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Surfactant-Free Aqueous Synthesis of Pure Single-
Crystalline SnSe Nanosheet Clusters as Anode for High
Energy- and Power-Density Sodium-lon Batteries

Shuang Yuan, Yun-Hai Zhu, Wang Li, Sai Wang, Dan Xu, Lin Li,

Yu Zhang,* and Xin-Bo Zhang*

Tin selenide (SnSe), as an important member of layered metal
chalcogenides, shows great promises for important applications
including thermoelectric devices, solar cells, energy storage,
etcl However, despite significant progresses have been
achieved in SnSe synthesis, most methods still highly rely on
toxic, expensive and air-sensitive Se precursors such as trioc-
tylphosphine selenide and bis(trimethylsilyl)selenide, which
intrinsically limit its large-scale application.”! Even so, as the
Sn (II) is prone to be oxidized to Sn (IV), thus controlling the
composition or phase to obtain pure SnSe becomes very chal-
lenging. As a result, pure single-crystalline SnSe nanosheet has
not been synthesized using environmental friendly and low-cost
precursors in aqueous condition, to say nothing with 3D hier-
archical nanostructure. Therefore, developing a facile approach
for chemical composition- and shape-controlled synthesis of
hierarchically nanostructured SnSe is highly desirable for both
fundamental studies and practical applications.

High power- and energy-density electrochemical energy
storage devices are becoming increasingly important.’! Due to
the fact that Na resources are practically inexhaustible and ubig-
uitous, room-temperature Na-ion batteries (NIBs) have again
aroused intensive interest as an important alternative to lithium-
ion batteries (LIBs). However, since Na ion is larger and heavier
than Li ion, achieving high power- and energy-density thus
become even more difficult than that of LIBs.’) Some promising
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anode materials of LIBs are actually found to be plagued by low
capacity, inferior rate capability, or even complete electrochem-
ical inactivity in NIBs.®l Due to the high theoretical capacity and
abundant resource, SnSe could be a promising anode material
for NIBs. However, the low electrical conductivity, slow solid-
state diffusion of Na ions, and instability of solid electrolyte
interphase caused by repetitive volume expansion and contrac-
tion inevitably result in serious kinetic problems, which make
it difficult to fully utilize the conversion reactions, and result in
limited capacity and rate capabilities in practice.’*< In response,
construction of SnSe with 3D hierarchical nanostructure
composed of interconnected thin single-crystal SnSe nanosheet
could potentially solve this problem due to the salient feature of
shorter diffusion length and higher electrode/electrolyte contact
area as well mechanical stability compared to isolated thin
nanosheet. Thereafter, developing new strategy to synthesize
pure single-crystalline SnSe nanosheet clusters (SnSe NSCs) and
then exploring its electrochemical performance toward sodium
is urgently desirable but remains a great challenge.

Herein, we first develop and demonstrate a cost- and time-
effective surfactant-free aqueous solution strategy for the
phase-controlled synthesis of SnSe NSCs, wherein low cost, air
stable, and environmental friendly commercial bulk Se powder
is used as Se precursor and the reaction time is less than 300 s.
Unexpectedly, the obtained SnSe NSCs exhibit superior electro-
chemical performances as anode materials for NIBs, including
high capacity (738 mAh g!) and particularly superior rate capa-
bility even at 40 A g!. Furthermore, a high discharge voltage
platform of =3.4 V and high energy density up to 141 Wh kg™
are obtained in full cell. The above-mentioned electrochem-
ical performance of SnSe NSCs has manifested its promising
application in NIBs, which greatly expands the range of anode
choices of NIBs.

The low-magnification transmission electron microscopy
(TEM) image and scanning electron microscopy (SEM) image
(Figure 1a and Figure S1, Supporting Information) show that
the obtained sample holds a 3D hierarchical nanostructure,
which are assembled by interconnected thin nanosheets with
a width up to several hundred nanometers and a thickness
of =36.6 nm (atomic force microscopy (AFM), Figure 1b).
Their porous structure is further confirmed by the nitrogen
(N,) absorption—desorption isotherms (Figure S2, Sup-
porting Information). In addition, high-resolution TEM and
selected area electron diffraction (SAED) (Figure 1c and inset,
Figures S3, S4, Supporting Information) reveal the high purity
and single crystalline nature of the thin nanosheets with lattice
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Se (SeO3™ + Se,>” + xSn?" + 6H™ —xSnSe +
Se + 3H,0). It is surprising that the well-
crystalline SnSe can be efficiently obtained in
less than 60 s (Figure S8, Supporting Infor-
mation), and the proposed preliminary reac-
tion mechanism is schematically illustrated
in Figure 2g. Herein, we also investigated
the morphology and purity of SnSe by adjust
the OH™ concentration (5/10/15/20 m) using
different alkali sources (LiOH/NaOH/KOH).
It is found that the purity and morphology
of the SnSe are different. As shown in

Intensity (a.u.)

I.II | S

Figures S9 to S19 (Supporting Information),
the species and concentration of alkali have
great effect on morphology and purity of
SnSe. Investigations toward detailed growth
mechanism of SnSe are still in progress.
Coin cells with a metallic sodium anode
are then assembled to investigate the elec-
trochemical performance of the SnSe NSCs

as prepared

SnSe JCPDS No. 48-1224
2 R

at 25 °C. Figure 3a shows the comparison of
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Figure 1. a) TEM image, b) AFM images, c) HRTEM (inset: SAED), and d) XRD patterns of

SnSe NSCs.

distance of 0.336, 0.28, 0.29, 0.30, and 0.41 nm, which are well-
matched to (210), (400), (111), (011), and (101) planes of SnSe.
Additionally, its high purity is confirmed by the X-ray diffraction
(XRD) result (Figure 1d), wherein all the diffraction peaks can
be well indexed to orthorhombic SnSe phase (JCPDS: 48-1224).
X-ray photoelectron spectroscopy (XPS) spectra in Figure S5
(Supporting Information) further confirmed the high purity of
the obtained SnSe. The favorable combination of hierarchical
nanostructure and highly pure single-crystal structure of SnSe
NSCs would facilitate the dispersion and diffusion of electrolyte
and electron, respectively, and thus benefit the electrochemical
performance, especially rate capability (vide infra).

To clearly figure out the mechanism of the rapid forma-
tion of SnSe NSCs, their growth process was tracked by their
morphology variation. Before reaction, the commercial Se
powder holds bulk morphology (Figure 2a). Upon dropped to
10 M NaOH solution, it dissolves and forms Se,?” via a dispro-
portionation and subsequent coordination reactions (reaction 1:
3Se + 60H™ — 2Se?™+ Se0;>~ + 3H,0; reaction 2: Se?” + (x—1)
Se — Se,2; Figure 2d). Then, after citric acid added into
Sn?* solution, SnSe nanoparticles (NPs) are formed rapidly
(reaction 3: Sn?* + xSe?~ — SnSe + (x—1) Se; Figure 2b,e).
Finally, SnSe NPs are further assembled into 3D hierarchical
structure (Figure 2¢,f), which might be attributed to an Ost-
wald ripening process. Interestingly, it is found that the OH~
environment plays a key role for the purity and morphology
of SnSe (Figure S6, S7, Supporting Information). In sharp
contrast, when Se,?~ solution with OH~ is dropped into Sn**
solution with citric acid (CA), only mixture of SnSe and Se
powder can be obtained, which might be due to the fact that
alkaline environment is necessary to facilitate the forward
reaction (reaction 1) to maintain enough concentration of
Se,>” and/or avoid the side reaction toward the formation of
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of SnSe NSCs and SnSe particles electrodes.
Interestingly, the SnSe NSCs exerts very high
reversible capacity of 738 mAh g™! at a current
density of 25 mA g1, which is more than 94%
of its theoretical capacity (780 mAh g!) and
among the anode materials of NIBs with highest capacity. In
sharp contrast, although with similar particle size (Figure S10,
Supporting Information), the SnSe particles only exhibits a
much lower capacity of 495 mAh g7!, indicating the superiority
of 3D hierarchical nanostructure for maximizing the usage of
the conversion reactions of SnSe. In addition, the discharge/
charge profiles of SnSe NSCs show small polarization, indi-
cating a low electrode resistance, which is very beneficial for
achieving high power density.®l After 30 cycles, the discharge
capacity of SnSe NSCs is 730 mAh g7!, it is much higher than
that of SnSe particles 332 mAh g (Figure S20, Supporting
Information). Figure 3b demonstrates the rate capacity of these
electrodes at current densities from 0.1 to 40 A g'. Unexpect-
edly, even at very high discharge/charge current densities of
10/20/30/40 A g! (=60/180/720/2400C, a rate of n C corre-
sponds to a full discharge in 1/n h), the SnSe NSCs electrode
can still deliver 200/106/32/16 mAh g™! discharge capacity,
respectively, which are much higher than SnSe particles
(81/0.19/0/0 mAh g™!). To the best of our knowledge, this is
the first time that such excellent rate capability has been suc-
cessfully achieved without the help of high content conductive
carbon additive (Table S1, Supporting Information). Further-
more, both SnSe NSCs and SnSe NPs electrodes can exhibit
high capacity when the current density decrease to 50 mA g
even after the rate capability test at current density of 40 A g7,
which might indicate the high stability of the formed solid elec-
trolyte interface (SEI) on the electrode surface.l’:$29)

Inspired by the excellent rate capability of SnSe NSCs, from
the viewpoint of practical application, we then test the cycling
stability under high discharge/charge current densities. As
shown in Figure 3c, the SnSe NSCs electrodes can also exhibit
stable capacity of 271, 183, 70 mAh g! at the current densities
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Figure 2. a—c) SEM images of bulk Se powder before, during and after reaction, d—g) schematically illustrates the procedure for the preparation of

SnSe NSCs.

of 0.2/2.0/5.0 A g1 (=3/6/20C) even after 100 cycles, respec-
tively, these performances are much higher than that of SnSe
particles electrodes (Figure S21, Supporting Information). In
addition, the coulombic efficiency is nearly 100% at a current
density of 2.0 A g7}, showing that the stable SEI and fast elec-
tron/ion pathway are formed using nanosheet structure and
fluorinated ethylene carbonate (FEC) as electrolyte additive.
The cycling stability of SnSe NSCs is also shown in Figure S22
(Supporting Information) to confirm the advantage of adding
FEC in the electrolyte. As shown in Figure S22 (Supporting
Information), the capacity of SnSe NSCs seriously decreased
after 50 cycles when using FEC-free electrolyte. In addition,
the impedance resistance of the SnSe NSCs with FEC, SnSe
NSCs without FEC, and SnSe particle with FEC electrodes after
different charge cycles are shown in Figure S23 (Supporting
Information) to further demonstrate the advantages of FEC
additive and nanosheet structure of SnSe NSCs. Moreover,
the SEI and charge transfer resistances of these three kinds of
electrode are also displayed in Figure S24 (Supporting Infor-
mation). The galvanostatic intermittent titration technique
(GITT) performance plots also demonstrate fast Na* diffusion
in SnSe NSCs electrode (Figure S25, Supporting Information).
Furthermore, SnSe NSCs electrodes can also operate at 0 °C
(Figure S26, Supporting Information) and 10 °C (Figure S27,
Supporting Information). The electrochemical performances
of SnSe NSCs electrodes using NaClO,/PC electrolyte with
and without FEC at 25 °C are also shown in Figures $28,529
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(Supporting Information). All of these results provide definite
evidence that SnSe NSCs is able to work in a lower temperature
and can also work in different electrolyte. Additionally, FEC
can help stabilize SEI film and the nanosheet structure is also
crucial for improving battery stability.

To understand the above obtained superior electrochemical
performances, reactions and phase variation of SnSe NSCs
upon Na insertion/extraction are investigated by cyclic voltam-
metry (CV) and ex situ XRD techniques. As depicts in Figure 4a,
the CV curves of SnSe NSCs between 0 and 3.0 V show that,
during the first discharge process, the SEI and Na,Se film
are generated at =0.62 V,[1%] The desodiation process presents
several peaks positioned at 0.13, 0.38, and 0.75 V, which might
be derived from the Na;sSn,, NagSn, and NaSns generated
during the discharge process, respectively.'® The cathodic/
anodic couples located at 0.64/1.22, 0.76/1.42, and 0.92/1.67 V
might be assigned to the redox reactions between Na,Se and
Na*.l'% 1l The cathodic peak centered at 0.62 V in the first cycle
shift to higher potential in subsequent cycles, which might be
partially attributed to the improvement of the electronic con-
ductivity of the electrode after the first cycle. The stable anodic
and cathodic peaks after the first cycle demonstrate good cycling
stability of the SEI and SnSe. To investigate the phase evolution
of SnSe upon Na* insertion/extraction, we conduct ex situ XRD
measurement on the SnSe NSCs electrodes at different states
(Figure 4b), wherein the states are corresponding to the points
1 to 7 in Figure 4a. When discharge to 0.37 V (just before
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Figure 3. a) Galvanostatic discharge/charge profiles of SnSe NSCs at current density of 25 mA g~'. b) Rate capability of SnSe NSCs and SnSe particles
electrodes at various current densities from 0.1 to 40 A g™'. ¢) Coulombic efficiency of SnSe NSCs at 2.0 A g™ and cycling stability of SnSe NSCs at

0.2/2.0/5.0A g™

sodiation of Sn,'®! point 3) and 0 V (point 4), all the peaks of
SnSe NSCs disappear gradually, indicating that the generated
Na,Se compounds are amorphous. In addition, the TEM and
EDS elemental mapping images (Figure S30, Supporting Infor-
mation) show that small Na;sSn, nanoparticles are uniformly
dispersed in amorphous Na,Se matrix after discharge to 0V,
which support the above XRD results.l'?l From points 5 to 7,
some of SnSe peaks recover gradually, indicating the forma-
tion of SnSe during charging process. The weak intensity of the
SnSe peaks shows that the formed SnSe particles are very small
in size (Figures S31a, 32b, Supporting Information), which
would benefit the kinetic of subsequent Na' insertion/extrac-
tion reaction.’*123 It should be noted that the remained Na—Sn
alloy nanoparticles in the electrode after charging process in

situ form a conductive matrix (Figure S31c-32f, Supporting
Information) with intimate contract with the active component,
which should be responsible for the above obtained superior
electrochemical performances especially the rate capability.'!
This mechanism is further supported by XPS spectra in
Figure S32 (Supporting Information).

Encouraged by the superior half cells performance, to pave
the way for practical application, we then assemble full cells
using SnSe NSCs and Nag ¢;Nip4;Mng 7,0, (NNMO) as anode
and cathode materials, respectively. The SEM image and
charge/discharge profiles of NNMO are shown in Figure S33
(Supporting Information). Interestingly, these full cells show a
very high average discharge voltage of =3.4 V and a high initial
capacity of 177 pAh at a current of 30 UA, corresponding to a
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Figure 4. a) CV profiles of SnSe NSCs. b) Ex situ XRD patterns of SnSe NSCs at different charge/discharge states.
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Figure 5. a) Galvanostatic discharge/charge profiles of the SnSe NSCs/NNMO full cell at 30 uA. b) Cycling performance of the full cell at 50 pA.

high energy density of 141 Wh kg™'. In addition, there is still a
142 pAh capacity retained after ten cycles (Figure 5a). Further-
more, when cycled at 50 LA, the capacity still reaches 143 pAh
after 15 cycles (Figure 5b). It should be noted that, even without
optimization of battery assembly parameters, these obtained
electrochemical performances are comparable or even exceeds
some of the reported LIB systems (Table S2, Supporting Infor-
mation), showing the great promise of SnSe NSCs as anode
materials for next generation NIBs. Surprisingly, SnSe NSCs
can also be employed supercapacitor electrode materials
(Figure S34, Supporting Information).

The above-obtained superior electrochemical performances of
SnSe NSCs, especially the ultrafast discharge/charge capability
and high energy density, have rarely been reported, which are
considered to be attributed to the following favorable advantages
of SnSe NSCs: (i) the 3D hierarchical NSCs architecture can
simultaneously improve the essential reaction interphases for the
fundamental energy storage processes—it can facilitate the diffu-
sion of electrolyte ions and transport of electrons, thus allowing
the electrochemical activity of SnSe to be efficiently utilized and
accommodates the volume variation during the Na uptake and
release process.”#13] Figure S35a-d (Supporting Information)
show the SEM images of SnSe with nanosheet and particle mor-
phology after different cycles. Even after 10 cycles, the electrode
of SnSe NSCs can still keep a porous structure composed of well-
distributed SnSe nanoparticles, which could facilitate the diffu-
sion of electrolyte and Na ion inside the electrode and each SnSe
nanoparticles, respectively, and then improve the electrochemical
performances. In sharp contrast, for SnSe particle electrode, only
after 10 cycles, the SnSe particles are aggregated and seriously
degrade the porosity of the electrode, which should be responsible
for the poor electrochemical performance; (ii) during discharge/
charge process, lots of alloy nanoparticles are dispersed within
Na,Se matrix owing to the nanometric nature of this composite.
Such reactions are shown to be highly reversible, providing out-
standing capacities to store Na;7*1?l (iii) The electrolyte additive
FEC played an extremely important role during the formation
of SEI, which prevents not only the decomposition of electro-
lyte, but also oxidation of the active materials. Surprisingly, FEC
significantly not only decrease of both SEI and charge-transfer
resistances of the electrode but also improve their stability upon
cycling. Furthermore, even with FEC, SEI and charge-transfer
resistances of electrode with SnSe nanosheet clusters are much
smaller than these of electrode with SnSe particles.
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In summary, pure single-crystalline SnSe NSCs are first pre-
pared by a surfactant-free aqueous solution strategy in less than
300 s, wherein low cost, air stable, and environmental friendly
commercial bulk Se powder is used as a Se precursor. Unex-
pectedly, as a proof-of-concept application, the obtained 3D
hierarchical SnSe NSCs exhibit superior electrochemical perfor-
mances as anode materials for NIBs including high reversible
capacity of 738 mAh g, good cycle stability and especially
excellent ultrahigh rate capability even at 40 A g™!, which are
superior over its SnSe particles counterpart and most reported
NIBs anode, demonstrating the significance of controlling the
purity, morphology of SnSe and the SEI in improving NIBs’
capacity and rate capability. Furthermore, even without opti-
mization, the SnSe NSCs show a very high discharge voltage
platform (3.4 V) and high energy density (141 Wh kg™!) in
metallic sodium-free full cells. The obtained promising elec-
trochemical results and scientific understanding show great
promise of SnSe NSCs and would provide design principle and
encourage more research for other high-performance electrode
for next-generation NIBs.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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