 980.1, 858.4, 782.1, 746 and 705.4 mA h g " at 0.1,
0.2, 0.5, 1.0 and 2.0 A g, respectively. When the current density
returned to 0.1 A g, the discharge specific capacity quickly
recovered to 781.5 mA h g~ . It shows that the N-DCSN electrode
has excellent rate performance, and its structure is not seriously
damaged in the rapid charge and discharge process.*?

Cyclic performance is an important factor for measuring the
electrochemical performance of materials. The cycling proper-
ties of bare SnS, CN/SnS composites and N-DCSNs as anode

Mater. Adv., 2022, 3, 3631-3641 | 3635
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(@) Cyclic voltammetry curves of N-DCSN electrodes between 0.01 and 3.0 V with a scan rate of 0.5 mV s

Cycle number

~1 (b) Constant current charge/

discharge curve of N-DCSN electrodes at a rate of 0.2 A g~ (c) Rate performance of bare SnS, CN/SnS and N-DCSN electrodes at various current
densities from 0.1to 2.0 A g~*. (d) Cycling performance of bare SnS, CN/SnS and N-DCSN electrodes at a current density of 0.2 A g% (e) Long-term

cycling performance of N-DCSN electrodes at a current density of 1.0 A g~

materials for LIBs are tested at a current density of 0.2 A g~"
(Fig. 4d). The initial discharge specific capacity of the N-DCSN
electrode can reach 1394.8 mA h g '. Due to the formation
of a SEI film, irreversible capacity is inevitably generated.*’
In the subsequent cycle, the N-DCSN electrode decays slightly.
At 44 cycles, the specific discharge capacity decreased to
727.6 mA h g '. However, in the overall charge-discharge
process, the coulombic efficiency is maintained above 100%.
The high coulombic efficiency can be attributed to the high
conductivity of the PANI carbonized layer and the structural
defects produced by the g-C;N, soft template, which synergetically
accelerates the electron and ion diffusion rates. Interestingly, with
the increase of the number of cycles, the discharge specific
capacity even shows an upward trend. The as-prepared elec-
trode can deliver a specific discharge capacity of 911.5 mAh g™*
at 0.2 A g ' after 270 cycles. The increase of the specific
discharge capacity may be attributed to the fact that the
electrochemical grinding effect reduces the particle size of
SnS nanoparticles in the continuous reaction. And the ultra-fine
nanoparticles can effectively slow down the volume expansion,
resulting in a higher reversible lithium storage capacity. In addition,
the electrolyte will form a gel-like layer in the reaction process,
which is also conducive to the increase of specific capacity.**
Compared with the N-DCSN electrode, the initial discharge
specific capacity of the bare SnS electrode also reached
1084.7 mA h ¢ ' at 0.2 A g~ . However, due to the large volume
effect in the process of charge and discharge, the attenuation
range of the discharge specific capacity becomes larger with the

3636 | Mater. Adv., 2022, 3, 3631-3641
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increase of the number of cycles. The initial specific capacity of
the CN/SnS electrode is only 779.4 mA h g™, and the overall
attenuation of specific capacity during charge and discharge is
not as large as that of the bare SnS electrode, but it is still less
stable than that of the N-DCSN electrode.

The long cycling stability of the N-DCSNs electrode is further
reflected in Fig. 4e. The N-DCSN electrode also showed capacity
attenuation after the first cycle at a high current density of
1.0 A g '. However, with the increase in the number of
subsequent cycles, the specific discharge capacity also tends
to become stable. The discharge specific capacity of the
N-DCSN electrode is still 511.3 mA h g after 1000 cycles,
which proves that the N-DCSN electrode has excellent cycling
stability and capacity retention. The excellent electrochemical
properties of N-DCSN electrodes can be ascribed to the struc-
tural advantages of the materials. SnS nanoparticles were
evenly embedded into the g-C;N, soft template. The g-C3N, is
cracked at high temperatures to produce a porous structure and
increase the specific surface area of the material. The special
structure helps shorten the Li" and e~ transport paths, and
provides abundant active sites. N-doped carbon matrix has high
conductivity, which speeds up the reaction kinetic rate of
N-DCSN electrodes. Generally, if nanoparticles are exposed to
electrolytes in a large area, too many side reactions will occur,
resulting in the reduction of coulombic efficiency. Besides, the
carbon layer is relatively fragile, and composites with a single
carbon layer are more likely to collapse during deep cycling,
resulting in a rapid capacity loss.*> Therefore, the double

© 2022 The Author(s). Published by the Royal Society of Chemistry
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carbon layer can not only block the direct contact between SnS
particles and electrolyte, but also inhibits the volume expan-
sion of SnS particles in the lithiation/delithiation process. The
dual functions of packaging tin based sulfide volume change
and stabilizing the SEI layer are realized by using double
carbon layers in the cycle,*® so that the coulomb efficiency,
cycling stability and magnification performance of the N-DCSN
electrode are greatly improved.

Electrochemical impedance spectroscopy (EIS) measure-
ment can further explore the reaction mechanism of N-DCSN
electrodes. Fig. 5a-b show the Nyquist diagram of bare SnS, CN/
SnS and N-DCSN electrodes before the first charge/discharge
and after 50 cycles at 0.2 A g~ current density. In addition, the
equivalent circuit model is also shown in Fig. S10, ESL.¥ The
semicircle in the high frequency region of the Nyquist diagram
is attributed to the surface film resistance (R¢) and the inter-
facial charge transfer resistance (R.), while the slant in the low
frequency region is attributed to the diffusion of Li" in the
active material.”” In the high frequency region of Fig. 5a, the
semicircle diameter of the N-DCSN electrode is smaller than
that of the bare SnS and CN/SnS electrode, indicating that the
conductivity of the N-DCSN electrode is the largest among the
three. The conclusion can also be drawn by comparing the R
parameters of the N-DCSN electrode (24.24 Q), CN/SnS elec-
trode (57.19 Q) and bare SnS electrode (61.77 Q). Moreover,
Fig. 5b reveals that the semicircle diameter of the N-DCSN
electrode decreases significantly after 50 cycles, indicating
that its conductivity increases further, which will help to
enhance the stability of the interface between the electrode and

View Article Online

Paper
electrolyte.*® Fig. 5d and e show the Z. and o *? linear
relationship of three electrode samples in the low frequency
region, and it is fitted to Warburg factor oy. According to the
Warburg factor (o), the diffusion coefficient of the Li-ion
(D value) can be directly determined, and the D value is negatively
correlated with o,. The calculation formulas are as follows:*°

1)
(2)

D = R’T*2A’n*F* 6>

Zpe = Re + Rt + o ?

The relevant interpretation of the calculation formula is
shown in the supporting literature (Depiction 1). The o, value
of bare SnS before cycling (Fig. 5d) is the smallest, which can be
attributed to the formation of a SEI film during the initial
charge/discharge process of N-DCSN electrodes. Meanwhile,
the comparison of discharge specific capacity in the first few
cycles of the long-term cycling performance diagram (Fig. 4d)
can also confirm this fact. Fig. 5e illustrates that the o, value
of the N-DCSN electrodes changes slightly after 50 cycles.
However, the o, values of bare SnS and CN/SnS electrodes
increase significantly, indicating that the structure of electro-
des collapses due to large volume strain. This fact can be
attributed to the PANI carbon layer cutting off the direct contact
between the electrode and the electrolyte, preventing side
reactions and restraining electrolyte decomposition.?” It also
shows that the limiting effect of the double carbon layer
packaging structure prevents the electrode structure from being
greatly affected after a long-term charge/discharge process, and
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Fig. 5 Nyquist plots of bare SnS, CN/SnS and N-DCSN electrodes measured in the frequency region of 10°~10~2? Hz before cycles (a) and after 50 cycles

at 0.2 A gt (b). The real part of the complex impedance versus w2

at open circuit voltage for bare SnS, CN/SnS and N-DCSN electrodes before cycles

(d) and after 50 cycles (e), respectively. (c) The GITT curves of bare SnS, CN/SnS and N-DCSN electrodes under different discharge degrees. (f) Li-ion

diffusion coefficient diagram at different discharge states.
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still maintains a considerable Li-ion diffusion coefficient. The
SEM images of the N-DCSN electrodes after rate performance
and long-term cycles at 0.2 A g~ " proved this conjecture, as
displayed in the ESI (Fig. S11). The SEM image after 60 cycles
showed that the morphology of N-DCSN electrodes did not
change significantly. Even after 270 cycles, the structure remains
remarkably intact, which is due to the synergistic protective
effect of the double carbon layer. It is further confirmed that
the excellent rate performance and long-term stability of N-DCSN
electrodes are related to the special structure of the materials.

Galvanostatic intermittent titration (GITT) is a commonly
used method to study the diffusion mechanism of solid ions,
which is also used to measure the diffusion rate of Li' in
electrode films. The electrodes of the three materials were fully
discharged at a current density of 200 mA g, then partially
discharged at a current density of 100 mA g~*, and then open
circuit relaxation was observed for 10 minutes for GITT
measurement. The GITT curves of bare SnS, CN/SnS and N-
DCSN electrodes are shown in Fig. 5c. The chemical diffusion
coefficients of the three materials in LIBs are determined by
formulas 3 and 4 (Depiction S2):

A <5

Lit e

Double carbon layer
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_* _ 4
m(SMB> (AE, <D 4)

Fig. 5f illustrates the Li" diffusion coefficient of the bare Sns,
CN/SnS and N-DCSN electrodes during lithium intercalation.
From 0.01 V to about 0.54 V, the GITT curve is downward, and
the diffusion coefficient decreases. This can be attributed to
the formation of a solid electrolyte interface (SEI) film at the
electrode, which limits the diffusion of Li-ion. Then, due to the
multi-step dealloying reaction, the diffusion rate is accelerated,
corresponding to 0.68 V. Due to the conversion reaction of SnS
(SnS + 2Li" + 2e” — Sn + Li,S), the consumption of Li-ion is
large, diffusion slows down, and the diffusion coefficient is the
lowest at about 1.11 V. Finally, the diffusion rate is accelerated
due to reversible transformation. The model shown in Fig. 6
illustrates the lithiation process, which is in accordance with
the CV curve (Fig. 4a). During the lithiation process, Li" will
insert into SnS interlayers, causing crystal structure expansion.
The hexagonal SnS will be transformed into face-centered
tetragonal 28-Sn and cubic Li,S by conversion reaction. After
that, the orthogonal Li,Sn nanocrystals are formed by the
alloying reaction. Furthermore, Li* and SnS can be reconverted
by dealloying and conversion reaction during the process of
delithiation. In the whole process, the Li-intercalation barrier is

Confinement effect

Lithiation

Conversion

Mechanical integrity

SnS

SnS + 2Li" + 2e- — Sn + Li,S

Alloying

Sn + xLi* + xe- — Li,Sn

Fig. 6 Schematic representation of the initial lithiation mode of the electrodes.
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reduced by the N-doped carbon matrix, making the lithiation/
delithiation process reversible. In addition, strain of the crystal
structure can be effectively relieved by the protection mechanism of
the double carbon layer. Comparing the calculation results of the
three materials, it can be seen that the average D;; value range of
bare SnS and CN/SnS electrodes is about 107 cm® s~ in the voltage
range of 2.1-0.01 V. The Dy; value of N-DCSN electrodes increases
from 107 to 10°® cm® s~ showing the highest Li" diffusion coeffi-
cient. The result reasonably confirms that the special N-doped
double carbon layer structure of N-DCSN electrodes can success-
fully improve the wettability of the organic electrolyte on carbon
materials, and provide a two-way ion/electron transport channel
between the inner and outer layers.>® As a result, it becomes
conducive to the diffusion of Li-ion through the interface between
the carbon electrode and electrolyte, speeding up the diffusion rate.

4. Conclusions

In summary, a unique structure of SnS nanotube composites
modified by the N-doped double carbon layer (N-DCSNs) is
reported as the anode material for LIBs. The N-doped carbon
matrix has high electronic conductivity and can effectually
accelerate the kinetic rate of the electrode reaction. The volume
strain of SnS can be successfully buffered by the synergistic
effects of double carbon layer protective mechanism, which
leads to satisfactory anode materials with high capacity and
long-term cycling life. As a remarkable anode for LIBs, the
N-DCSN electrode can obtain high capacities of 911.5 and
511.3 mA h ¢ ' at 0.2 and 1.0 A g~ " after 270 and 1000 cycles,
respectively. The structural design is feasible and versatile,
which provides direct experimental evidence for researching
and designing high performance electrode materials.
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