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a b s t r a c t

Main attention to the interlayer regulation of layered metal chalcogenides (LMCs) is focused on the
expansion of interlayer spacing to improve the Liþ-storage performance. However, the issues of poor
material homogeneity and complicated preparation make this strategy incapable to realize a wider
application. In this work, a new interlayer design of the oriented growth of layered (00l) facets enables
facile Liþ-diffusion channels in SnSSe nanosheets. The further assembly between SnSSe nanosheets and
reduced graphene oxide (SnSSe/rGO) generates flexible freestanding electrodes, in which the SnSSe
nanosheets are tiled onto the rGO nanolayers with a planar configuration. The SnSSe/rGO electrodes
demonstrate an ultrahigh discharge capacity of 2049mAh g�1 at 0.1 A g�1 (based on the active mass of
SnSSe) and a considerable capacity retention of 82% after 2000 cycles at 1 A g�1. The morphological
characterization of long-life cycled SnSSe/rGO electrode confirms an open structure built with vertical
lamellas, which can provide more active sites and accommodate the volume expansionecontraction of
SnSSe nanosheets.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The combination of new clean energy and lithium-ion battery
(LIB) has become a trend for energy storage and application [1]. And
further advancement of LIB needs the exploitation of high-
performance anode materials [2e5]. Layered metal chalcogenides
(LMCs) with MoS2, WS2, and SnS2 as the representatives have been
of significant interest as the anodes of LIB, due to their advantages
of high theoretical capacity, low cost, and facile design of size and
morphology [6e12]. The Liþ insertion into interlayer and the
following conversion reaction along the interlayer (additional
alloying reaction for the SnS2) provide main contribution to the
whole capacity delivery [13e16]. Therefore, the interlayer regula-
tion is a key consideration for optimizing the capacity delivery and
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cycling stability of these LMCs [17,18].
The widely used method to realizing a stable Liþ-insertion

process is the expansion of interlayer spacing, which plays a posi-
tive role in volume accommodation and transportation kinetics of
LMCs [19,20]. This design to reduce the Liþ-insertion barrier mainly
depends on the weakening of van der Waals interaction. In this
case, it is feasible to realize monolayer (or multilayer) electro-
chemical behavior, which allows more accessible active Liþ-storage
sites and more resistance to the structural pulverization compared
to that of the bulk LMCs with a narrower interlayer spacing [21].
Efforts to achieve the expanded interlayer spacing are mainly
focused on the MoS2 nanosheets [9,22e25]. Which always
demonstrate considerable Liþ-storage capacity delivery and cycling
stability. However, most approaches to expanding the interlayer
spacing of LMCs need heterogeneous doping or intercalation (metal
atoms, metal ions, small molecules/polymers, etc.), of which the
physical and chemical homogeneity, facile tunability of particle
size, easy synthesis, and large-scale production still remain to be
improved [26]. Therefore, the challenge is to combine the strategy
of interlayer-spacing expansionwith novel designs that can further
improve the Liþ-storage performance of LMCs [27].

mailto:wangxs@mail.ipc.ac.cn
mailto:lirui@pkusz.edu.cn
mailto:chenjitao@pku.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2019.06.041&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2019.06.041
https://doi.org/10.1016/j.electacta.2019.06.041
https://doi.org/10.1016/j.electacta.2019.06.041


X. Wang et al. / Electrochimica Acta 318 (2019) 937e948938
The tailored crystal growth with desirable facets has triggered a
high level of interest in synthesizing functional materials in many
fields (sensor, catalysis, etc.) [28e31]. Therefore, the oriented
growth of (00l) facets in LMCs can be used to fabricate better
electrode materials, by creating a favorable Liþ-insertion environ-
ment with the direct exposure to electrolyte [23]. Generally, layered
hexagonal SnS2 and SnSe2 have high theoretical capacities through
the combination of Liþ insertion, conversion reaction, and alloying
reaction, all of which rely on the interlayer regulation regarding the
interlayer spacing and the layered orientation of (001) facet [32].
However, the growth of (001) facet is strongly competed by the
(101) facet in SnS2 and the (011) facet in SnSe2 during the synthetic
processes especially using solid-state reaction, which allows high
crystal homogeneity and large-scale production [33,34]. Herein, we
realize the tailored growth of (001) facet in the layer-oriented
SnSSe nanosheets with a large interlayer spacing of 0.61 nm and
the highly suppressed (101) and (011) facets, thus enabling facile
Liþ-diffusion channels. Further assembly with reduced graphene
oxide (rGO) produces flexible freestanding SnSSe/rGO nano-
composite electrodes with an order-stacked structure, wherein the
SnSSe nanosheets show a tiled configuration onto the planar
extended rGO nanolayers. The SnSSe/rGO electrodes deliver an
ultrahigh specific capacity of 2049mAh g�1 at 0.1 A g�1 for the
active mass of SnSSe and a remarkable capacity retention of 82%
after 2000 cycles at 1 A g�1. The long-life cycled SnSSe/rGO elec-
trode reveals a unique open structure built with vertical lamellas,
which is favorable to the full use of active sites and the accom-
modation of volume expansionecontraction of the SnSSe
nanosheets.
2. Experimental section

2.1. Synthesis of the SnSSe materials

The single-crystal SnSSe was synthesized by mixing Sn powders
(Alfa Aesar, 99.8%), S powders (Alfa Aesar, 99.5%), and Se powders
(Alfa Aesar, 99þ%) with a molar ratio of 1 : 1: 1 and then reacting at
900 �C for 20 h with slow heating and cooling procedures under a
vacuum environment in a sealed silica tube. The polycrystal SnSSe
was synthesized at 400 �C for 50 hwith relatively rapid heating and
cooling procedures.
2.2. Synthesis of the GO material

2 g expanded graphite was added to a clean beaker (1000mL),
and then 92 g concentrated sulfuric acid was slowly dumped into
the above beaker, whichwas then covered closely by using a sealing
film. After being stirred for 24 h (200 rpm), 1 g NaNO3 was added to
the concentrated sulfuric acid dispersion with 5min stirring pro-
cess. Then 6 g KMnO4 was very slowly added to the above disper-
sion under an ice bath with a stirring process (5min). Then the
beaker kept stirring for 30min in a water bath (35 �C). After that,
5mL water was added to the beaker along the wall with a stirring
process (5min). Then another 5mL water was added again with a
stirring process (5min). After that, 40mL water was added to the
dispersion at 350 rpmwith a stirring process (5min). Then 400mL
water was added to the dispersion and kept stirring at 750 rpm
with a stirring process (5min). After that, 20mL fresh H2O2 (35%)
was poured into the beaker and kept stirring with a stirring process
(5min). After that, natural settlement of the dispersion was per-
formed for 2 h. Then the supernatant was sucked out and the
concentrated dispersion was washed by hydrochloric acid solution
twice. Then the GO dispersion in water was collected by
centrifugation.
2.3. Preparation of the single-crystal SnSSe, polycrystal SnSSe, rGO,
and SnSSe/rGO electrodes

The bulk single-crystal and polycrystal SnSSe samples were
firstly grinded. Then the two kinds of powders were separately
mixed with carbon black and sodium carboxymethylcellulose
(CMC) at aweight ratio of 75 : 15: 10. The two kinds of slurries were
spread on the Cu foils and dried at 75 �C, then the two foils were cut
into electrode disks with a diameter of 11mm and dried at 75 �C
over 12 h under vacuum. The single-crystal SnSSe powders were
further ball milled by adding distilled water. After ball-milling
treatment, the slurry was centrifuged (TG16-WS, 5000 r/min) and
supernatant was collected and treated with ultrasound (SB-
5200DTDN, 100W, 40 KHz) for 1 h to obtain the SnSSe aqueous
dispersion. The SnSSe aqueous dispersion (2.5mgmL�1) wasmixed
with the GO aqueous dispersion (2.0mgmL�1) at a mass ratio of 1 :
1 (SnSSe: GO) and the mixed dispersion diluted with water to
15mL. And then the mixed dispersion was treated with ultrasound
in cold water (below 10 �C) for 1 h. After that, it was frozen
at �80 �C for 2 h. The sample was then freeze-dried for 40 h to
obtain the SnSSe/GO foams. The prepared SnSSe/GO foams were
pressed into the flexible films and then tailored into disks to obtain
the SnSSe/GO electrodes, which were further reduced at 300 �C for
6 h under Ar/H2 atmosphere (H2 is 5 vol%) to obtain the SnSSe/rGO
electrodes. The rGO electrodes were prepared by using the same
procedures of SnSSe/rGO electrodes without the introduction of
SnSSe [35]. The contents of SnSSe and rGO were separately fitted to
be 67wt% and 33wt% by using an Elemental Analyzer.

2.4. Material characterizations

The crystal structures of SnSSe and SnSSe/rGO were character-
ized by X-ray diffraction (XRD, Bruker D8 Advance diffractometer)
with Cu Ka radiation (l¼ 1.5405 Å). The thickness of SnSSe nano-
sheets was characterized by atomic force microscope (AFM, Veeco
Multimode III). The morphology and size of obtained samples and
cycled electrodes were examined by scanning electronic micro-
scopy (SEM, ZEISS Supra 55, with the energy-dispersive X-ray
spectroscopy (EDX) test) and transmission electron microscopy
(TEM, FEI Tecnai G2 F20 s-Twin). The surface chemical states were
assessed by X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, Thermo Fisher Ltd.). The Raman spectra of obtained samples
were recorded using a Raman spectrometer (iHR320, HORIBA Jobin
Yvon). The contents of SnSSe and rGOwere determined by using an
Elemental Analyzer (vario EL, Elementar Analysensysteme GmbH).

2.5. Electrochemical test

The half-cell performance were characterized with lithium
metal foils as the counter electrodes, glass fibers as the separators,
and 1mol L�1 LiPF6 in EC/DMC/EMC (v: v: v¼ 1 : 1: 1) as the
electrolyte, and then assembled into LIR2032-type coin cells in an
argon-filled glove box. All the SnSSe/rGO and rGO electrodes were
cycled at a small current density until the stable state was achieved
(activation process). And the statistics of cycle number start after
the activation process. The average mass loading of SnSSe/rGO is
1.5mg cm�2. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS, from 100 kHz to 10mHz) tests were
performed on an Autolab electrochemical system. The battery tests
were carried out by using a battery test system (LANDdt) within a
voltage range of 0.01e3.0 V versus Liþ/Li.

3. Results and discussion

Bulk single-crystal SnSSe was synthesized via a solid-state
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reaction using stoichiometric tin, sulfur, and selenium powders
[36,37]. Its XRD pattern (Fig. S1, Supporting Information) only
shows the layered-structure-related (00l) peaks, suggesting its
single-crystal feature. Its morphology was evaluated by SEM and
then demonstrated in Fig. S2a (Supporting Information). A typical
layered configuration built by tightly accumulated lamellas is dis-
played. The inset exhibits the front SEM image of bulk single-crystal
SnSSe. The micron-scale lamellas reveal the smooth surface and
interlaced edge, and their stacked module is highly ordered along
the direction of layered orientation, indicating the tailored growth
of (001) facet. In contrast, the SEM image of polycrystal SnSSe
(Fig. S2b, Supporting Information) illustrates the irregular particle
size and morphology. The distinct comparison of diffraction spots
between the selected area electron diffraction (SAED) patterns of
single-crystal SnSSe and polycrystal SnSSe (Fig. S3, Supporting In-
formation) also confirms the conclusion of single crystal. The SnSSe
nanosheets were prepared by the wet ball-milling of bulk single-
crystal SnSSe. As shown in Fig. 1a, the TEM image was collected
Fig. 1. Oriented growth of the (001) facet in the SnSSe nanosheets and preparation of t
configuration is displayed. (b) XRD pattern of the SnSSe nanosheets. Highly oriented growth
Liþ-insertion direction. Images of the SnSSe/GO foam before (d) and after (e) a press treatm
rGO does not change the morphology and size.
to characterize their microstructure. The nanosheets distribute in a
planar way, and their thickness is determined to be below 2 nm by
AFM topography image (Fig. S4, Supporting Information). The XRD
pattern of SnSSe nanosheets is shown in Fig. 1b. Several main
diffraction peaks are located at 14.6�, 31.2�, 40.6�, 44.7�, and 60.9�,
which can be assigned to the (001), (011), (012), (003), and (004)
crystal facets, respectively. Layered-structure-related (001), (003),
and (004) peaks are clearly visible in the pattern with a fitted large
interlayer spacing of 0.61 nm. And the (001) peak replaces the (101)
and (011) peaks as the strongest peak compared to the standard
pattern (ICSD no. 98-060-1191). The contrasting difference in peak
intensity between the (001) and (101)/(011) facets affirms the
preferential growth of (001) facet. The structural schematic of
SnSSe nanosheet is exhibited in Fig. 1c. The open side channels
perpendicular to the c-axis (the orientation of (00l) facet) can
enable facile Liþ insertion.

The intrinsic characteristic of poor electronic conductivity in tin
chalcogenides restricts the capacity delivery and rate capability
he SnSSe/rGO electrode. (a) TEM image of the SnSSe nanosheets. A typical laminar
of the (001) facet is realized. (c) Structural schematic of the SnSSe nanosheets with a

ent. Images of the SnSSe/GO (f) and SnSSe/rGO (g) electrodes. The reduction of GO into
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[38]. The assembly with rGO conductive network into flexible
freestanding electrode (SnSSe/rGO) can enhance the electronic
transportation kinetics and buffer the volume expansion. Uniform
SnSSe/GO composite was prepared by ultrasonic and then freeze-
drying methods, and its appearance image is displayed in Fig. 1d,
in which GO nanolayers hybridize with SnSSe nanosheets into a
brown sponge-like framework. Then it was pressed into a flexible
thin film to improve the electronic contact by generating an open
compact structure of GO nanolayers (Fig. 1e). Flexible freestanding
SnSSe/GO electrode disks (Fig. 1f) were tailored without structural
fragmentation. After the reduction of GO, the SnSSe/rGO electrodes
were prepared with the maintenance of high flexibility (Fig. 1g).

Under the condition of rGO assembly, the SnSSe nanosheets also
depict the oriented domination of (001) facet, which is confirmed
by the XRD pattern of SnSSe/rGO electrode (Fig. 2a). The side
morphology of SnSSe/rGO electrode was characterized by SEM. As
displayed in Fig. 2b, an order-stacked structure assembled by the
layer-by-layer rGO-SnSSe sheets is demonstrated with the
concomitant interlayer gaps, which can enable facile Liþ-diffusion
channels along with the extended rGO nanolayers. The front SEM
image of SnSSe/rGO electrode is displayed in Fig. S5 (Supporting
Information), in which the SnSSe nanosheets cling closely to the
surface of rGO. The micro-structure and -topography of SnSSe/rGO
electrode were evaluated by TEM, and the image is displayed in
Fig. 2c. Both the size and shape distributions of SnSSe nanosheets
are nonuniform with an average diameter of below 500 nm. The
ultrathin SnSSe nanosheets are assembled in a tiled way and form a
planar morphology onto the rGO nanolayer. The SnSSe nanosheets
Fig. 2. Faceted layered (001) orientation in the SnSSe/rGO electrode. (a) XRD pattern of the S
stacked structure. (c) TEM image of the SnSSe/rGO electrode. The average diameter of SnSSe
the region of dotted circle in panel (c). The labeled lattice spacing of 0.304 nm can be assig
are encapsulated inside each rGO nanolayer, the high elasticity and
electrical conductivity of which can accommodate the volume
expansionecontraction [39]. The HRTEM image of SnSSe/rGO
electrode is displayed in Fig. 2d. Clear lattice fringes confirm the
high crystallinity of SnSSe nanosheets and fine lattice spacing of
0.304 nm is labeled, which can be indexed to the (002) crystal facet.
Therefore, layer-related faceted growth along the c-axis orientation
in the SnSSe nanosheets is further proved. Structural design of the
direct exposure of (00l) facets and the ordered flexible framework
can enable facile Liþ-diffusion channels.

Surface chemical states of the SnSSe/rGO electrodewas assessed
by using XPS technology. As shown in Fig. 3a, the strong C signal
derived from the rGO matrix and the Sn, S, and Se signals derived
from SnSSe nanosheets are recognized and marked. The peak-
fitting deconvolution curves of C 1s region (Fig. 3b) illustrate
three peaks, one should be assigned to the carbon-related CeC
bond (284.5 eV) and another two should be assigned to the
oxygen-related CeO (285.6 eV) and C]O (288.6 eV) bonds. As
displayed in Fig. 3c, the Sn 3d region demonstrates a valence state
of Sn4þ in the SnSSe nanosheets by the deconvolution of Sn 3d3/2
and Sn 3d5/2 peaks. The S 2p and Se 3d XPS regions are demon-
strated in Fig. S6 (Supporting Information). The valence states of
S2� and Se2� are verified. Raman spectroscopic analyses were also
carried out to study the chemical state of SnSSe/rGO electrode. As
displayed in Fig. 3d, the intensity ratio of D (1350 cm�1) and G
(1586 cm�1) peaks (ID/IG) in the SnSSe/rGO electrode is simulated to
be 1.01. And in the Raman spectroscopy pattern of SnSSe/GO
(Fig. S7, Supporting Information), its ID/IG value is fitted to be 0.90,
nSSe/rGO electrode. (b) Side SEM image of the SnSSe/rGO electrode. It reveals an order-
nanosheets is below 500 nm. (d) HRTEM image of the SnSSe/rGO electrode taken from
ned to the (002) facet.



Fig. 3. Spectroscopic characterizations of the SnSSe/rGO electrode. (a) Survey XPS spectrum of the SnSSe/rGO electrode. C 1s (b) and Sn 3d (c) XPS regions of the SnSSe/rGO
electrode. (d) Raman spectrum of the SnSSe/rGO electrode. The inset shows the characteristic Raman peaks of SnSSe.
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which manifests the successful reduction of GO. The inset of Fig. 3d
shows the Raman shift region of SnSSe, inwhich its characteristic Eg
and A1g peaks are confirmed [40].

Electrochemical performance was characterized by using coin-
cell tests. The oriented growth of layered (001) facet is more pre-
ponderant in the single-crystal SnSSe compared to that of the
polycrystal SnSSe, which can be concluded from the two contras-
tive XRD patterns [36]. And the further comparison of cycling
performance (Fig. S8, Supporting Information) demonstrates that
the more exposed (001) facet in the single-crystal SnSSe leads to
higher capacity delivery and cycling stability. The multi-oriented
crystalline grains of polycrystal SnSSe can hinder the electron
transfer, which is induced by the electron scattering within the
defects and boundaries of SnSSe particles, thus leading to the
poorer cycling stability compared to the single-crystal SnSSe with
well-oriented crystalline facets. This phenomenon has been
demonstrated by the previous work of layered SnS2 [41]. By sub-
tracting the capacity contribution of rGO species (Fig. S9, Sup-
porting Information), the long-term cycling stability of SnSSe/rGO
electrode was assessed at a current density of 1 A g�1. As exhibited
in Fig. 4a, a high 1st-cycle discharge capacity of 1408mAh g�1 is
achieved for the active mass of SnSSe, which corresponds to
1013mAhg�1 for the SnSSe/rGO composite (the specific formulas
are shown in Fig. S10, Supporting Information). Furthermore, a
considerable discharge capacity of 1133mAh g�1 is realized for the
active mass of SnSSe after 2000 cycles with a high capacity reten-
tion of 82%. In Fig. 4b, the current density was then adjusted to
0.1 A g�1 to evaluate the capacity delivery of SnSSe/rGO electrode
(this statistics of cycle number begins after the long-term cycling
test at 1 A g�1). The active mass of SnSSe presents an ultrahigh 1st-
cycle discharge capacity of 2049mAh g�1 (1474mAh g�1 for the
SnSSe/rGO composite) and a considerable capacity retention of 92%
after 200 cycles. The cell performance of SnSSe/rGO electrodes is
compared with that of some tin chalcogenides as the LIB anodes
[34,38,42e49], which are summarized in Table 1.

The EIS test was implemented to study the kinetics of SnSSe/rGO
electrode before and after cycling. As displayed in Fig. 4c, the top
inset demonstrates the equivalent circuit, in which the Rb, Rct, Zw,
and Cdl separately represent the bulk resistance, charge-transfer
resistance, Warburg impedance, and constant phase element [50].
Therefore, the Rct value of the SnSSe/rGO electrode before cycling is
smaller than that of the SnSSe/rGO electrode after cycling, indi-
cating an improved kinetics after the cycling test. The stabilization
of the electrode/electrolyte interface can decrease the value of Rct
[51]. Compared with the EIS patterns of SnSSe electrode (Fig. S11,
Supporting Information), its Rct values before and after cycling are
both larger than that of the SnSSe/rGO electrode, implying the
positive effect of rGO in electronic conductivity. The specific fitted
Rct values of SnSSe/rGO and SnSSe electrodes are displayed in
Table S1 (Supporting Information). CV curves of the SnSSe and
SnSSe/rGO electrodes executed at 0.2mV s�1 are demonstrated in
Fig. S12 (Supporting Information). It can be seen that the Liþ-
insertion peak in the SnSSe electrode does not appear in the SnSSe/
rGO electrode, and this phenomenon should be attributed to the
masking effect of rGO, which has been demonstrated in some
previously reported rGO-based SnS2materials [32,52]. The cathodic
peak of SnSSe/rGO electrode located at 1.23 V can be assigned to the
conversion reaction with the intermediate products of metallic Sn
and Li2S/Li2Se, and the following peak located below 0.7 V corre-
sponds to the alloying reaction with the final products of LixSn al-
loys. During the following charge process of SnSSe/rGO electrode,
the anodic peak located at 0.63 V can be assigned to the reversible
dealloying reaction, and the following peak located at 1.92 V cor-
responds to the reappearance of tin chalcogenide. The voltage
hysteresis of alloying/dealloying reaction in the SnSSe/rGO elec-
trode is 0.41 V, which is smaller than the value of 0.51 V in the



Fig. 4. Electrochemical performance of the SnSSe/rGO electrode. (a,b) Cycling performance of the SnSSe/rGO electrode performed at 1 and 0.1 A g�1, respectively. (c) EIS patterns of
the SnSSe/rGO electrode before and after cycling. The inset is the corresponding equivalent circuit. (d) CV curves of the SnSSe/rGO electrode performed at different scan rates within
a voltage range of 0.01e3 V. (e) Linear relation of log(v) and log(i) based on the CV tests of SnSSe/rGO electrode. (f) Schematic processes of the Liþ diffusion within the rGO in-
terlayers and the Liþ insertion into the SnSSe interlayers with a comparison between the oriented-growth SnSSe nanosheets and disordered-growth SnSSe nanosheets.

Table 1
Comparison of the SnSSe/rGO electrode versus some reported tin chalcogenides as LIB anodes.

Sample Capacity Capacity retention Ref.

SnSSe/rGO 1474mAh g�1 at 0.1 A g�1 82.0% after 2000 cycles This work
SnS2 1081mAh g�1 at 0.2 A g�1 86.0% after 30 cycles [34]
SnSe2 QDs/rGO 778.5mAh g�1 at 50mA g�1 92.2% after 3000 cycles [38]
SnS2/NRGO 588mAh g�1 at 0.2 A g�1 95.6% after 200 cycles [42]
SnS/NRGO 434mAh g�1 at 0.2 A g�1 52.8% after 200 cycles [42]
SnS2@GF 948.4mAh g�1 at 0.1 A g�1 86.3% after 500 cycles [43]
CPN@SnS2 1353mAh g�1 at 60mA g�1 49.2% after 100 cycles [44]
MoS2@SnO2eSnS/C 1006mAh g�1 at 0.2 A g�1 63.2% after 500 cycles [45]
SnS/MoS2eC 1002mAh g�1 at 0.2 A g�1 ~100% after 700 cycles [46]
SnSe0.5S0.5/C 989mAh g�1 at 0.1 A g�1 63.2% after 500 cycles [47]
SnSe NPs 920mAh g�1 at 0.2 A g�1 86.8% after 100 cycles [48]
SnS0.9Se0.1@CNFs 924mAh g�1 at 0.2 A g�1 75% after 100 cycles [49]
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SnSSe electrode. Fig. 4d reveals the CV curves of SnSSe/rGO elec-
trode at different scan rates. Four peak groups a-d are labeled to
verify the lithiation-type of SnSSe/rGO electrode. The equation of
log(i)¼m*log(v) þ log(n), in which i represents the peak current, v
represents the scan rate, and m and n represent the adjustable
values, can be used to determine the Liþ-diffusion lithiation type
instead of pseudocapacitive behavior if the value of m approaches
0.5 instead of 1.0. Fig. 4e displays the linear-fitting curves of log(v)
and log(i), and the simulated m values of peak groups a-d are
separately 0.70, 0.58, 0.60, and 0.72 (Table S2, Supporting Infor-
mation). Therefore, the Liþ-diffusion mechanism dominates the
electrochemical behavior [53]. The schematic of facile Liþ diffusion
in the SnSSe/rGO electrode is illustrated in Fig. 4f. The contoured
rGO nanolayer conforms to the SnSSe nanosheets with an ordered
layered orientation, which allows facile Liþ diffusion channels
compared to that of the disordered configuration of SnSSe



Fig. 5. Characterizations of the morphology and surface elements of the long-life cycled SnSSe/rGO electrode. SEM (a) and HRSEM (b) images of the SnSSe/rGO electrode after the
long-life cycling process tested at 1 A g�1. (cef) EDX elemental mapping images of the SnSSe/rGO electrode after the long-life cycling process tested at 1 A g�1.
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nanosheets. Therefore, the oriented growth of layered facets in the
SnSSe nanosheets with an extensive exposure of Liþ-diffusion
channels, together with the effective accommodation to volume
expansionecontraction and the excellent electronic conductivity
provided by the rGO matrix, ensure the long-term cycling stability
and high capacity delivery.

The morphology of long-life cycled SnSSe/rGO electrode was
characterized by SEM. As shown in Fig. 5a, open lamellas appear on
the electrode surface and their interconnections form the vertical
flower-like morphology. The fine morphology of open lamellas are
revealed in Fig. 5b. The average thickness of open lamellas is less
than 100 nm and their surfaces extend smoothly along with the
direction of Liþ diffusion. This special open structure can provide
more active sites and buffer the volume change of SnSSe nano-
sheets during the discharge/charge processes. The EDX technology
confirms the elemental distributions (the corresponding SEM im-
age is exhibited in Fig. S13, Supporting Information). As shown in
Fig. 5cef, the EDX elemental mapping images demonstrate that the
C, Sn, S, and Se elements all reveal uniform distributions. Therefore,
the open lamellas are still integrated with the rGO matrix and tin
chalcogenides.

4. Conclusions

In summary, layered SnSSe nanosheets are synthesized by using
a simple solid-state reaction and then a wet ball-milling method.
They feature the oriented growth of (001) facet that breaks the
shackle of strong competition from the (101) and (011) facets in the
tin-based LMCs, thus allowing facile Liþ-diffusion channels. A
further construction with rGO conductive matrix enables the flex-
ible freestanding SnSSe/rGO electrodes with an order-stacked
framework, which is assembled with the tiled SnSSe nanosheets
and the planar extended rGO nanolayers. A superior specific ca-
pacity delivery of 2049mAh g�1 is realized at 0.1 A g�1 for the
active mass of SnSSe, and an excellent capacity retention of 82% is
also delivered at 1 A g�1 even after 2000 cycles. An open structure
with vertical lamellas is characterized on the surface of long-life
cycled electrode. Tailoring desirable crystal facets to build better
electrode materials for LIBs and other battery systems can be
envisioned in view of its high feasibility.
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Fig. S1. XRD pattern of the single-crystal SnSSe. Only the layered-structure-related
(00l) peaks are demonstrated.
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Fig. S2. SEM images of the single-crystal SnSSe (a) and polycrystal SnSSe (b). The inset in panel (a) shows the front SEM image of single-crystal SnSSe. Typical layered configuration
is revealed in the single-crystal SnSSe.

Fig. S3. SAED patterns of the single-crystal SnSSe (a) and polycrystal SnSSe (b).

Fig. S4. AFM topography image of the SnSSe nanosheets. The thickness of SnSSe nanosheets is below 2 nm.

Fig. S5. Front SEM image of the SnSSe/rGO. The SnSSe nanosheets show a tiled way on the surface of rGO.
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Fig. S6. S 2p region (a) and Se 3d region (b) in the XPS spectrum of SnSSe/rGO.

Fig. S7. Raman pattern of the SnSSe/GO before the reduction process. The intensity ratio of D (1350 cm�1) and G (1586 cm�1) peaks (ID/IG) in the SnSSe/GO is fitted to be 0.90. The
inset shows the characteristic Raman peaks of SnSSe.

Fig. S8. Cycling performance of the single-crystal SnSSe and polycrystal SnSSe electrodes tested at 0.1 A g�1.

Fig. S9. Cycling performance of the rGO electrodes tested at 0.1 and 1.0 A g�1. Stable capacity deliveries are demonstrated at both the 0.1 and 1.0 A g�1 with the average values of 326
and 211mAh g�1, respectively.
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Fig. S10. Specific formulas of calculating the specific capacity (mAh g�1) of active mass of SnSSe. m, Cap, and S-Cap represent the mass (g), capacity (mAh), and specific capacity
(mAh g�1), respectively, and the red underlines represent the known quantities. The values of S-CaprGO adopt 326 and 211mAh g�1 at 0.1 and 1.0 A g�1, respectively.

Fig. S11. EIS patterns of the SnSSe electrode before and after cycling. The inset is the corresponding equivalent circuit.

Fig. S12. CV curves of the SnSSe and SnSSe/rGO electrodes performed at 0.2mV s�1.

Fig. S13. SEM image of the long-life cycled SnSSe/rGO electrode collected for the EDX test.
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Table S1
Comparison of the fitted Rct values of SnSSe/rGO and SnSSe electrodes before and after cycling.

Electrode SnSSe/rGO (before cycling) SnSSe/rGO (after cycling) SnSSe (before cycling) SnSSe (after cycling)

Rct value (U) 69 46 618 311

Table S2
Specific values of m and n for peak groups a-d.

Peak group a b c d

m 0.70 0.58 0.60 0.72
n �0.51 �0.47 �0.55 �0.70

The power-law relationship can be described as i¼ n*vm, in which i is the current, n
is the scan rate, and m and n are two adjustable parameters. The above formula can
be deformed into log(i)¼m*log(v) þ log(n) to obtain the values ofm and n, through
collecting the peak currents and scan rates of peak groups a-d.
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