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Structure-controlled SnSe, nanosheets as high performance anode

material for lithium ion batteries
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Abstract

SnSe, is regarded as one of the promising anode materials for the advanced lithium ion batteries (LIBs) due to its high theoretical
capacity and good conductivity. In this work, SnSe, with controllable structure is synthesized by a facile solvothermal method
and the influence of reductant on the morphology is revealed. It is found that interconnected SnSe, nanosheet assembled by
ultrafine nanoparticles exhibits excellent electrochemical performance. As LIBs anode material, the SnSe, nanosheet delivers a
high initial reversible capacity of 932 mAh g~ with the coulombic efficiency of 75.2% at 200 mA g, remaining at 334 mAh g~
over 200 cycles. This highly reversible capacity and cycling stability are mainly ascribed to its special interconnected thin
nanosheets structure, which could provide a three-dimensional network paths for ultrafast charge transfer.

Keywords Tin diselenide - Nanosheet - Lithium-ion battery - Anode materials

Introduction

Presently, many kinds of new-type secondary rechargeable
batteries have been developed to replace primary lithium bat-
tery, such as lithium-ion batteries (LIBs) [1-3], sodium-ion
batteries (NIBs) [4—6], potassium-ion batteries (KIBs) [7],
and Li-air batteries [8]. Among them, LIBs are regarded as
primary candidates for portable electronics, smart power
grids, and electric vehicles [9, 10] because LIBs exhibit many
advantages of high energy density, high power capability, long
lifespan, environmental benignity, and so forth [11-13].
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Anode, as an important component of LIBs, plays a crucial
role in determining the electrochemical performance. While
commercial graphite anodes cannot meet the increasing re-
quest of the electrodes due to its limited specific capacity
(372 mAh g ') and inferior rate capability [14—17].
Therefore, seeking for alternative anode materials with higher
theoretical capacity for next-generation LIBs must be put on
schedule [18, 19].

Tin-based compounds SnX, (X =0, S, Se) with a high
theoretical capacity have been investigated as the most prom-
ising LIBs anodes to replace graphite. For instance, SnO,,
SnS,, and SnSe, deliver theoretical lithium storage capacity
of 1494, 645, and 800 mAh gfl, respectively [20-23]. Chen
et. al reported a rational design of crystalline SnO, @ amor-
phous TiO, core-shell nanostructures, having a high reversible
capacity of 1259 mAh g at cycling rate of 80 mA g ' [24].
Nevertheless, the high capacity of these SnX, materials is
yielded at the cost of large volume changes during lithiation/
delithiation owing to alloying and conversion reaction as fol-
lowing [25, 26]:

SnX, + 4Li* + de —Sn + 2LirX (1)
Sn +4.4Li" + 4.4¢ —Liy4Sn (2)

Among these SnX, type anodes, SnSe;, as a 2D transition
metal chalcogenide material, has attracted much attention as
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alternative for graphite anodes [27]. It exhibits special hexag-
onal layered structures with closely packed sandwich layers,
which are stacked by a periodicity of one layer Sn atom and
two layers Se atoms, and also the interlayer spaces are loosely
bound by van der Waals bonds [28, 29]. To our knowledge,
the large interlayer spacing is beneficial for ions intercalations
easy and buffering the volume change [23, 29], as reported in
V,05 polyhedra anode [7]. However, there are only a handful
of reports about SnSe, as anodes for LIBs by reason of unsat-
isfactory electrochemical property. Generally, preparing car-
bonaceous composite and micro-nanostructure are two effec-
tive strategies [30-32], which is beneficial to obtain a high
electrical conductivity, large specific surface area, and short
Li* diffusion routes [2, 33]. For example, Chen et al. reported
a two-dimensional SnSe,/CNTs hybrid nanostructures that
yields a reversible capacity of 210.3 mAh g ' at 0.1 C after
100 cycles [29]. Huang et al. contributed SnSe,/rGO compos-
ite that ultra-fine SnSe, quantum dots are embedded in a 3D
matrix of rGO, which delivers capacities of 778.5 and
324.5 mAh g ! at current densities of 50 and 5000 mA g ',
respectively [25]. Zhang et. al reported SnSe, 2D nanosheets
and SnSe,/RGO nanocomposites as anode for sodium ions
battery, exhibiting a reversible capacity of 515 mAh g ' after
100 cycles [28].

Herein, we prepared SnSe, nanosheets with controllable
structure by a simple solvothermal method. The SnSe, nano-
sheets display interconnected three-dimensional networks
structure when hydrazine monohydrate is used as a reducing
agent. Employed as LIBs anode material, this SnSe, material
demonstrates excellent cycling stability and rate capability.
The detailed reasons are discussed in our work.

Experimental
Materials and Chemicals

Stannous chloride dehydrate (SnCl,-2H,0, AR, 99.99%), hy-
drazine monohydrate (N,H4-H,O, AR, 85%),
ethylenediamine (AR, 80~90 %), oleylamine (AR, 80~90
%), ethylene glycol (AR, 99.8 %), and absolute ethyl alcohol
(AR, 75 %) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Selenium (Se, AR, 99.99%) was obtained
from Aladdin Reagent Company. All chemicals were used as
received without further purification.

Materials synthesis

SnSe, was synthesized by a solvothermal method. In a typical
experiment, 0.2256 g SnCl,-2H,0 was dissolved into 20 mL
ethylene glycol to form solution A. Then 0.1579 g Se powder
was added into a certain amount of a reducing agent solution
(3 mL of hydrazine hydrate and 3 mL of ethylenediamine),
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accompanied by magnetic stirring for 1 h to form brick red
solution B. After that the solution B was added dropwise into
solution A with stirring continuously around 20 min. When
oleylamine was used as reductant, 0.2256 g SnCl,-2H,0 and
0.1579 g Se powder were directly added into 20 mL
oleylamine and keep warm at 80~90 °C for 1.5 h. Finally,
all mixed solution was separately transferred to 25 mL
Teflon-lined stainless-steel autoclave and heated at 180 °C
for 12 h at a rotation speed of 10 rpm. The precipitates were
filtered and washed with absolute ethanol for six times, and
then dried to obtain the final samples. These samples were
denoted as S1, S2, and S3 when hydrazine hydrate,
ethylenediamine ,and oleylamine were adopted as the reduc-
ing agent respectively.

Materials characterization

X-ray diffractometer (XRD) was used to characterize the crys-
tal structure of as-prepared samples, which was recorded on a
Rigaku D/max 2200PC V diffractometer operating with Cu
Ko radiation (A =1.5406 A). The morphology and micro-
structure were investigated by field emission scanning elec-
tron microscopy (SEM, S-4800) together with transmission
electron microscope (TEM, Tecnai G2F20S-TWIN system).

Electrochemical tests

For a half-battery, the electrochemical tests of the as-prepared
SnSe, nanomaterials were performed using CR2032, micro-
porous polypropylene film as the separator, and the Li foil as a
reference electrode. The working electrode was prepared by
mixing the SnSe, nanomaterials (the active materials), sodium
carboxymethyl cellulose (CMC) binder, and super p (conduc-
tive additives) at a weight ratio of 7:2:1 in water and grounded
to form slurry. The slurry was coated on the copper foil and
dried in a vacuum oven at 80 °C for 48 h, and then the elec-
trodes were punched into disks with diameter of 15.8 mm. The
electrolyte was a solution containing 1 M LiPFg dissolved in a
mixture of EC (ethylene carbonate), EMC (ethyl methyl car-
bonate), and DMC (dimethyl carbonate) in volume ratio of
1:1:1. CR2032-type button cell was assembled in an Ar-
filled glove box (Mbraun, Germany, O, and H,O contents <

0.5 ppm). The assembled cells were stood after 48 h to con-
duct electrochemical tests with the voltage range of 0.001—
3.0V

Results and discussion

Figure 1 shows the XRD patterns of tin selenide products,
which was prepared by using hydrazine hydrate,
ethylenediamine, and oleylamine as a reductant, respectively.
All diffraction peaks could be well indexed to hexagonal
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Fig. 1 XRD patterns. a S1 sample. b S2 sample. ¢ S3 sample

SnSe, phase with lattice parameters of a=3.8110 A, b=
3.8110 A, and ¢=6.1410 A. And the prepared SnSe, is
assigned to the space group P-3 m1(164) according to the
JCPDS No. 089-3197. There is no any impurity phase,
exhibiting high purity of SnSe,. The diffraction peaks cen-
tered at 14.4°, 30.7°, 40.04°, and 47.5° are very distinct, cor-
responding to (001), (101), (102), and (003) crystal facets of
SnSe,. By comparison, the diffraction peak intensity of prod-
ucts is the lowest when hydrazine hydrate is used as reducing
agent, which may be related to the weak crystallinity degree of
the SnSe, nanocrystals. When ethylenediamine and
oleylamine are used as reducing agent, the diffraction peak
intensity of the SnSe, (001) is much different. Obviously,
the intensity of the latter is higher than that of the former.
This may be concerned with the orientation of the crystal
growth.

SEM was conducted to characterize the morphology of the
as-prepared SnSe, with using different reductant. As shown in

Fig. 2a and b, the S1 displays uniformly dispersed nanosheet
with interconnected structure when hydrazine hydrate as a
reductant. The thickness of the nanosheet is less than 20 nm.
In Fig. 2c, S2 present stagger flower structure composed by
many nanoplate. Further observation from Fig. 2d found that
each nanoplate consists of several much thinner nanosheets.
When oleylamine is shown in Fig. 2e as a reductant, the S3
demonstrates nanodisk structure with the smallest grain size
among three samples. Fig. 2f indicates that the nanodisk is
composed of many thinner plates. The phase and microstruc-
ture of the SnSe, nanocrystals can be further observed by
TEM analysis as below.

TEM images of the S1, S2 and S3 samples are shown in
Fig. 3. The TEM images of S1 (Fig. 3a) presents nanosheet
structure when hydrazine hydrate is adopted as a reductant. In
Fig. 3b, S1 shows rough surface, in which many SnSe,
nanocrystallites with lattice spacing of (101) and (102) planes
can be further observed from the lattice resolved HRTEM
image in Fig. 3c. And also those nanocrystals exhibit the av-
erage particle size of around 5 nm. If SnSe, nanosheets are
single crystal, then they will present only one crystal planes
growing along specific crystal faces. Therefore, we conclude
that S1 nanosheets are assembled by many nanoparticles. In
Fig. 3d, e, and f, ethylenediamine as a reducing reagent, the
corresponding S2 displays nanoplate structure with regular
edges, which is self-assembled by many nanoparticles
(3~4 nm) similar with the S1 sample. The S3 demonstrates
nanodisk structure when oleylamine is employed, shown in
Fig. 3g, h, and i. Each nanodisk consists of many ultrafine
particles. Further observation from HRTEM image in Fig.
31, the lattice spacing of SnSe, (101), (102), and (003) planes
can be detected. All the analysis directly confirms the phase
and microstructure of the SnSe, nanocrystals prepared by
using different reductant, in agreement with the XRD and
SEM results.

Fig. 2 SEM images. a, b S1 sample. ¢, d S2 sample. e, f S3 sample
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Fig. 3 TEM and HRTEM
images. a, b, ¢ S1 sample. d, e, f
S2. g, h,iS3 samples

Cyclic voltammetry (CV) curves of S1 electrode was eval-
uated between 0.001 and 3.0 Vat 0.1 mV's ' to explore typical
electrochemical reaction of the SnSe,. As shown in Fig. 4, two
weak reduction peaks could be observed at about 2.35 V and
1.82 V during lithiation process of the initial cycling, corre-
sponding to intercalation reaction of SnSe,. The reduction
peaks from 1.23 V to 1.02 V are attributed to the conversion
reaction between SnSe, and Li* to form Sn and Li,Se. More
lithium ions react with Sn to form a series of Li,Sn alloys with
the increasing of Li* insertion in the electrode, which are
centered at 0.001~0.5 V. It should note that a distinct redox
peak at 0.85 V is irreversible, ascribing to formation of the
solid-electrolyte interface (SEI) films. In the delithiation pro-
cess of the 1st cycle, the oxidation peak at ~0.6 V is assigned
to de-alloying reaction of Li,Sn. The peaks at~1.24 V, 1.85 'V,
and 2.21 V are assigned to the conversion reaction from Sn to
SnSe, along with the decomposition reaction of Li,Se [25]. At
the 2nd and 3rd cycles, there are five reduction peaks locating
at2.02V, 146V, 1.04V,0.52V,0.15 V, and three oxidation
peaks at 0.55 'V, 1.85 'V, and 2.21 V, respectively. These elec-
trochemical reactions are similar to SnO,, which the conver-
sion reaction locates at high voltages and the alloying/de-
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alloying reactions at low voltages [34]. In addition, the peak
intensity of the 2nd and 3rd cycles is much lower than that of
the 1st cycle, illustrating that high irreversible capacity is ac-
companied with the 1st charge/discharge process. To better
compare the electrochemical reaction behavior, the dQ/dV
curves of S2 and S3 electrodes at current density of
200 mA g ' were also conducted shown in Fig. 4b and c. It
can be seen that S2 and S3 electrodes show similar dQ/dV
curves from 1st to 3rd cycles. They possess nearly same oxi-
dation and reduction peak potential except for peak height.
This indicates that SnSe, with different structure show same
electrochemical reactions behavior but the different reaction
kinetics. In Fig. 4d, the galvanostatic charge/discharge (GCD)
profiles of S1 were performed. The GCD profiles of S2 and S3
electrodes were also shown in Figs. S1 and S2. In the initial
discharging process, S1 displays three slopes at around
2.0~1.82V, 1.5~1.0 V, and 0.6 ~0.001 V, ascribing to interca-
lation, conversion, and alloying reactions, respectively. There
are four slopes in the initial charging process, corresponding
to four oxidation peaks in CV curves of S1 electrode.
Cycling performance of S1, S2, and S3 electrodes were
compared in Fig. 5a at current density of 200 mA g '. The
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S1, S2, and S3 electrodes deliver initial charging/discharging
capacity of 932/1239 mAh g ', 583/1114 mAh g ', and 694/
1191 mAh g ', corresponding to the coulombic efficiency of
75.2 %, 52.3 %, and 58.2 %, respectively. It indicates that the

Specific Capacity (mAh g")

initial coulombic efficiency of S1 electrode is much higher in
comparison with the S2 and S3 electrodes. In the first 20 cy-
cles, the capacity of all electrodes drops rapidly, and then
keeps stable at subsequent 80 cycles. After 200 cycles, the
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Fig. 6 Nyquist plots of electrochemical impedance spectroscopy (EIS) for the S1, S2, and S3 electrodes before (a) and after 200 cycles (b)

reversible capacity of the S1, S2, and S3 electrodes maintains
334, 166, and 62 mAh gfl, indicating that S1 electrode pos-
sesses the best lithium storage performance among the three
electrodes. The cycling performance of S1, S2, and S3 elec-
trodes was conducted twice and was shown in Fig. S3. They
follow the similar regularity that the cycling property of S1
electrode is the best. Fig. 5b shows the rate capability of the
S1, S2, and S3 electrodes at 100, 200, 500, 1000, and
2000 mA g~', which exhibit the reversible capacity of 533/
295/191 mAh g ', 298/209/122 mAh g™ ', 204/86/
50 mAh g ', 146/25/20 mAh g ', and 125/15/12 mAh g ! at
the 10th cycle of the different current density. When the cur-
rent density is finally reset to 200 mA g', a reversible capacity
of 221 mAh gf1 could be recovered, which is 1.4 times and 2
times higher than that of S2 (161 mAh g ') and S3
(112 mAh g ") electrodes. By contrast, we can conclude that
S1 electrode shows more excellent cycling and rate perfor-
mance than that of S2 and S3 electrodes.

This superior electrochemical property can be ascribed to
the special structure of the S1. The S1 presents thin nanosheets
with assembled by many nanoparticles. These nanosheets
connect with each other, providing more paths for lithium ions
and electrons transfer. In addition, the S1 with low crystallin-
ity can experience an isotropic stress, which has an evidently
higher flexibility to avoid its fracture during charge/discharge
process than the crystalline one, as reported in other electrode
system [24, 35]. The flower structure of S2 is weaved by many
nanoplates, and also the nanoplates are stacked by 3~5 layer
thin nanosheets, which shall hinder the charge transmission.
S3 shows the similar structure with S2 that nanodisk is com-
posed of many thinner plates, making longer time for charge
transport. Therefore, the charge rate of S2 and S3 electrodes is
slower, exhibiting inferior electrochemical performance.

To make clear the charge transfer behavior of the S1, S2,
and S3 electrodes, the electrochemical impedance spectrosco-
py (EIS) were performed before and after 200 cycling. As
shown in Fig. 6, all curves consist of a semicircle at high
frequency and an oblique line at low frequency. Generally,
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the diameter of the semicircle is related to the charge transfer
resistance (R, and the diagonal line corresponds to the diffu-
sion resistance (Z,) [36, 37]. Before cycling, all the electrodes
show the similar semicircle diameter, indicating the close R
value. While after 200 cycles, the semicircle diameter of S1
electrode is the minimum, manifesting that the R, value of S1
electrode is the lowest compared with S2 and S3 electrodes.
Combined with the structure of each electrode, it is demon-
strated that interconnected thin nanosheets of S1 provides a
three-dimensional networks for charge transfer, facilitating
transmission of the lithium ions and electrons in the electrode
[38]. S2 and S3 electrodes with stacked structure impede the
charge transport, which is disadvantageous to the electro-
chemical reaction.

Conclusions

In summary, SnSe, with different structure are prepared by
adjusting reductant in the solvothermal synthesis process.
Various structures with nanosheet, stagger flower, and nano-
disk are obtained through using hydrazine monohydrate,
ethylenediamine, and oleylamine as a reducing reagent, re-
spectively. In our work, electrochemical studies found that
SnSe, interconnected nanosheet shows the best electrochem-
ical properties among all the structures. It yields an initial
reversible capacity of 932 mAh g ' at current density of
200 mA g, corresponding to the coulombic efficiency of
75.2 %. Even over 200 cycles, a capacity of 334 mAh g ' is
still remained. The excellent reversible capacity and superior-
ity in cycling stability are attributed to its specific three-
dimensional interconnected thin nanosheets structure, facili-
tating the ultrafast lithium ions and electrons transfer in the
electrode. Furthermore, the SnSe, nanosheets with low crys-
tallinity can experience an isotropic stress, which has an evi-
dently higher flexibility to avoid its fracture during charge/
discharge process. Therefore, we believe this work can
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provide new ideas for the design of SnSe, microstructure in
the application of LIBs anode materials.
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