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Boosted Charge Transfer in SnS/SnO, Heterostructures: Toward High
Rate Capability for Sodium-Ion Batteries

Yang Zheng®, Tengfei Zhou', Chaofeng Zhang, Jianfeng Mao, Huakun Liu, and Zaiping Guo*

Abstract: Constructing heterostructures can endow materials
with fascinating performance in high-speed electronics, opto-
electronics, and other applications owing to the built-in charge-
transfer driving force, which is of benefit to the specific charge-
transfer kinetics. Rational design and controllable synthesis of
nano-heterostructure anode materials with high-rate perfor-
mance, however, still remains a great challenge. Herein,
ultrafine SnS/SnO, heterostructures were successfully fabri-
cated and showed enhanced charge-transfer capability. The
mobility enhancement is attributed to the interface effect of
heterostructures, which induces an electric field within the
nanocrystals, giving them much lower ion-diffusion resistance
and facilitating interfacial electron transport.

Rechargeable sodium-ion batteries have received a great
deal of research interest as a promising alternative to lithium-
ion batteries, owing to the abundant resources and low cost of
sodium."! Inspired by the existing lithium-ion battery
technology, various attempts have been made to adapt
anode materials for Li-ion chemistry to Na-based systems.
Unfortunately, most of the investigated anode materials
suffer from low specific capacity, poor rate capability, and
shorter cycle life, because Na' ions have a larger ionic radius
than Li* ions.*”

Currently, searching for a suitable anode material with
excellent performance to meet the increasing demands for
large-scale energy-storage applications is still the major
challenge. Although considerable research has been devoted
to exploring new anode materials with high specific capacity
or good cycling stability for application in Na-ion batteries,®”!
rather less attention has been paid to the high-rate capacity
which is an important aspect of performance for practical
applications. Therefore, the rational design and controllable
synthesis of anode materials with high-rate performance and
superior cycle life are highly desirable. To obtain viable anode
materials with high-rate capacity, it is particularly important
to choose appropriate host materials with high theoretical
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sodium storage capacities as the building blocks. Among the
limited Na-storage anode materials, SnO, has been exten-
sively investigated owing to its high theoretical capacity (ca.
667 mAhg™") and abundance.® Practical applications of
SnO, materials are limited, however, by its poor intrinsic
conductivity, low initial coulombic efficiency, and inferior
cycling stability.'?) Besides SnO,, the unique layered
structure with large interlayer spacing and high reversible
capacity of SnS make it another highly promising candi-
date."* Compared to metal oxide anodes, the correspond-
ing metal sulfide anodes have smaller band-gap energy and
higher electrical conductivity, because of the more covalent
metal-sulfur bond.">'%! Furthermore, SnS has a higher rever-
sibility than its equivalent oxide,'”*¥ thus ensuring higher
initial coulombic efficiency and reversible capacity.

Heterostructures have great potential applications rang-
ing from high-speed electronics to optoelectronics devices
because of their interface effects, which offer unprecedented
properties at interfaces.'”! It has been demonstrated that
creating heterostructures by coupling nanocrystals with
different band gaps will enhance the surface reaction kinetics
and facilitate charge transport due to the internal electric field
at heterointerfaces.” Wang etal. reported the ultrafast
charge transfer in the MoS,/WS, heterostructures.’”) Walu-
kiewicz et al. investigated the charge-transfer effects at the
interfaces of CdO/SnTe heterostructures and found a 4-fold
enhancement of the electron mobility, which can be attributed
to reduction of the charge center scattering.’*! Shao et al.
designed a TiO,(B)-anatase structure with high Li storage
capacity and superior high-rate performance, benefiting from
the synergistic effects of the TiO,(B)-anatase, which can
promote Li" diffusion kinetics and enhance electronic
conductivity.®!

Thus, from the perspective of enhancing the electronic
conductivity and sodium-ion diffusion capability of anode
materials, the design and fabrication of a complex architec-
ture by employing the SnS/SnO, heterostructure, might be
a feasible strategy for obtaining the internal charge-transfer
driving force, which will facilitate ion/electron diffusion
during the cycling process. Herein, we proposed a unique
architecture for amorphous carbon covered SnS/SnO, heter-
ostructures anchored to graphene nanosheets, which exhib-
ited a remarkable high-rate capability and ultra-long cycle life
as an anode for sodium-ion batteries.

The formation procedure for the C@SnS/SnO,@Gr archi-
tecture (Gr = graphene) is shown in Scheme 1. First, graphene
oxide was synthesized by a modified Hummers’ method.
Second, tin oxide was grown onto the graphene by a hydro-
thermal method.’! Subsequently, amorphous carbon was
anchored to the SnO,@Gr surface. Finally, C@SnS/SnO,@Gr
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Scheme 1. Schematic illustration of the formation of the C@SnS/
SnO,@Gr architecture.

was obtained by a sulfidation process of as-prepared
C@SnO,@Gr with thiourea at 350°C under argon condition.

The purity and crystalline phase of the samples were
analyzed by powder X-ray diffraction (XRD). Figure la
presents XRD patterns of the C@SnO,@Gr and C@SnS/
SnO,@Gr powders. All of the diffraction peaks in pattern A
of Figure la can be indexed to tetragonal rutile SnO,,
indicating that pure and single-phase SnO, was prepared.
After sulfidation, apart from the SnO, diffraction peaks, some
entirely new peaks are observed (pattern B in Figure 1a),
which can be assigned to the orthorhombic-SnS, and no peaks
for other impurities are found, revealing the coexistence of
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SnS and SnO,. Moreover, the broadened diffraction peaks in
pattern B indicate that the ultra-small particle size was not
increased after sulfidation.

Figure 1b, and Figure S1 in the Supporting Information
shows the Raman spectra of the as-prepared samples. As
shown in Figure 1b, three fundamental peaks can be observed
at 473 cm™!, 627 cm ™!, 767 cm ™! in both the C@SnO,@Gr and
the C@SnS/SnO,@Gr materials, corresponding to the E,, A,
and B,, vibrations of SnO,.””* Moreover, three typical
Raman scattering peaks at 161, 183, and 228 cm™' are
identified for the C@SnS/SnO,@Gr sample, which can be
attributed to the Bs,, B,,, and A, vibrational modes of SnS,
respectively.” ! These peaks further confirm the successful
formation of SnS in the C@SnO,@Gr composite after the
sulfidation process. Note that the intensities of peaks from the
SnO, in the C@SnS/SnO,@Gr sample are reduced, owing to
the interaction between SnO, and the in situ generated SnS,
which may diminish both the excitation laser and the emitted
Raman signals.?®! X-ray photoelectron spectroscopy (XPS)
was conducted to investigate the surface electronic states and
chemical compositions of the synthesized samples (Figure 1d,
Figure S2). It can be seen that the C@SnO,@Gr sample (the
top curve in Figure 1c¢) only contains the elements Sn, O, and
C, with photoelectron peaks appearing at binding energies of
487 (Sn 3dsp,), 495 (Sn 3d;,), 531 (O 1s), and 285 eV (C 1s),
respectively.®”! Compared with the spectrum of C@SnO,@Gr,
two additional peaks at 163 eV (S 2p) and 228 eV (S 2s) can
be found in the survey spectrum of the C@SnS/SnO,@Gr
sample, suggesting the successful incorporation of S into the
C@Sn0,@Gr hybrid."® As shown in Figure 1d, the two peaks
of Sn 3d for C@SnS/SnO,@Gr both shifted to lower binding
energies, as a result of the coupling effect of SnO, (Sn*") and
SnS (Sn*") in the SnS/SnO, heterostructures. The peaks of
4953 eV and 486.9 eV are ascribed to Sn 3d;, and 3ds, of

Sn**, respectively, while the peaks 494.3 eV and
485.9 eV should be assigned to Sn 3d;, and 3ds,

of Sn*!, confirming the formation of the SnS/
SnO, heterostructures. Moreover, the Sn*'/
Sn*' ratio measured with XPS analysis is
estimated to be around 1.1, which is consistent
with the result of EDS spectrum (Figure S3).
After the sulfidation reaction, the in situ for-
mation of SnS with the lower chemical valence
and lower electronegativity of S occurred in

close contact with SnO, at the boundaries,
where the interaction between different orbi-
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tals of SnS and SnO, will alter the electronic
states and band structure because of the con-
duction band and valence band potentials.?>3!
This would be beneficial for the enhancement
of charge-transfer kinetics in electrochemical
reactions.”*?! From the TGA analysis (Fig-
ure S4), the amounts of graphene and carbon in
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Figure 1. a) X-ray diffraction patterns of A) C@SnO,@Gr and B) C@SnS/SnO,@GCr.
b) Room temperature Raman spectra of C@SnO,@Gr andC@SnS/SnO,@GCr samples.
c) Typical XPS survey spectra and d) the corresponding Sn 3d XPS spectra of

C@SnO,@Gr and C@SnS/SNO,@GCr.
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the C@SnS/SnO,@Gr composite are about
8 wt% and 23 wt %, respectively.

The microstructure and morphology of the
composites obtained were observed by scan-
ning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). As shown
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Figure 2. a) SEM image and b),c) TEM images of the C@SnO,@Gr. d) SEM image and e),f) TEM
images of the C@SnS/SnO,@Gr. g)—k) TEM image and element mapping images of the C@SnS/

SnO,@Gr. Insets in (a) and (d) show enlarged views.

in Figure 2, both C@SnO,@Gr (Figure2a) and C@SnS/
SnO,@Gr (Figure 2d) have a uniform morphology over the
whole surface. A large number of tiny nanoparticles (ca. S nm
in size) are evenly distributed on graphene nanosheets (insets
in Figure 2a,d), manifesting the stable structure of the
C@Sn0O,@Gr composite before and after the sulfidiation
treatment, which is of great importance for the electrode
materials in electrochemical testing. Figure 2b,e, and Fig-
ure S5 present representative TEM images of the
C@Sn0O,@Gr and C@SnS/SnO,@Gr samples. It can be clearly
observed that the few-layer graphene nanosheets have a great
many ultrathin nanoparticles homogeneously anchored on
them, which is consistent with the SEM images (Figure 2 a,d).
Furthermore, the TEM images reveal that the C@SnS/
SnO,@Gr and C@SnO,@Gr almost have the same morphol-
ogy, which can further demonstrate the stability of the
complex structure during the sulfidation reaction. The high-
resolution TEM (HRTEM) image of the C@SnS/SnO,@Gr
hybrid (Figure 2 f) demonstrates the formation of SnS/SnO,
nano-heterostructures. The lattice fringes of about 0.335 nm
and 0.265 nm, respectively correspond to the (110) and (101)
planes of SnO,,*! while the interatomic spacings of 0.293 nm
and 0.322 nm correspond to the (101) and (021) planes of
SnS.?¥ Both the SnS and the SnO, nanoparticles are in tight
contact with each other and form heterojunctions in the
interfacial area, which can enhance electronic conductivity
and rapid ion/electron transfer.’>) Moreover, it is also
interesting to see that the few-layer graphene nanosheets
support the SnS and SnO, nanoparticles, while the carbon
layer forms a coating at the outer edge, which can not only
provide an effective buffer matrix for the SnS/SnO, nano-
particles to relieve the volume changes and maintain the
structural integrity, but also improves the conductivity. The
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elemental mapping (Figure 2h-k)
unambiguously confirms the pres-
ence of C, O, S, and Sn elements in
the C@SnS/SnO,@Gr. The S and O
elements are homogeneously distrib-
uted, which illustrates the in situ for-
mation of SnS in the SnO, matrix,
resulting in the intimate contact of
the two components and the forma-
tion of heterostructures.

Cyclic voltammetry (CV) was
employed to investigate the Na-ion
storage behavior of the materials
(Figure 3a, Figure S6). During the
first reduction process, a clear reduc-
tion peak appeared at approximately
0.75V, which disappeared in the
following negative scan, a result of
the formation of the solid electrolyte
interface film."”! From the 2nd cycle,
three pairs of oxidation/reduction
peaks, localized at 0.08 V/OYV,
0.23V/0.15V, and 0.73V/0.68V,
appeared and remained stable, corre-
sponding to the alloying/dealloying
reactions.!”®) The reduction peak at
approximately 1.06 V in the CV curves can be ascribed to the
conversion reaction of SnS, while the oxidation peak localized
at about 1.15 V corresponds to the back-conversion of Sn and
Na,S into the SnS phase. It is noteworthy that the CV curves
almost overlap from the 2nd to the 5th cycles, reflecting the
highly reversible nature of the electrochemical reactions in
the C@SnS/Sn0O,@Gr anode and ensuring prolonged cycling
stability.

The electrochemical performance of the electrodes was
evaluated by galvanostatic discharge—charge measurements
(Figure 3, Figure S7). The C@SnS/SnO,@Gr composite shows
a first discharge capacity of 976 mAhg™' and a charge
capacity of 729 mAhg ' at 30 mAg ' (Figure 3b,c), corre-
sponding to an initial coulombic efficiency of 74.6%. In
contrast, the first cycle efficiency of the C@SnO,@Gr is only
41.3%, and the C@SnS@Gr exhibited a stable capacity of
637 mAhg' after 10cycles (Figure 3c,d). The C@SnS/
SnO,@Gr anode displays a higher reversible capacity than
the C@SnO,@Gr or C@SnS@Gr materials, which can be
attributed to the synergistic effects of SnS/Sn0O,.”! After
70 cycles, the C@SnS/SnO,@Gr electrode achieves a reversi-
ble capacity of 713mAhg ' with approximately 98%
capacity retention. Figure 3¢ shows the rate capability of all
the prepared electrodes from 30 mAg ' to 7290 mAg~'. As
can be seen clearly, the C@SnS/SnO,@Gr electrode features
superior high-rate performance. On increasing the current
density to 810 and 2430 mA g !, the specific capacity at these
current densities is still 520 and 430 mAhg™', respectively,
which is much higher than for the C@SnO,@Gr or
C@SnS@Gr or a mechanical mixture of them (C@SnS —+
SnO,@Gr). Figure 3e presents the long-term cycling perfor-
mance of the C@SnS/SnO,@Gr electrode when discharged/
charged at high current densities. It can still deliver a discharge
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Figure 3. Electrochemical performance of C@SnS/SnO,@Gr sample for sodium storage. a) Cyclic voltam- kinetics and consequently

mograms for the first five cycles of the C@SnS/SnO,@GCr electrode at a scanning rate of 0.1 mVs™'.

b) Galvanostatic discharge-charge profiles for selected cycles of the C@SnS/SnO,@Gr electrode at

30 mAg . ) Rate capabilities of C@SnS/SnO,@GCr, C@SnS@Gr, C@SnO,@GCr, and C@SnS + SnO,@Gr
electrodes. d) Cycling performance of C@SnS/SnO,@Gr, C@SnS@Gr, and C@SnO,@Gr at 30 mAg™', and
e) long-term cycling performance of the C@SnS/SnO,@GCr electrode at different current densities.

capacity of 409 mAhg™"' after 500 cycles at 810 mAg ™' (ca.
73% retention), implying excellent cycling stability (Fig-
ure S8). More importantly, even after 500 cycles at
2430 mA g, a reversible capacity close to 360 mAhg'(ca.
76 % retention) is still obtainable, indicating the superior
high-rate cycling stability of C@SnS/SnO,@Gr (Figure S9).
The significantly improved Na* storage performance might
be related to the synergetic enhancement of electron and
sodium-ion transport kinetics, benefiting from the internal
electric field within the nanoparticles.”>*! Furthermore, the
in situ generation of SnS nanoparticles in the SnO, matrix can
effectively immobilize the SnO,, thus reducing the self-
agglomeration of SnO, nanocrystals and maintaining good
structural stability.’¥ We also compare the rate performance
of the C@SnS/SnO,@Gr electrode in this work with the state-
of-the-art results in previously published papers on SnO,-,
SnS-, SnS,- and Sn-based systems (Table S1). The capacity
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improve the high-rate perfor-
mance of the C@SnS/
SnO,@Gr electrode.

Based on the above results,
a possible mechanism for the
enhancement of the Na™ stor-
age performance was pro-
posed, as shown in Scheme 2. In our system, SnO, is an n-
type semiconductor with a wide band gap of 3.8 eV, while SnS
works as a narrow-band-gap (1.3 eV) p-type semiconductor.
Therefore, the SnS/SnO, p—n heterojunctions that are formed
will induce a built-in electric field on the heterointerfaces,
which will greatly accelerate the charge-transfer kinetics and
result in high-rate capability. This is confirmed by the much
lower charge-transport/diffusion resistance in the C@SnS/
Sn0O,@Gr electrode (Figure S10). During the discharging
process, the direction of the electric field induced by the p—
n heterojunction will point to SnS from the SnO, surface.
Under this electric field, the charge accumulation layer at the
interface is subjected to breakdown, and Na* diffusion in the
bulk will become much easier, thus helping the Na* inser-
tion.* After full sodiation, SnO, is changed into Na,Sn and
Na,O, whereas SnS is converted into Na,Sn and Na,S. During
the charge process, SnS micro-domain can release much more

Angew. Chem. 2016, 128, 34693474
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Scheme 2. Summary of the enhanced high-rate capacity mechanism of the C@SnS/
SnO,@Gr in the Na-ion battery system.

Na' owing to its higher reversibility than SnO, micro-
domain.®"*! In this case, a Na*-rich region will form in the
SnS phase and a Na*-poor area in the SnO, phase. Because of
the potential difference, it will induce a new electric field at
the interface with a direction from SnS to SnO,, which will
facilitate Na* migration, promoting Na* extraction in the
charge process. Furthermore, the structural and electrical
integrity of the electrode via the interfacial amorphous
carbon layer anchoring the SnS/SnO, nanoparticles to the
graphene also play important roles in improving the electro-
chemical performance. Therefore, the outstanding perfor-
mance can be ascribed to the following reasons: 1) the charge-
transfer driving force originating from the SnS/SnO, nano-
heterostructures; 2) the higher initial coulombic efficiency
and reversible capacity provided by the SnS nanoparticles;
3) the short ion-diffusion paths due to the ultra-small nano-
particles; 4)the good structural stability and excellent
electrical conductivity ensured by the carbon layer and the
graphene network.

In conclusion, an effective approach, involving an inter-
facial amorphous carbon layer anchoring SnS/SnO, hetero-
structures directly to graphene nanosheets, has been devel-
oped. The formation of the SnS/SnO, heterostructures has
been verified by HRTEM, Raman, and XPS analysis. When
evaluated as an anode material for sodium-ion batteries, the
C@SnS/SnO,@Gr features excellent performance and out-
standing cycling stability at high rates, which is much superior
to the performance of C@SnO,@Gr, C@SnS@Gr, or
a mechanical mixture of them. The boosted charge transfer
in the heterostructures is demonstrated by the EIS measure-
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