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Developing novel anode materials containing electroactive heterostructures which boost ion and charge transfer kinetics in a
carbon matrix is still a great challenge. Here we report on a new smartly designed material: SnS2/SnS p-n heterostructures
embedded in S,N-doped carbon layer supported by hollow carbon spheres (C@SnSx@C) by a facile method and applied as
negative electrode material in sodium ion batteries. The C@SnSx@C2 (at optimized carbon ratio) negative electrode can deliver an
initial reversible capacity of 636.5 mAh·g−1 at 0.1 A·g−1, superior rate capability (265.1 mAh·g−1 at rate of 10.0 A·g−1) and long
cycle life (capacity retention of 96.3 % at 1.0 A·g−1 after 150 cycles). The SnS2/SnS p-n heterojunctions provide a lower sodium
ion diffusion energy barrier (0.38 eV), higher Na+ adsorption energy (−4.66 eV) and higher electronic conductivity due to an
internal electric field according to density functional theory calculations compared to plain SnS. Moreover, S,N-doped carbon
facilitates electronic conductivity and buffers the volume changes during the conversion reaction-based SnSx upon sodium
insertion and extraction process. Porous hollow carbon spheres contribute to prevent the agglomeration of SnS2/SnS nanosheets
and keep the structural integrity. Our findings on this unique material might be extended to other ion battery technologies.
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The increasing use of renewable electricity (wind, solar, tide etc.)
and the need for its storage call for extensive research efforts on
rechargeable and low-cost batteries. Sodium ion batteries (SIBs) are
considered as a promising replacement for lithium ion batteries
(LIBs) because of abundant sodium resources and the physiochem-
ical properties of sodium similar to those of lithium.1–4 Among
current challenges, one urgent issue is the exploration of suitable
negative electrode materials because of inevitable capacity decay
and sluggish kinetics.5,6 Thus, it is of great urgency to develop novel
anode materials with high specific capacity, long cycling life and
high power capability, which matches the performance of already
established positive electrode materials.

Typical anode materials including insertion type,7,8 alloy
reaction-based9 and conversion materials10,11 have been widely
investigated for SIBs. Among them, tin sulfides (SnS or SnS2)

12–14

are appealing because of their unique layered crystal structures which
is beneficial for accommodation of Na+. SnSx (x = 1,2) exists in
several crystal phases because of the versatile oxidation states of Sn
and sulfur.15 The sodium storage reactions of SnSx can be represented
as intercalation and conversion reactions (SnSx + 2× Na+ + 2×
e− → Sn + x Na2S, x = 1,2) with a subsequent alloying reaction
(Sn + 3.75 Na+ + 3.75 e− → Na3.75Sn), which contributes to a
high theoretical capacity (1022 mAh·g−1 in orthorhombic SnS and
1136 mAh·g−1 in hexagonal SnS2, respectively).16,17 However,
intrinsically poor electrical conductivity and large volume variation
(343% in SnS2 and 315% in SnS) when reacting with sodium ions,
which inevitably results in sluggish kinetics of electron transport and
pulverization of electrode upon sodium storage, hamper their use.18 In
addition, the conversion reaction and the subsequent alloying reaction

typically cause a high initial irreversibility. Ideally, the Sn0/Na2S will
be fully converted to SnSx in the reverse conversion reaction.
However, the internal stress-induced force of recrystallization will
result in coarsening of Sn nanograins with a of loss contact interfaces
in Sn0/Na2S, thus resulting in an incomplete Sn0/Na2S reverse
conversion reaction during charging process along with a resulting
capacity loss and low initial Coulombic efficiency (ICE).19,20

To address these concerns, numerous attempts, such as designing
nanosized electroactive materials with the aim to shorten ion
diffusion length,21 incorporating carbon matrix as protective layer
or support for improving the electric conductivity and buffering
volume variation,22 and constructing hollow structures23 have been
developed. Specifically, hollow structures provide a high surface-to-
volume ratio that can ensure sufficient electrode-electrolyte solution
contact.24 On the other side, recent studies25,26 have aimed at
establishing electroactive materials involving p-n heterostructures
to minimize the irreversibility and boost the rate capability. Some
reports revealed that heterostructures obtained via combining p-type
and n-type semiconductors with distinct band gaps will reinforce
electron transport and facilitate the electrochemical reaction kinetics
because of the built-in internal electric field around heterointerfaces.27

Furthermore, heterostructures can provide higher Na+ adsorption
energy according to DFT calculations as well as support fast Na+

diffusion along the boundaries of coupled nanocrystals.28

To date, constructing uniformly distributed and highly integrated
heterostructured electrode materials still faces a series of challenges.
In addition, to our current knowledge, there is no study of
fabrication of SnS2/SnS heterostructures through a solid-state
reaction by partial phase transformation from SnS2 to SnS, and
their application as negative electrode material in SIBs. The
fundamentals and mechanisms of ion storage remain to be under-
stood more deeply. Herein, we report for the first time on a novelzE-mail: wuyp@njtech.edu.cn; rudolf.holze@chemie.tu-chemnitz.de
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SIB negative electrode material SnS2/SnS p-n heterostructures
embedded in S,N-doped carbon layer supported by hollow carbon
spheres (C@SnSx@C) and present our understanding of the reasons
resulting in excellent electrochemical performance of C@SnSx@C2
electrode by microscopic techniques (SEM and HRTEM), XRD,
XPS and first-principles density functional theory (DFT) calcula-
tions. Based on analysis of CV data and previous contributions,29,30

a possible reaction mechanism for charging and discharging
process is proposed. The C@SnSx@C2 electrode exhibits an initial
reversible capacity of 636.5 mAh·g−1 at 0.1 A·g−1, superior rate
capability (265.1 mAh·g−1 at rate of 10.0 A·g−1) and long cycle life
(a high capacity retention of 96.3% at 1.0 A·g−1 after 150 cycles). It
is expected that this electrode material can be employed as host for
other charge carrier ions too.

Experimental

Materials synthesis.— Synthesis of hollow carbon spheres.—
Monodisperse silica nanospheres (550 nm in diameter) are synthesized
by the Stöber’s method. Briefy, 1 ml TEOS (Tetraethyl orthosilicate)
is added into a mixture which contains 1 ml of NH3·H2O, 4 ml of
deionized H2O, and 20 ml 2-propanol at room temperature followed
by stirring. After reacting for 2 hours, a white powder is obtained by
centrifugation, re-dispersion, and drying. Hollow carbon spheres
(HCS) are synthesized by a multistep process via polymerization-
annealing-etching. First, 100 mg silica are dispersed in 100 ml of Tris
buffer aqueous solution (pH = ∼8.5) followed by adding 50 mg of
dopamine under stirring at room temperature for 24 h. Next, the
obtained SiO2@PDA (SiO2@polydopamine) brown powder is an-
nealed at 500 °C for 3 h at a rate of 2 °C min–1 under argon to obtain
SiO2@C. Finally, HCS black powder is obtained after dissolving
SiO2@C in a 2M NaOH solution at 50 °C for 8 h followed by
centrifugation and drying.

Synthesis of HCS@SnS2 and pure SnS2.—HCS@SnS2 is synthe-
sized by hydrothermal reaction. 20 mg HCS is dispersed in 30 ml
absolute ethanol through ultrasonication, thereafter 100 mg SnCl4 ∙
5H2O and 100 mg thioacetamide (TAA) are added into the solution
and stirred for 2 h. Finally, HCS@SnS2 powder is obtained after
24 h reaction at 180 °C with subsequent washing and drying. Plain
SnS2 samples are synthesized under the same conditions without
adding HCS.

Synthesis of HCS@SnS2@PDA and SnS2@PDA.—100 mg
HCS@SnS2, 100 mg SnS2 and 100 mg of dopamine hydrochloride
are dispersed into a Tris buffer solution (10 mM, 100 ml), and
reacted for 24 h. HCS@SnS2@PDA and SnS2@PDA are collected
by centrifugation and drying at 60 °C in vacuum. In order to obtain
different PDA layer thicknesses, 50 mg of dopamine hydrochloride
is added under the same conditions in a separate run.

Synthesis of C@SnSx@C, SnSx@C and C@SnS@C2.—C@SnSx@C
and SnSx@C are obtained by annealing HCS@SnS2@PDA and
SnS2@PDA under protective argon gas at 500 °C for 3 h at a rate of
2 °C·min–1. Designations C@SnSx@C1 and C@SnSx@C2 correspond
to the different amounts of dopamine (50 and 100 mg) in the previous
step. SnSx@C is prepared by SnS2@PDA with 100 mg dopamine.
C@SnS@C2 is obtained by annealing HCS@SnS2@PDA under
protective argon gas at 600 °C for 3 h at a rate of 2 °C min–1.

Materials characterization.—Crystal structures of the prepared
samples were established by X-ray powder diffraction (XRD) on a
Bruker D2 Phaser X-ray diffractometer with Ni-filtered Cu Kα
radiation (λ = 1.5406 Å) at a voltage of 30 kV and a current of
10 mA. The XPS measurements were done with an ESCALAB 250
Xi XPS Microprobe (Thermo Scientific) equipped with a mono-
chromatized Al Kα X-ray source (1486.6 eV). The pass energy was
200 eV for survey spectra and 20 eV for high-resolution spectra. The

morphologies of the samples were examined by field-emission
scanning electron microscopy (FEI Nova NanoSEM 200) at
10 kV, and high-resolution transmission electron microscopy
(Tecnai G2 F30) with energy dispersive X-ray spectroscopy.
Thermogravimetric analysis was performed on a Mettler Toledo
1600 system with an MX1 balance with a heating rate of 10
°C·min–1. N2 sorption isotherms were collected on an Autosorb IQ
Station 3 apparatus. The samples were degassed in vacuum at 120 °
C for 3 h and then N2 sorption isotherms were measured at 77 K.

Electrochemical measurements.—The electrochemical tests
were carried out using CR2016 coin-type cells. For electrochemical
measurements, a slurry was prepared by mixing active materials
with conductive carbon black and a carboxymethyl cellulose binder
at a mass ratio of 8:1:1 in deionized water to obtain a uniform
dispersion, followed by drop-casting onto copper foils. The average
areal mass loading of the active materials on electrodes was about
0.8–1.0 mg cm−2. The used electrolyte solution was 1.0 M NaClO4

dissolved in a mixture of ethylene carbonate and dimethyl carbonate
(EC/DMC, 1:1, v/v) with 5 wt % fluoroethylene carbonate (FEC).
CR2016 coin cells were assembled with sodium foil as the counter
electrode and a glass fiber GF/C filter (Whatman) as the separator
inside an Ar-filled glovebox (H2O and O2 < 1 ppm). Galvanostatic
discharge and charge tests at various current densities were
conducted between 0.01 and 3.0 V vs Na+/Na on a battery test
system (BioLogic Science Instrument EC Lab) at room temperature
25 °C, the mass specific capacity was calculated based on the mass
of the active material. Cyclic voltammetry (CV, 0.2–1.0 mV s−1,
0.01–3.0 V vs Na+/Na) and electrochemical impedance spectro-
scopy (EIS, 100 kHz − 0.01 Hz, 10 mV) measurements were
conducted with the same device.

Na+ ion diffusion coefficient calculation:.—The calculation is
based on the equations shown below, R is the gas constant
8.314 J mol−1 K−1, T is the room temperature of 298 K, A is the
surface area of the electrode of 0.785 cm2, n is the number of
electrons per reaction species, it is estimated by different ratios of
SnS2 to SnS from Table SI (available online at stacks.iop.org/JES/
168/050527/mmedia) in different electrodes and the values ranged
from 2 to 4. F is the Faraday constant 96500 C mol−1, c is the bulk
concentration of Na in the electrode material of 1 mmol ml−1, σω is
the Warburg factor obtained from the slope of the fitted lines of Zre

vs ω−1/2. Details of the DFT calculations can be seen in the
Supporting information (SI).

Results and Discussion

Scheme 1a presents the preparation process of C@SnSx@C.
First, uniform silica particles acted as hard templates in the
formation of hollow carbon spheres (HCSs). In the next step,
Sn4+-ions easily attached on the surface of the obtained HCSs due
to the strong electrostatic attraction between negatively charged
oxygen-containing functional groups and Sn4+, allowing the as-
sembly of a compact and dense honey-comb-like SnS2 layer covered
on the surface of HCSs (HCSs@SnS2) through a hydrothermal
process. Finally, C@SnSx@C were collected by a polymerization-
carbonization process under argon at 500 °C. Following a reaction
mechanism is suggested 1–331

CH CSNH H O CH CONH H S 13 2 2 3 2 2 [ ]+  +

Sn H S SnS H4 24
2 2 [ ]+  ++ +

SnS s SnS s x S g1 3x2 ( ) ( ) ( ) [ ]/ +

Noticeably, according to Eq. 3, the orthorhombic SnS phase
is formed driven by the evaporation of sulfur transported away
by the inert carrier gas during the annealing reaction. The phase
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transformation reaction is not completed at 500 °C. This partial
phase transformation results in the successful formation of
SnS2/SnS. According to our knowledge, SnS2/SnS has been
prepared hydrothermally32 but not yet obtained through a solid-
state reaction with a direct phase transformation process. Scheme 1b
shows the model of Na+-intercalated C@SnSx@C.

The crystalline structures of obtained samples are studied by
X-ray diffraction (XRD). To confirm the successful fabrication
of the SnS2/SnS heterostructure in the C@SnSx@C2 composite,
C@SnS@C2 is also examined by XRD for comparison. Figure 1a
presents the diffraction pattern of C@SnS@C2 which is in good
agreement with that of the orthorhombic-SnS (ICDD 39-0354). All
significant diffraction peaks of C@SnSx@C1, C@SnSx@C2 and
SnSx@C samples in Figs. 1b and S1 are assigned to two phases:
orthorhombic SnS (ICDD 39-0354) and hexagonal SnS2 (ICDD 23-
0677). Specifically, diffraction peaks located at 2θ = 15.0°, 28.20°,
32.10°, 49.96°, and 52.45° are assigned to the (001), (100), (101),
(110), and (111) planes of hexagonal-SnS2, respectively. The peaks
at 2θ = 22.00°, 26.10°, 30.49°, 31.54°, 39.06°, 44.75° and 51.30°
can be attributed to the (110), (120), (101), (111), (131), (141) and
(151) planes of orthorhombic-SnS, respectively.

The chemical composition of different samples and the atomic
ratio of different elements are obtained by thermogravimetric
analysis and elemental analysis, results are shown in Table SI and
Fig. 1c. Specifically, the weight percentages of carbon in
C@SnSx@C1, C@SnSx@C2 and SnSx@C nanocomposites are
26, 39 and 37 wt. %, respectively. The mass fractions of SnS in
SnS2/SnS of these samples are calculated to be around 29, 71
and 62 wt. %, respectively. In addition, slight weight losses of
as-prepared samples below 350 °C revealed by TGA curves in
Fig. 1c are attributed to the desorption of absorbed water. Sharp
weight losses beyond 350 °C of 28.8, 41.1 and 38.8 wt. %,
respectively, are caused by simultaneous oxidation of SnS2/SnS to
SnO2 and carbon to CO2 in the air atmosphere.

Barrett–Joyner–Halenda (BJH) pore-size analysis and nitrogen
adsorption-desorption isotherm measurements are performed to
measure the pore size distribution and specific surface area of these
samples; results are exhibited in Figs. 1d–1e. C@SnSx@C2 and
SnSx@C present typical type IV isotherms according to the IUPAC
criteria,33 this proves that mesopores have been created in these
samples. Specifically. pore size distributions of these samples range
from 3 to 6 nm as determined by BJH pore-size analysis. The
specific surface areas of C@SnSx@C2 and SnSx@C are 41 and
33 m2·g−1, respectively. As a result, the mesopores ensure large
contact area between electroactive material and electrolyte solution
and provide shorter ion diffusion lengths limited by nanosized
pore walls, which are beneficial to achieve high electrochemical
performance.

The valence state and surface chemical composition of these
samples are investigated by X-ray photoelectron spectroscopy
(XPS). A deconvolution procedure including Gaussian profiles and
Shirley background have been implemented. According to Fig. 2a,
Sn, C, N, O, and S are detected in the survey spectrum of
C@SnSx@C2, no other elements were found. The high-resolution
XP spectra of Sn 3d, S 2p, N 1s and C 1s in C@SnSx@C2 are
further investigated. The deconvoluted peaks at 487.2 and 495.6 eV
from Fig. 2b are attributed to Sn 3d1/2 and Sn 3d3/2 of Sn4+,
respectively. Peaks located at 486.7 and 495.1 eV are associated
with Sn 3d1/2 and Sn 3d3/2 of Sn2+, this confirms successful
formation of SnS2/SnS heterostructures.34 In contrast, Fig. S1
depicts the XPS of Sn 3d of C@SnS@C2. It can be noticed that
the characteristic peaks of Sn 3d of C@SnSx@C2 (495.4 and
486.9 eV for Sn 3d3/2 and Sn 3d1/2) shift to higher binding energies
compared to those of C@SnS@C2 (495.2 and 486.8 eV for Sn 3d3/2
and Sn 3d1/2).

35 The S 2p spectra are shown in Fig. 2c, the peaks
fitted at 162.7 and 161.9 eV are ascribed to S 2p1/2 and S 2p3/2 of
S2− originating from SnS2 and SnS, respectively. The peaks at 164.9
and 163.8 eV are assigned to sulfur covalently bonded to carbon,

Scheme 1. (a) The schematic procedure for preparing C@SnSx@C, (b) Na+-ion intercalated C@SnSx@C.
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which indicates sulfur doped carbon has been formed.36 An additional
peak at 168.5 eV might be traced to oxidized sulfur from SOx

2-

formed during XPS measurements.37 The high-resolution C 1 s
spectrum of C@SnSx@C2 is presented in Fig. 2d. Five fitted peaks
located at 289.0, 286.8, 285.8, 285.2 and 284.8 eV correspond to
C=O, C–OH, C–N/C–S, O–C–O, and C–C bonds, respectively.38 In
detail, the deconvoluted peak of C–N bond confirms N-atoms are
doped into carbon matrix, which further proves S,N-doped carbon has
been prepared. Sp2-hybridized graphitic structures related to the main
peak at 284.8 eV are advantageous for fast electron transport.39

Moreover, four N contributions can be fitted well to the high-
resolution N 1s (Fig. 2b) spectrum: 403.0, 400.8, 400.0, 398.7 eV.
They are associated with oxygenated N, graphitic N, pyrrolic N and
pyridinic N, respectively.40–42 From XPS analysis mentioned above,
the coupling effect of SnS and SnS2 in heterostructures as well as
chemical bonds formed between carbon and SnSx are assumed to
greatly enhance the electronic conductivity of d C@SnSx@C2
during Na+ storage process.

Figures 3a–3c shows the SEM images of HCS, HCS@SnS2,
C@SnSx@C2 to observe their morphologies. Figure 3a presents

Figure 1. (a)–(c) XRD patterns and TGA curves of C@SnS@C2, C@SnSx@C1, C@SnSx@C2 and SnSx@C, respectively, (d)–(e) N2 adsorption/desorption
isotherms and pore size distributions of C@SnSx@C2 and SnSx@C, respectively.

Figure 2. (a) XP survey spectrum and fitted high-resolution spectra of (b) Sn 3d, (c) S 2p, (d) C 1s and (e) N 1s of C@SnSx@C2.
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uniform hollow spheres with a size of around 600 nm after removal
of the interior silica by chemical etching. The hollow carbon layer is
about 50 nm thick according to the observation of the inset high
magnification TEM image. As displayed in Fig. 3b, HCS@SnS2
exhibits a highly monodisperse spherical morphology with an
average size of about 800 nm after hydrothermal reaction. Ultrathin
SnS2 nanosheets are crosslinked with each other and homogenously
covered on the surface of HCS as exhibited in the inset. According
to Fig. 3c, the spherical morphology of C@SnSx@C2 of around
850 nm size is retained with a rough surface after annealing. The
inset reveals PDA-derived carbon sheath layer is homogeneously
coated on the surface of SnSx nanosheets.

Transmission electron microscopy (TEM) has been performed to
view microstructural features of C@SnSx@C2. According to Fig. 3d
SnSx nanosheets embedded in a carbon sheath layer supported by
hollow carbon spheres have been prepared. In detail, it is easily seen
that carbon-covered SnSx nanosheets have been attached on both
external and internal surface of HCSs. The carbon sheath layers can
efficiently buffer the volume changes of SnSx nanosheets, and the
supporting hollow carbon sphere can function as electronically
conducting bridges between adjacent C@SnSx@C2 nanoparticles.
Figures 3e–3f presents HRTEM results of the selected area e and f
marked in the inset of Fig. 3d. As seen in Fig. 3e, SnSx nanosheets
are coated with a S,N-doped carbon layer of around 8 nm thickness,
and the lattice fringes with d-spacing of 0.403 and 0.278 nm are

assigned to the (110) plane of SnS and the (101) plane of SnS2,
respectively. Notably, distinct grain boundaries around SnS and
SnS2 can be observed which confirms the formation of SnS2/SnS
heterojunctions. Figure 3f reveals the HRTEM image enlarged from
the selected area f with a marked red circle in Fig. 3d. In detail,
distinct heterointerfaces between SnS and SnS2 are noticed and
analyzed. The well-defined lattice fringes with interplanar distance
of 0.278 and 0.283 nm correspond to the (101) plane of SnS2 and the
(111) plane of SnS, respectively. The formed heterojunctions are
advantageous to enhance the electronic conductivity and
Na+-diffusion kinetics when applied in metal-ion batteries ac-
cording to previous reports.38,39 In contrast, the morphologies of
C@SnSx@C1 and SnSx@C are presented in Figs. S2 and 3. Figure
S2a-c exhibits the same microstructure apart from different thick-
nesses of carbon coating layers at different magnifications. Figures
S2d–S2f presents the flower-like morphology of core–shell SnSx@C
without the support of HCS. Figures. 3g–3l exhibit energy-disper-
sive X-ray spectroscopy (EDX) element mappings of a single
separated C@SnSx@C2 nanoparticle. A homogenous distribution
of present elements in C@SnSx@C2 is clearly noticed, verifying
that heterostructured SnSx nanosheets are uniformly dispersed in the
carbon matrix.

CVs were recorded to monitor reaction of the C@SnSx@C2
electrode with Na+-ions in a voltage window range from 0.1 to
3.0 V at a scan rate of 0.2 mV s−1. Obtained plots are presented in

Figure 3. (a)–(c) SEM images of HCS, HCS@SnS2 and C@SnSx@C2, and the inset SEM and TEM images at a high magnification, respectively, (d) TEM
images of C@SnSx@C2, (e)–(f) HRTEM images and corresponding SAED of the selected red circle area marked in the inset image of figure d of C@SnSx@C2,
(g)–(l) elemental mapping of a single C@SnSx@C2 sphere.
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Fig. 4a. In the first negative-going scan, the weak cathodic peak
located at about 1.6–1.8 V is ascribed to Na+ intercalation into
SnSx,.

43 A broad reduction peak at around 0.8–1.1 V is attributed to
the conversion reaction along with SEI film formation as a result of
the reduction of electrolyte solution.44,45 Another broad peak situated
at around 0.42 V is associated with the alloying reaction between Sn
and Na+ during the further electrode potential scanning.46 In the
reverse, positive-going scan the anodic peaks at about 0.27 and 0.73 V
are attributed to the dealloying reaction. In subsequent scans, the
oxidation peak at around 1.12 V can be traced to the conversion back-
reaction. Subsequently, the less obvious anodic peak at 2.27 V
corresponds to the extraction of Na+.29 In the following repeated
scans, the CV curves strongly coincide which demonstrates a high
stability and reversibility of the C@SnSx@C2 electrode. In detail, two
couples of redox peaks at about 0.24/0.27 V and 0.62/0.72 V are
assigned to the alloying/de-alloying reaction, a pair of redox peaks
situated about at 0.97/1.12 V is associated with typical conversion/
conversion back-reaction and a couple of redox peaks at around 1.75/
2.36 V is attributed to intercalation/extraction process.

From CV observations, a six-stage mechanism during sodium
storage process can be described in the following Eqs. 4–9:

Stage I (OCV-1.1 V), intercalation reaction:

SnS SnS xNa xe Na SnS Na SnS2 2 4x x2 2 [ ]+ + +  ++ -

Stage II (1.1–0.6 V), conversion reaction:

5
Na SnS Na SnS x Na x e Na S Sn6 2 6 2 3 2x x 2 2

[ ]
( ) ( )+ + - + -  ++ -

Stage III (0.6–0.1 V), alloying reaction:

Sn Na e Na Sn3.75 3.75 63.75 [ ]+ + + -

Stage IV (0.01–1.0 V), de-alloying reaction:

Na Sn Sn Na e3.75 3.75 73.75 [ ] + ++ -

Stage V (1.0–2.0 V), reverse conversion reaction:

Na S Sn Na SnS Na SnS

x Na x e

3 2

6 2 6 2 8
x x2 2

( ) ( ) [ ]
+  +

+ - + -+ -

Figure 4. (a) The initial five CV curves of a C@SnSx@C2 electrode at a scan rate of 0.2 mV·s−1, (b) first five galvanostatic charge and discharge profiles at a
rate of 100 mA·g−1 of C@SnSx@C2 anode, (c) rate capability of C@SnSx@C1, C@SnSx@C2, C@SnS@C2 and SnSx@C electrodes at rates ranging from 0.1
to 10 and then gradually backed to 0.1 A·g−1, respectively, (d) galvanostatic charge and discharge profiles at rates from 0.1 to 10.0 A·g−1, respectively, (e) rate
capability of C@SnSx@C2 anode vs current density compared with some other Sn-based SIB anode materials, (f)–(g) cycling life and Coulombic efficiencies of
C@SnSx@C1, C@SnSx@C2, C@SnS@C2 and SnSx@C electrodes, respectively, (h) Nyquist plots of C@SnS@C2, C@SnSx@C2 and SnSx@C electrodes
after 10 cycles at a rate of 0.5 A·g−1, (j) Nyquist plots of C@SnSx@C2 anode after certain charge-discharge cycles.
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Stage VI (2.0–3.0 V), extraction reaction:

Na SnS Na SnS SnS SnS xNa xe2 2 9x x 2 2 [ ]+  + + ++ -

The galvanostatic charge-discharge plots of a C@SnSx@C2
electrode are presented in Fig. 4b in a voltage range from 0.01 to
3.0 V vs Na+/Na at a current density of 0.1 A·g−1. The initial charge
capacity of the electrode reached 611 mAh·g−1 with Coulombic
efficiency (CE) of 76.8% in the first cycle. The irreversible capacity
loss can be ascribed to the irreversible conversion reaction of
Sn0/Na2S as well as SEI formation.30 In order to reveal the capacity
contribution of carbon in a C@SnSx@C2 electrode, the cycling
performance of plain carbon electrode is examined at the current
density of 0.5 A g−1 as presented in Fig. S4. The initial reversible
capacity of plain carbon electrode is 95 mAh∙g−1 (according to the
result of TGA, it can be calculated that the capacity contribution of
SnSx in C@SnSx@C2 is 859 mAh∙g−1). It should be noticed that
this calculation is based on the assumption that the specific
capacities of hollow carbon and carbon sheath are the same after
exposure to the annealing temperature of carbon-derived PDA. Two
plateaus appear in the first discharge plot at about 1.0 V and 0.42 V,
demonstrating that a conversion reaction occurred between SnSx and
Na+ followed by an alloying reaction between formed Sn and Na+,
respectively. In the reverse charge process, plateaus situated at about
0.3, 0.7, 1.1 and 2.3 V can be assigned to the de-alloying reaction,
reverse conversion and extraction process, respectively. This is in a
good agreement with the CV observations. The coinciding curves in
following cycles confirm high reversibility of the C@SnSx@C2
electrode with CE values around 100% after the first cycle. In contrast,
first five galvanostatic charge-discharge curves of C@SnS@C2,
C@SnSx@C1 and SnSx@C electrodes are collected in Fig. S5. In
detail, discharge capacity values of these electrodes are 626, 1080,
775 mAh·g−1, respectively, with charge capacity values of 450, 860,
596 mAh·g−1, thus leading to CE values of 71.8, 80.36, and 76.90%,
respectively. Noticeably, the plateaus in the charge-discharge measure-
ments of C@SnS@C2 electrode have changed somehow due to a
different sodium storage mechanism which is in line with the CV
observations as presented in Fig. S6.

The rate capability of these electrodes is tested; results are
displayed in Fig. 4c. The C@SnSx@C2 electrode delivers a high
reversible capacity of 636.5, 590.0, 561.0, 519.0, 471.0, 389.0 and
265.1 mAh·g−1 at current rates 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 and
10.0 A·g−1, respectively. When the current density is set back to
0.1 A·g−1, the specific capacity recovers quickly to 610 mAh·g−1,
which indicates a superb rate capability. In contrast, the C@SnSx@C1
electrode reaches a specific capacity of 896.0, 825.0, 757.0, 685.0,
588.0, 311.0 and 88.0 mAh·g−1, and the SnSx@C electrode exhibits
610.0, 569.0, 511.0, 442.0, 313.0, 182.0 and 36.0 mAh·g−1, respec-
tively, while that of C@SnS@C2 electrode is only 489.0, 429.0, 371.0,
329.0, 290.0, 239.0 and 185.0 mAh·g−1 at rates of 0.1, 0.2, 0.5, 1.0,
2.0, 5.0, and 10.0 A·g−1, respectively. The reasons behind the excellent
rate performance of C@SnSx@C2 electrode are a synergistic effect
involving building blocks of a nanosized dimension, p-n SnS2/SnS
heterojunctions and a favorable carbon fraction, which extremely
improve electrical conductivity and certainly assure fast sodium ion
diffusion. A minimal increase in polarization at rates growing from
0.1 to 10.0 A·g−1 of C@SnSx@C2 electrode in the GCD plots is
noticed, as shown in Fig. 4d. Figure 4e shows an comparative diagram
of specific capacity vs current density of our C@SnSx@C2 electrode
and some other current state-of-the-art Sn-based SIB negative
electrodes.47–51 Our C@SnSx@C2 electrode delivers superior rate
capability due to the synergistic effects mentioned above.

Galvanostatic charge/discharge profiles and corresponding CE
values at a fixed current density are recorded and calculated to evaluate
the cycling stability of C@SnSx@C2, C@SnSx@C1, C@SnS@C2 and
SnSx@C electrodes, results are presented in Figs. 4f–4e. Figure S7
illustrates the cycling stability of C@SnSx@C2 and C@SnSx@C1
electrodes at a low rate of 0.2 A·g−1. The C@SnSx@C2 electrode

delivers a reversible capacity of 463 mAh·g−1 after 150 cycles at a rate
of 1.0 A·g−1 (a high capacity retention of 96.3%). However, the
C@SnSx@C1 electrode undergoes dramatic capacity decay after
30 cycles and has a low capacity retention of 27.3% of its initial
capacity (636 mAh·g−1) after 150 cycles. In contrast, the SnSx@C and
C@SnS@C2 electrodes fall to 206 mAh·g−1 after 100 cycles and
230 mAh·g−1 after 150 cycles at a current density of 1.0 A·g−1,
respectively. Accordingly, C@SnSx@C2 is an appealing SIB electrode
material based on these electrochemical analyses.

In addition, the reaction kinetics of these as-prepared electrodes
have been investigated by electrochemical impedance measurements
(EIS). All Nyquist plots as shown in Figs. 4h–4i reveal two parts: a
distorted semicircle and an inclined line. The first part in the high-
medium frequency region is ascribed to the combination of
capacitance and resistance of the SEI film (CSEI + RSEI), double
layer capacitance and the charge transfer resistance (Cdl + Rct). The
inclined line in the low frequency region is associated with a semi-
infinite diffusion process.52 Figure 4h depicts Nyquist plots of these
electrodes after 10 cycles at a rate of 0.5 A·g−1. Obviously, the
diameter of the semicircle of the C@SnSx@C2 electrode is
the smallest one, which indicates the lowest internal resistance of the
C@SnSx@C2 electrode. The low internal resistance might be in part
caused by the presence of S,N-doped carbon and well-coupled p-n
SnS2/SnS heterostructures. In addition, Nyquist profiles after 50
cycles are also collected and presented in Fig. S8; they exhibit
similar trends. The internal resistance values are shown in Table SII.
Nyquist plots after certain numbers of cycles are also recorded to
trace the reaction kinetics of C@SnSx@C2 electrode; the results are
presented in Fig. 4i. The internal resistance values gradually
increase due to some unwelcome side reactions during continued
cycling, the data are collected in Table SIII. The Na+ diffusion
coefficient is a direct index reflecting the transport kinetics in
electrode materials during the sodium ion storage. The sodium ion
diffusion coefficient (D) can be calculated from the EIS results
according to the following Eqs. 10–11:52–54

D R T A n F c2 10Na
2 2 2 4 4 2 2 [ ]/ s= w+

Z R R 11re s ct
1 2 [ ]/s w= + + w

-

where in R corresponds to the gas constant, n is the number of
electrons transferred in the electrode reaction, T is the room
temperature, A is the surface area of the electrode, F is the
Faraday constant, c is the bulk concentration of Na in the electrode
material, σω is the Warburg factor deduced from the slope of the
fitted lines of Zre vs ω−1/2. Results are exhibited in Fig. S9, the
calculation can be found in the SI. The calculated D values of
SnSx@C, C@SnS@C2 and C@SnSx@C2, are 5.37 × 10−15, 1.56 ×
10−14, and 8.48 × 10−14 cm2·s−1 respectively. The higher DNa+
value of C@SnSx@C2 electrode compared to those of other
electrodes demonstrating faster Na+ diffusion might be attributed
to the three-dimensional structures, coupling effect of p-n SnS2/SnS
heterostructures and shorter Na+ diffusion length caused by nanosized
building blocks.

It should be highlighted that the p-n SnS2/SnS heterointerface
could give rise to a built-in internal electric field which promotes
charge transport, which results in better rate capability.55 In addition,
mesopores can offer sufficient electrode-electrolyte contact areas, thus
ensuring abundant reaction electroactive material, which leads to high
specific capacity. In addition, S,N-doped carbon sheath layer and the
hollow carbon sphere substrate can not only buffer the volume
variations of SnS and SnS2 during cycling but also enhance the
electric conductivity, which contributes to long cycling stability.

Density functional theory (DFT) calculations are implemented to
investigate the density of states (DOS), Na+ diffusion energetics and
the energy band structures in SnS2/SnS heterostructures. Carbon in
C@SnSx@C2 is neglected in DFT calculations. Figure S10 presents
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atomic migration pathways for Na+ in SnS2/SnS and SnS. The Na+

adsorption energy (Eads) of SnS2/SnS is −4.66 eV compared to that
of SnS (−2.55 eV) which confirms an enhanced Na+ accommoda-
tion capacity. According to Figs. 5b and 5d, SnS and SnS2/SnS
heterostructures exhibit similar DOS patterns. However, a consecu-
tive distribution of DOS pattern of SnS2/SnS heterostructures is
calculated indicating that SnS2/SnS heterostructure is changed to
metallic type from semiconducting type.56 In addition, it can be seen
in Fig. 5a that the electronic orbitals of Sn, Na, and S overlap in the
SnS2/SnS heterostructure, while a widened band gap (0.823 eV) of
SnS is shown in Fig. 5c. These findings illustrate that SnS2/SnS
heterostructure can strongly lower the Na+ adsorption energy and
enhance the electrical conductivity during sodium ion storage.
Furthermore, Fig. 5g shows the diffusion energy barrier for
SnS2/SnS heterostructure of 0.38 eV, which is much lower than
that of SnS (0.72 eV), and which certainly suggests Na+ diffusion is
more welcome and favored in C@SnSx@C2.

Figures 5e and 5f reveal the charge distribution in SnS and
SnS2/SnS heterostructures after Na+ intercalation. An induced

internal electric field and an obvious charge separation of
SnS2/SnS heterostructure which greatly facilitates Na+ diffusion
during sodium ion storage can be noticed in Fig. 5e. Furthermore, it
can be concluded that the charge transfer and exchange between
Na+ ion and SnS2/SnS is much stronger than in SnS (Fig. 5f).
Figures 5h and 5i illustrate an induced internal electric field crossing
p(SnS)-n(SnS2) heterojunctions and how Na+ transfers between p-n
heterojunctions under the internal electric field during a charge and
discharge process. Na+ diffusion kinetics are highly promoted in the
SnS2/SnS heterostructure which is confirmed by the lower Na+

diffusion energy barrier.
DFT results are strongly endorsed and supported by experimental

data. Overall, the above results indicate that an advanced and
superior sodium ion storage performance has been achieved in our
newly designed negative electrode material for a SIB by success-
fully constructing SnS2/SnS p-n heterojunctions embedded in a
carbon sheath layer supported by a hollow carbon sphere substrate.
This novel negative electrode material can be extended to other
metal ion battery technologies.

Figure 5. Band structures and electronic density of states for SnSx (a), (b) and SnS (c), (d), charge density difference isosurfaces for NaSnSx (e) and NaSnS (f)
(isosurface value is 0.005 eV Å−3, + and—induced charges are represented in cyan/yellow solid spheres, respectively), migration energy barrier for Na+ in SnSx
and SnS (g), schematic illustration of the (h) superior performance mechanism and (i) induced internal electric field in the SnS2/SnS p-n heterojunctions.
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Conclusions

In summary, SnS2/SnS p-n heterostructures embedded in a S,N-
doped carbon sheath layer and supported by a hollow carbon sphere
have been prepared for the first time. The characteristic properties of
C@SnSx@C2 have been investigated by microscopies (SEM and
HRTEM), XRD and XPS. The C@SnSx@C2 (optimized carbon
ration) negative electrode can deliver an initial reversible capacity of
636.5 mAh·g−1 at 0.1 A·g−1, superior rate capability (265.1 mAh·g−1

at rates of 10.0 A·g−1) and long cycle life (a high capacity retention of
96.3% at 1.0 A·g−1 after 150 cycles). Specifically, the formed
SnS2/SnS p-n heterostructure can improve the electrical conductivity
through inducing a built-in electric field promoting Na+ diffusion,
which results in high rate performance further evidenced by EIS
analysis and supported by first-principle DFT calculations. In addition,
S,N-doped carbon sheath can accommodate the volume variation
during sodium ion storage, and the internal hollow carbon substrate
can assure structural integrity by alleviating the aggregation of
SnS2/SnS nanosheets. Furthermore, the mesoporous structure might
facilitate transport along with ensuring sufficient electrode-electrolyte
solution contact, overall leading to high specific capacities even at
high rates. It is believed that the outstanding electrochemical
characteristics of C@SnSx@C2 electrode make it an appealing anode
material for SIBs and also for other metal ion batteries.
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