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Tin selenide (SnSe) nanostructures hold great promise as an anode material in lithium-ion batteries (LIBs) due to
their high storage capacity, rapid lithiation kinetics and long-term cycling stability. However, a scalable synthesis of
SnSe nanostructures with a well-defined size remains a challenge in chemistry. Here, we report cathodic
exfoliation of a bulk SnSe crystal for a high-yield (>90%) synthesis of sub-5 nm scale SnSe quantum dots
(QDs). As-exfoliated SnSe QDs demonstrate a superior performance as the anode material for LIBs. Our results
reveal that SnSe QDs not only accommodate the volume expansion/contraction during the reversible

Received 4th May 2019 charging/discharging in LIBs but also increase the effective contact interface area between the nanostructured
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anode materials and electrolyte, leading to a high charging/discharging rate and superior cycling performance.
DOI-10.1039/c5ta04643g Additionally, SnSe QD based LIBs exhibit a reversible capacity retention of 550 mA h g~* and high coulombic

rsc.li/materials-a efficiency approaching 100% after 1500 charging/discharging cycles at a current density of 0.5 A g~*.
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Fig.1 Schematic illustration of the electrochemical exfoliation method and structural characterization of SnSe QDs. (a) Schematic illustration of
the synthesis of SnSe QDs by cathodic exfoliation. (b) Photograph of SnSe QDs dispersion and blank electrolyte. (c) STEM-ADF images and the
corresponding (d and e) STEM-EELS mapping of exfoliated SnSe QDs. Sn and Se are shown in cyan and green respectively. (f) Atomic-resolution
STEM images of SnSe regions marked in panel (c). (g) Large-area and (h) close-up TEM images of isolated SnSe QDs after sonication.

challenge to control the composition and structural phase of
SnSe nanocrystals arising from the stringent reaction condi-
tions and the oxidation tendency of Sn(u) in air.**'® In contrast
to bottom-up colloidal synthesis,>'**”** top-down exfoliation of
SnSe bulk materials into SnSe nanostructures appears as a more
promising alternative due to its remarkable efficiency, high
scalability and low cost.>*?*> Here, we report a facile cathodic
exfoliation approach for the effective downsizing of bulk SnSe
into SnSe quantum dots (QDs) with controlled sizes by using
tetra-butylammonium (TBA) cations as intercalants. It is
observed that intercalated TBA cations undergo electrochemical
decomposition at cathodic potential, leading to quasi-isotropic
exfoliation of bulk SnSe crystals along in-plane and out-of-plane
directions. This enables a high yield production of SnSe QDs
with an average lateral-size/vertical-thickness of ~3.8/1.7 nm.
We also demonstrated that SnSe QDs can be used as an excel-
lent anode material with superior performance and stability in
LIBs.

J. Mater. Chem. A

Results and discussion

Orthorhombic SnSe shares the same puckered structure as
black phosphorus (BP) but with a much stronger interlayer
coupling strength. Inspired by the electrochemical exfoliation
of black phosphorus,* bulk SnSe was cathodically charged in
a two electrode electrochemical cell with a Pt wire as a counter
electrode in an organic electrolyte consisting of 0.05 M TBA
cations in propylene carbonate (PC) (Fig. 1a). Although bulk
SnSe exhibits negligible volume expansion after applying
a voltage of —5 V for 30 min, we observed that the tiny flakes
were delaminated from the cathode surface and the resulting
electrolyte evolved from colourless to brown. Transmission
electron microscopy (TEM) images reveal that the exfoliated
materials consist of a few-layer SnSe nanostructure with a size
ranging from 5 to 30 nm (Fig. S27).

To further downsize the SnSe nanostructure, a more rigorous
intercalation condition (—7.5 V) was applied to exfoliate bulk

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9ta04643g

Published on 05 July 2019. Downloaded by National University of Singapore on 10/14/2019 9:17:35 AM.

Paper

2 4 6 8
Distance (um)

2 3 4 5 6 7 8 0o 1 2 3 4 5

Diameter (nm) Thickness (nm)

Fig. 2 Structural and morphology characterization of SnSe QDs. (a)
TEM, (b) HRTEM and (c) AFM images of SnSe QDs. (d) Height profile
along the dashed line marked in panel (c). Statistical analysis of the size
and thickness of SnSe QDs (structural model is shown in panel (e)) with
(f) lateral diameter and (g) vertical thickness as measured by TEM and
AFM, respectively.

SnSe in an electrolyte with a relatively high concentration of
0.2 M TBA. Under this exfoliation condition, small fragments
peeled off from the bulk SnSe in a more rapid manner (Fig. S47).
The atomic-resolution scanning transmission electron
microscopy-annular dark field (STEM-ADF) image in Fig. 1c
reveals that the exfoliated SnSe materials are composed of
nanodots with a lateral size less than 10 nm, which can be
regarded as quantum dots (QDs) (Fig. S51). In addition, electron
energy loss spectroscopy (EELS) mapping reveals a uniform
distribution of Sn and Se in the exfoliated SnSe QDs (Fig. 1c-e).
With a bath sonication at 100 W for 10 min, the weakly entan-
gled nanodots can be easily separated into isolated QDs with
a smaller lateral dimension (~4 nm) as shown in Fig. 1g and h.

High resolution TEM was employed to evaluate the size and
morphology of well-separated SnSe QDs. The TEM image in
Fig. 2a shows that the size of as-obtained SnSe QDs is of several
nanometers. The HR-TEM image (Fig. 2b) captured the ortho-
rhombic lattice of SnSe with a spacing of ~0.3 nm and an

This journal is © The Royal Society of Chemistry 2019
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intersection angle of ~90°, consistent with the (011) plane of
SnSe.*®>* We also conducted atomic force microscopy (AFM) to
further characterize the dimension and morphology of exfoli-
ated SnSe QDs (Fig. 2c).

The representative AFM height profile (Fig. 2d) demonstrates
that the thickness of SnSe QDs is ~2 nm. Based on the statis-
tical analysis of ~300 SnSe QDs imaged by TEM and AFM, the
average lateral diameter and vertical thickness are determined
to be 3.8 £ 1.25 nm and 1.7 £ 0.6 nm (3-4 layers of SnSe)
respectively.”®

We note that the cathodic exfoliation of bulk BP produces
large-sized thin sheets rather than QD structures under similar
exfoliation conditions in the previous report.*® Such a dramatic
difference in the exfoliation of SnSe and BP could be associated
with the different interlayer and intralayer bonding strength in
these two different materials. To better understand this, we
conducted low-temperature scanning tunnelling microscopy
(STM) imaging of bulk SnSe. It is found that multiple vacancies
can be created due to the breakage of Sn-Se bonding by
sweeping sample bias from 1.4 V to —1.2 V during STM spec-
troscopic measurements (Fig. 3a and b). In addition, we also
observed the detachment of SnSe at the step edges during STM
spectroscopic measurement. As shown in Fig. 3c and d, a SnSe
domain with a size of ~5 nm is removed from the step edge. In
contrast, such a bond breakage is absent for bulk BP under
similar conditions. These observations indicate a weaker in-

Fig. 3 The breakage of in-plane Sn—Se bonding during STM spec-
troscopic measurement. STM images of the intact SnSe area (a) before
and (b) after the voltage sweeping from 1.4 to —1.2 V. Blue dashed
circles denote the intrinsic defects in bulk SnSe, and green dashed
boxes represent as-formed defects during STM spectroscopic
measurements. STM images of the step edge of bulk SnSe (c) before
and (d) after the voltage sweeping from 1.4 to —1.2 V, and the detached
SnSe area is marked by a green dashed circle. Tunnelling parameters:
Ve=15V,/=08nA(a); Vo=-185V,/[=0.6nA(b); Vs=-205V, /=
0.6nA(c); Vs =—-205V,/=0.6nA(d).
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Fig. 4 Chemical composition and optical properties of SnSe QDs.
High-resolution XPS spectra of (a) Sn 3d and (b) Se 3d of SnSe QDs. (c)
Raman spectra of SnSe QDs and the bulk crystal. (d) Tauc plot of (ahw)*
2 as a function of photon energy of SnSe QDs dispersed in PC solvent.
« is the measured adsorption coefficient from the UV-vis absorption
spectrum.
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plane bonding strength of SnSe compared to that of BP.”**
Moreover, density functional theory (DFT) calculation also
predicts that the interlayer bonding energy of SnSe is about 1.5
times larger than that of BP.*®*° The strong interlayer bonding
in combination with a relatively weaker intralayer bonding
causes SnSe to differ from conventional 2D layered materials,
resulting in quasi-isotropic exfoliation for the synthesis of SnSe
QDs.

To probe the structure and chemical composition of as-
exfoliated QDs, we performed X-ray photoelectron spectros-
copy (XPS) and Raman spectroscopy measurements. As revealed
in Fig. 4a and b, the high resolution Sn 3d spectrum shows two
peaks at 485.7 eV (3ds,,) and 494.1 eV (3ds),), attributed to the
Sn(u).*® In addition, Se 3ds,, and 3d;/, related features are found
to peak at 54.1 eV and 55.0 eV, respectively.*® The absence of
a high oxidation state of Sn (e.g., Sn(wv)) further supports that
cathodic exfoliation can prevent material oxidation during the
electrochemical delamination process. Three characteristic
Raman peaks at 107.8, 130.7 and 151.1 cm ™" of as-synthesized
QDs can be ascribed to the By, A7 and A} phonon mode of
SnSe, respectively.*** It is noted that these Raman peaks
acquired over SnSe QDs show a red shift compared with that of
bulk SnSe (Fig. 4c), which arises from the reduced dimensional
effect as reported in other QD materials such as BP** and
transition metal dichalcogenides.>* The optical properties of
SnSe QDs were also investigated by UV-vis spectroscopy
(Fig. S67). As shown in Fig. 4d, a standard fitting of Tauc's plot
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Fig.5 Electrochemical performance of SnSe QDs as the anode material for lithium storage in half-cells. (a) CV curves for the initial cycles of SnSe

QDs at a scanning rate of 0.1 mV s7*

. (b) Galvanostatic charging—discharging profiles and (c) rate capability of SnSe QDs at different current

densities. (d) Cycle performance and (e) EIS spectra of SnSe QDs after fully charging/discharging cycles at a current density of 0.5 A g~ for
a long-term cycling. Upper inset is the zoom-in EIS spectra at high frequency. Lower inset is the equivalent circuit used to fit the experimental
data. Rs is the intersection point of the semicircle with the real axis at high frequency, corresponding to a sum of all ohmic resistances from the
electrode and the electrolyte. R is the diameter of the semicircle at middle frequency, ascribed to the charge-transfer resistance at the interface.
CPE is the constant phase element for the capacitance coupled with R.. Z,, represents the diffusion impedance (Warburg impedance).
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of (ahw)"? versus photon energy yields an indirect bandgap of
~1.2 eV for SnSe QDs dispersed in PC solvent, consistent with
the bandgap reported for SnSe QDs synthesized by colloidal
synthesis.™

The electrochemical performance of as-exfoliated SnSe QDs
was evaluated by performing cyclic voltammetry (CV) and gal-
vanostatic charge-discharge in combination with the metallic
Li counter electrode in a coin-type half-cell. The CV curves for
the first few cycles at a scanning rate of 0.1 mV s~ are shown in
Fig. 5a. The observation of cathodic peaks at 1.46 V and 1.68 V
and the anodic peak at 2.21 V in the first sweep can be ascribed
to the formation of a solid electrolyte interface (SEI) layer on the
electrode.®® In the subsequent CV cycles, the cathodic peak
around 0.80 V is attributed to the reaction of SnSe with Li to
form Li,Se and Sn, while the peak around 0.44 V is ascribed to
the alloying between Sn and Li. The reduction peak at 0.56 V
arises from the dealloying of Li,Sn. The peak around 1.85 V
(Fig. S77) is associated with the reactions between Li,Se and Sn
to form SnSe.** Moreover, the re-emergence of these features in
the multiple cycling test confirms that SnSe QDs undergo
reversible lithium intercalation and de-intercalation for LIBs.

We carried out the galvanostatic test to further investigate
the charging-discharging rate performance of SnSe QDs at
various current densities ranging from 0.1 to 5 A g~ ' (Fig. 5b
and c). SnSe QDs can deliver an initial capacity of 830 mAh g *
at the current density of 0.1 A g~', and exhibit a high cycling
stability at all the current densities, including a large current
density of 5 A g '. In particular, a specific capacity of
830 mA h g ' (approaching the theoretical capacity of
847 mA h g7 ')* of the SnSe anode can be restored and remains
stable when the battery is cycled back from 5 Ag " t0 0.1 Ag .
This further indicates the SnSe QDs as the anode material
remain stable even after a high rate cycling test.

The long-term cycling instability has been one of the major
issues for IV-VI compound based anode materials.>”*° Here, the
SnSe QDs demonstrate a remarkable cycling stability with
a discharged capacity retention of 550 mA h g™ after 1500
charging/discharging cycles at 0.5 A g '. The extraordinary
cycling stability of SnSe QDs can be attributed to the increased
surface area and buffering capability of nano-sized structures
that can accommodate the large volume expansion/contraction.
Moreover, the reversible conversion of Li,Se also contributes to
the reversible formation of SnSe, leading to a further enhance-
ment of battery capacity.

The electrochemical impedance spectra (EIS) of SnSe QDs
under open circuit voltage (OCV) for LIBs were measured with
a frequency range from 100 kHz to 1 Hz as shown in Fig. 5e. The
formation of the SEI film will alter the contact resistance at high
frequency, and the charge-transfer process in the middle-
frequency, which will alter the semicircle in Nyquist plots.
The linear increase in the low-frequency range reflects Warburg
impedance associated with lithium ion diffusion into the SnSe
QD anode.** In contrast to one depressed semicircle (fitted
charge-transfer resistance R, ~ 249 Q) at high frequencies
before cycling, two semicircles corresponding to the resistance
contributed by the SEI film (~17 Q) and the charge-transfer
process (R ~ 103 Q) appear after running multiple charging/

This journal is © The Royal Society of Chemistry 2019
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discharging cycles. This indicates that an enhanced electrical
conductivity facilitates the charge transfer process after the
formation of a stable SEI film. In addition, an increased effec-
tive contact area between SnSe QDs and electrolyte can shorten
the ion diffusion and transport pathways, which thus enables
a high rate charging/discharging capability.

Conclusions

In summary, we have devised highly efficient electrochemical
exfoliation of bulk SnSe crystals for a high yield synthesis (>90%
yield) of sub-5 nm sized SnSe QDs as the anode material in
lithium-ion batteries. Our results demonstrate that reducing
the size of SnSe into the nanoscale not only facilitates the
reversible Li insertion/extraction for high cycling stability but
also improves the host storage capacity. Moreover, the lithium-
ion battery shows a reversible capacity retention of 550 mAh g *
after 1500 charging/discharging cycles at a current density of
0.5 A g~ '. Our findings offer a new route for the synthesis of low
dimensional SnSe nanostructures for both fundamental study
and practical applications.
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