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ABSTRACT

Mixed transition-metal oxides (MTMOs) are regarded as advanced electrode materials for sodium-ion
batteries (SIBs). In this study, amorphous CoSnO3 nanocubes wrapped by reduced graphene oxide
(marked as a-CoSnO3@rGO) are successfully designed via a facile solvothermal method accompanied by a
simple calcination process. To examine this design, sodium storage behaviors of a-CoSnO3;@rGO nano-
composites are investigated in detail. Compared with the pristine a-CoSn0O3, a-CoSnO3@rGO nano-
composite with 25.1 wt% rGO exhibits enhanced electrochemical performance, for instance, it delivers a
high specific capacity of 229.9 mAh g~ after 100 cycles at 50 mA g~ with a Coulombic efficiency close to
99%, and it is capable of maintaining a specific capacity of 205.7 mAh g~! even at a high current density
of 800mA g . Superior electrochemical performance of a-CoSnO3;@rGO is primarily attributed to
intrinsic “self-matrices”, rGO-wrapping network, and crystalline texture engineering. Indeed, the unique
3D-rGO-wrapping architecture of a-CoSnO3;@rGO manifests compelling advantages, such as developing a
high conductive three-dimensional network, facilitating the ion/electron diffusion, accommodating
volume change, and strengthening interaction between rGO and a-CoSnOs. It is believed that the pro-

posed strategy may provide new insights to design hybrid anode nano-materials for advanced SIBs.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Global scarcity and high price of lithium sources have been
hindering further utilization of lithium ion batteries (LIBs) in large-
scale energy storage systems [1—6]. In this regard, sodium ion
batteries (SIBs) have presented outstanding merits for applications
in smart electric grids owing to the ubiquity of sodium in nature
and similarity of its properties to lithium [7—11]. Nonetheless,
larger radius of Na* ions affect the phase stability and transport
properties of the anode material, resulting in low utilization and
inferior rate capability [12]. Hence, the major scientific hurdle of
SIBs can be addressed by developing an excellent anode material
with long-term cycliability and high specific capacity.
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Recently, many researchers have been investigating several
transition-metal oxides (TMOs) electrode materials, such as VO,
[13], TiO3 [14], Co304 [15], Fe;03 [11,16] and SnO; [17,18]. Never-
theless, the main issues of TMOs lie in severe volume expansion/
shrinkage during the sodiation/desodiation processes as well as
unsatisfied electrochemical reaction kinetics, leading to low rate
performance and limited cycle life [19]. Superior to monometal
transition-metal oxides, mixed transition-metal oxides (MTMOs)
have more preferable stability due to two kinds of metal elements
with different expansion coefficients, and enhance electron trans-
fer by reducing activation energy barriers between different cat-
ions. As we previously reported, NiSnO3 exhibits more preferable
lithium storage performance than the mechanical mixture of SnO,
and NiO [8]. The performance improvement is due that Sn and NiO
could mutually act as “self-matrices” during charge/discharge
processes. In addition, the smart and particular “self-matrices”
suppress the aggregation of the nanosized particle and buffer the
large volume change. Moreover, comparatively modified electronic
structures of MTMOs can lower the kinetic energy barriers in
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electrochemical processes [19]. For example, CoSnOs3 is a note-
worthy member of MTMOs family, in which Co and Sn act as the
conductive and buffering matrix materials. Indeed, the electro-
chemical performance of CoSnOs is superior to that of the mixture
of Sn0; and CoO [20]. However, the inherent drawbacks of MTMOs-
based electrodes (i.e., poor electronic conductivity and inferior
structural stability), considerably hampers the cycling stability of
anode materials in SIBs [19,21].

Minimizing particle size of MTMOs down to nanoscale is a
common approach, which could improve the diffusion rate of ion
and alleviate the mechanical strain upon intercalation/dein-
tercalation of Na* [22]. On the other hand, combining carbon-based
materials with nano-sized particles is an effective strategy to
enhance sodium storage [23]. Note that novel carbonaceous ma-
terials (i.e., reduced graphene oxide (rGO) [24], CNTs [25] and
porous carbon [26]) have been extensively investigated as the
suitable buffering and conductive matrix for MTMOs-based anodes.
For example, CoSnO3@C nanoboxes exhibit super rate capability
and wonderful cycle life (i.e., over 400 cycles) in LIBs [21]. It is
considered that the main benefits of combining carbonaceous
materials are to improve electrical conductivity, buffer the volume
changes, and enhance the electrochemical performances of the
anode materials upon cycling. Simultaneously, during sodium
storage process, amorphous electrode materials with intrinsically
isotropic nature may reduce the degradation of electrode associ-
ated with volume change upon cycling [27]. As our group previ-
ously reported, amorphous SnO, anodes show more outstanding
sodium reversible capacity (380.2mAh g~! after 100 cycles at
50mAg-!) than that of SnO, anodes with crystalline phases
(138.6 mAh g ! after 100 cycles at 50mAg~') [17]. Hence, engi-
neering crystalline texture significantly affect cycling capability in
SIBs.

In this work, amorphous CoSnO3 wrapped by reduced graphene
oxide (marked as a-CoSnOs@rGO) is successfully synthesized. As
anodes for SIBs, they exhibit remarkable rate capacity and cycling
stability due to intrinsic “self-matrices”, rGO-wrapping network,
and crystalline texture engineering. Therefore, the designed a-
CoSnO3@rGO electrode could hold high promise for further
development of advanced sodium storage devices.

2. Experimental section
2.1. Materials preparation

2.1.1. Preparation of CoSn(OH)s@rGO nanocubes

In a typical synthesis, Na;SnO3 solution (1 mmol Na;Sn03-3H,0
dissolved in 20 mL deionized (DI) water) was dropped into CoSO4
solution (1 mmol CoSO4-7H,0 dissolved in 20 mL DI water). After
dropping, the mixture was stirred for 1 h. The pink CoSn(OH)g was
acquired via centrifugation method, as well as dried in air oven.
Graphite oxide (GO) was synthesized according to a modifying
method based on Hummer's preparation method from graphite
powders [29]. Afterwards, 10mL of GO suspension liquid
(20mgmL~") was added into butanol (30mL). Then x mg
(x=235.5mg, 50.0 mg, 29.0 mg) of CoSn(OH)s was put into the
above solution with continuous stirring for 0.5 h. Then, the above
mixture was put into a 50 mL Teflon container. Then, the container
was encapsulated in a stainless steel autoclave followed by main-
taining at 180 °C for 6 h. Finally, the black powders were obtained
via suction filtration followed by freeze-drying. The final products
were denoted as CoSn(OH)g@rGO-I, CoSn(OH)s@rGO-II and CoS-
n(OH)s@rGO-III, respectively.

2.2. Preparation of a-CoSn0O3@rGO nanocomposites

To obtain a-CoSnO3@rGO nanocomposites, CoSn(OH)s@rGO was
thermally annealed at 300 °C (heating rate of 1°C min~!) for 4h in
argon atmosphere. The final products are denoted as a-CoS-
n0O3@rGO-I, a-CoSn03@rGO-II and a-CoSnO3@rGO-III, respectively.
This process is illustrated in Scheme 1. Furthermore, the pristine a-
CoSnO3; was prepared by the similar route, without adding GO
dispersion. The pure rGO was obtained under the similar reaction
conditions.

2.3. Materials characterization

The structural information and compositions of the as-prepared
samples were carried out on X-ray diffraction (XRD, Bruker AXS D8
Advance, Cu-K,, radiation), X-ray photoelectron spectroscopy (XPS,
VG ESCALAB MK II), Raman analysis (LabRAM HR800 system,
HORIBA). The amount of rGO in the a-CoSnO3@rGO nano-
composites was estimated by thermogravimetric analysis (TGA,
Pyris Diamond6000, PerkinElmer Co., America) from room tem-
perature to 600°C (10°C min~') in air. Nitrogen adsorption/
desorption isotherms were conducted by using Quantachrome
ASIQ2. The microstructures and morphologies of the samples were
investigated by scanning electron microscopy (SEM, SU8010, Hita-
chi) equipped with energy dispersive spectroscopy (EDS, OXFORD
7426) mapping, and transmission electron microscopy (TEM, JEOL
JEM-3000F).

2.4. Electrochemical characterization

The electrochemical performances of the anode materials were
studied by using CR2032-type coin half cells, and the whole as-
sembly process was in an argon-filled glovebox. The working
electrodes consisted of 80 wt% active material, 10 wt% carbon black
(super P), and 10 wt% carboxymethyl cellulose (CMC) binder by
weight. The well-mixed black slurry was spread on Cu foil and dried
for 15 h at 80 °C. The painted electrodes were punched into 12 mm
circular pieces (the average mass loading of active materials is
0.64 mg cm~2), which were used as the working electrode. The
separator was glass fiber filter paper (GF/F, Whatman), and the
counter electrode was Na metal foils. 1M sodium perchlorate
(NaClOy) in ethylene carbonate/propylene carbonate (EC/PC, 1:1 vol
%) was employed as the electrolyte solution. The galvanostatic
cycling testings and rate capability were carried out using a battery
testing system with the model of Land CT2001A, fixing the poten-
tial range to 0.01-3.0V vs Na/Na*. Cyclic voltammetry (CV, scan-
ning rate of 0.1 mV s, 0.01—3.0 V vs Na/Na™) and Electrochemical
impedance spectroscopy (EIS, frequency range from 0.01Hz to
100 kHz, amplitude voltage of 5 mV) were studied by a Princeton
Applied Research VersaSTAT4.

3. Results and discussion

Fig. 1a shows the XRD patterns of the pure CoSn(OH)g and
CoSn(OH)s@rGO nanocomposites with different rGO contents. All
diffraction peaks of the bare CoSn(OH)g are assigned to the stan-
dard diffraction data of perovskite cubic Pn-3m structure of cobalt
tin hydroxide (JCPDS No. 13-0356) [30], indicating its high degree of
crystallinity. Simultaneously, all the three CoSn(OH)s@rGO nano-
composites exhibit strong diffraction peaks at identical positions,
which is similar to XRD pattern of the pure CoSn(OH)g without
noticeable signals of impurity peaks. Thus, it reflects that the phase
of CoSn(OH)g reveals no distinct change during the process of rGO
wrapping. After annealing in Ar, a-CoSnO3 nanocubes are obtained
by thermal decomposition of CoSn(OH)g



238 S. Dou et al. / Electrochimica Acta 316 (2019) 236—247

s
ow'n

CoSn(OH), solvothermal
I
wrapping

Vs

CoSn(OH),@rGO a-CoSnO;@rGO

annealing

[
in Ar

Scheme 1. Schematic illustration of the synthesis process of a-CoSnO;@rGO nanocomposites.
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Fig. 1. (a) XRD patterns of CoSn(OH)g, CoSn(OH)s@rGO-1, CoSn(OH )s@rGO-II and CoSn(OH)g@rGO-III. (b) XRD patterns of pristine a-CoSn0s3, a-CoSn03@rGO-I, a-CoSn03@rGO-II and
a-CoSn03@rGO-IIL (c) TGA curves of a-CoSnO3@rGO-I, a-CoSn0O3@rGO-II and a-CoSnO3;@rGO-IIL. (d) Raman spectra of a-CoSn03;@rGO-I, a-CoSnO;@rGO-II, a-CoSnO3@rGO-III and

pristine rGO.

(CoSn(OH)s — 3H20 + CoSnO3). The XRD patterns of bare a-
CoSn03 and a-CoSn03@rGO nanocomposites with different rGO
contents are depicted in Fig. 1b. Remarkably, there is a plain pattern
with a broad peak at 34° in all samples, proving the formation of a-

CoSnO3, which is consistent with the previous literature reports
[21,28,31]. Observably, with the rGO content increases, the
diffraction peak of the rGO gradually emerges, especially for the
CoSnO3@rGO-III with the peak of a reflection at around 41°,
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manifesting the close integration of the both in the nano-
composites. In the XRD patterns of GO and rGO (Fig. S1), it is
noteworthy that the sharp diffraction peak (002) of GO at 10.8°
disappears, which demonstrates that GO was translated to rGO
during solvothermal and annealing treatments due to the removal
of most oxygen-containing functional groups of GO [32].
Thermogravimetric analysis (TGA) was employed to measure
rGO contents in a-CoSnOs3@rGO nanocomposites (Fig. 1c). The
initial weight loss (up to 150 °C) is associated with the evaporation
of moisture. Based on the weight loss of carbon (between 150 °C
and 420 °C) [31], the contents of rGO of a-CoSn03@rGO-I, a-CoS-
n03@rGO-II and a-CoSnO3@rGO-III are calculated to be about
11.4 wt%, 25.1 wt%, and 38.1 wt%, respectively. Fig. 1d shows Raman
spectra of the pristine rGO and the three a-CoSnO3@rGO nano-
composites. Notably, all samples show two peaks at 1341 cm ™! and
1583 cm~!, which are in good agreement with D band caused by
defective or disordered carbon, as well as G band originated from
ordered graphitic carbon [32]. Generally, the intensity ratio of Ip/Ig
is employed to measure the degree of structural disorders in carbon
material [33]. Based on the fitting of Raman spectroscopy, the Ip/Ig
ratios of a-CoSnO3@rGO-I, a-CoSnO3;@rGO-II, a-CoSnO3;@rGO-III
and the pristine rGO are 1.59, 1.47, 1.41 and 1.35, respectively.
Compared with the pristine rGO, the higher Ip/Ig ratio of a-CoS-
n03@rGO indicates more disorders, which is due to the interven-
tion of the encapsulated a-CoSnO3 nanocubes in 3D-rGO networks.

Furthermore, the Brunauer-Emmett-Teller (BET) specific surface
area (Fig. S2a) of a-CoSnOs@rGO-II is estimated to be 189.33 m? g~
and larger than that of bare a-CoSnOs (135.56 m?g~'). From the
corresponding pore-size distribution curves (Fig. S2b), the pore size
of the bare a-CoSnO3 mainly concentrate at 1.4 nm, however, the a-
CoSnO3@rGO-II is possessed with the more developed mesopore
peak centered around 3.8 nm. Such a large surface area with porous
structure may not only provide an ample buffer space for huge
volume expansion/shrinkage [34], but also accelerate Na™ diffusion
to achieve a high rate capability [6].

To further elucidate the chemical bonding states and elemental
composition, X-ray photoelectron spectroscopy (XPS) spectra of a-
CoSnO3@rGO-II were investigated. As illustrated in Fig. 2a, the
survey spectrum result confirms the existence of Co, Sn, C and O
atoms. Fig. 2b displays the high resolution XPS spectrum of Sn 3d
where the binding energy at 495.2 eV and 486.7 eV are character-
istics of 3d3p; and 3ds), respectively, which is in agreement with
Sn** state [31]. In the XPS spectrum of Co 2p (Fig. 2c), the two spin-
orbit doublet peaks at 780.9 and 796.6 eV can be related to Co 2p3;
and Co 2pq, orbits, accompanying by two satellite peaks at 786.4
and 802.8eV. As we know, Co** and Co>* states reveal similar
binding energy peaks in the XPS spectrum of Co 2p. Correspond-
ingly, there are two main peaks at binding energies near 780.0 and
796.0 eV, which correspond to Co 2p3p; and Co 2pq), levels. How-
ever, for diverse valence state configurations, the values of binding
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Fig. 2. XPS spectra of a-CoSnO3@rGO-II: (a) original XPS survey spectrum, (b) Sn 3d spectrum, (c) Co 2p spectrum, (d) C 1s spectrum.
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energy separation are different from each other due to the spin-
orbit couplings configurations with AE=15.7eV for Co** and
AE = 15.0 eV for Co>*. Furthermore, the two strong peaks of Co 2p
are located at 780.9 and 796.6 eV with a splitting energy of 15.7 eV,
identifying the presence of Co®" in a-CoSnO3;@rGO-II sample
[35,36]. Consequently, the existence of Sn** and Co?* in a-CoS-
nO3@rGO-II nanocomposite can be reasonably concluded. Addi-
tionally, as shown in Fig. 2d, the high resolution C 1s XPS spectrum
of a-CoSn03@rGO-II can be fitted with four components: graphi-
tized carbon bonds (sp> carbon, 285.2 eV; sp® carbon, 284.5 eV),
hydroxyl and epoxy groups (C - O, 286.3 eV), carboxyl groups (O - C
=0, 289.0eV) and carbonyl groups (C=0, 287.6 eV). For the O 1s
spectrum (Fig. S3), the binding energy of 531.7 eV could be related
to metal-oxygen bonds and remanent oxygen-containing groups
derived from rGO [33].

As shown in Fig. 3a, the bare a-CoSnOs consists of entirely
uniform nanocubes with an average edge length of around 100 nm,
which can be further confirmed by the low-magnification TEM
image (Fig. 3b). Moreover, HRTEM image (Fig. 3c) demonstrates
that the entire surface of the nanocube is rough, and no crystalline
lattice fringe is observed, revealing the amorphous texture of
CoSnO3; nanocubes. Meanwhile, the SAED patterns of a-CoSnOj3
nanocubes (the inset of Fig. 3c) manifest dispersed and ambiguous
halo rings with amorphous nature, which is well consistent with
the XRD results [21]. For a-CoSn03@rGO-I (Fig. 3d), a mass of a-

CoSn03 nanocubes are attached to the surface of rGO and formed
an anti-coated structure. With the increase of rGO, a-CoSnOj
nanocubes are homogeneously wrapped by wrinkled rGO in a-
CoSnO3@rGO-II (Fig. 3e). Notably, the transparent gauze-like rGO is
shown in Fig. S4. Remarkably, the highly crumpled rGO encapsu-
lated a-CoSnO3 forms a 3D continuous porous network structure,
which may be conducive to increase the electrical conductivity and
provide volume buffers for a-CoSnOs in the sodiation/desodiation
processes. However, a-CoSnO3@rGO-III exhibits a scattering of a-
CoSnO3; nanocubes sparsely dispersed on the rGO nanosheets
(Fig. 3f). As a result, introduction of a rational amount of rGO could
form a continuous and conductive network texture to enhance the
storage capacity and cyclic performance. Furthermore, TEM image
of a-CoSnO3@rGO-II (Fig. 3g) further demonstrates the transparent
interconnected gauze-like rGO evenly encapsulates a-CoSnO3
nanocubes, and constitutes a high conductive 3D architecture
network. The HRTEM image (the inset of Fig. 3g) reveals the
amorphous structure of a-CoSnO3@rGO-II with a widespread dis-
order. EDS mapping of a-CoSnO3@rGO-II (Fig. 3h) proves the ho-
mogeneous distribution of Sn, O, Co and C elements originated from
rGO and a-CoSnOs.

The electrochemical properties of the bare a-CoSnOs, the pris-
tine rGO and the three a-CoSn0O3@rGO nanocomposites were con-
ducted through cyclic voltammetry (CV), as depicted in Fig. 4 and
Fig. S5. For the pristine rGO anode, it can be observed from Fig. S5

Fig. 3. (a) SEM image of bare a-CoSnOs. (b) TEM and (c) HRTEM images of bare a-CoSnOs (the insert is selected-area diffraction (SAED) pattern). SEM images of (d) a-CoSnO3@rGO-I,
(e) a-CoSn0O5@rGO-1I, and (f) a-CoSn0O3@rGO-IIL. (g) TEM image of a-CoSnO3@rGO-II (the insert is HRTEM image). (h) EDS mapping of a-CoSnO3;@rGO-II.
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window of 0.01-3.0V.

that a reduction peak shows up at 1.1 V in the first discharge curve,
which is likely to be generated from the formation of the solid
electrolyte interphase (SEI) film on the electrode surface. Note that
there is no corresponding redox peak occurs in the succedent cycle,
showing a typical characteristic of rGO. In the initial cathodic
processes of all four electrodes (Fig. 4), a similar broad reduction
wave from 0.03V to 1.5V can be observed, which might be
generated from the formation of solid electrolyte interface (SEI)
layer on the surface of electrode, the reductive reaction of CoSnO3
with Na that forms Sn, CoO and Na;0, the further reduction of CoO
into Co, as well as the transformation of Sn into NaxSn alloys
[8,28,31]. Noticeably, the reduction peaks have shifted to higher
potential of 0.8 V at subsequent scans, indicating a structural reor-
ganization. Furthermore, for CV curves of the three a-CoSnO3;@rGO
nanocomposites, the reductant peaks from 0.03V to 1.5V corre-
spond to the conversion reaction between CoO and Na™ and the
alloying reaction between Sn and Na*. During the positive scans of
all samples, the anodic peaks are attributed to the re-oxidation of
Co to CoO and the dealloying reaction of NaxSn [17,37,38]. All in all,
the electrochemical reactions can be explicated as:

CoSnO3 + Na™ 4+ e~ — CoO + Sn + Na,O (1)

CoO + 2Na'" + 2e < — Co + Na,0 (2)

Sn + x Na« —NaxSn 3)

Note that all redox peaks of a-CoSnO3;@rGO-II remain almost
overlapped in the succedent cycles with good eSn + x Na « —
Na,Sn lectrochemical reversibility and high stability [39].

Fig. 5a—d displays the galvanostatic discharge/charge profiles of
the bare a-CoSn0O3, a-CoSn0O3@rGO-I, a-CoSnO3@rGO-II and a-
CoSn03@rGO-III electrodes in the 1st, 2nd, 3rd, 4th, 5th and 10th
cycles at a current density of 50 mA g, fixing the potential range
to 0.01—-3.0 V vs Na/Na™. The specific capacity of the pristine rGO is
4984 mAh g ! in the first cycle, which dramatically drops to
236.9 mAh g~ ! in the second cycle (Fig. S6). The initial discharge/
charge specific capacities of the bare a-CoSn03, a-CoSnO3@rGO-I, a-
CoSnO3@rGO-II and a-CoSnO3@rGO-III electrodes are 499.8/
2921 mAh g, 546.9/382.6 mAh g, 636.9/393.7mAh g~! and
488.2/258.6mAh g !, receptively. Moreover, a-CoSnO3@rGO-II
anode shows the highest reversible capacity. The initial Coulombic
efficiency of a-CoSnOs;@rGO-II anode is 63%, and it increases
significantly to near 99% after a few cycles, which further confirms
that the Na™ intercalation/deintercalation of a-CoSnO3@rGO-II is
highly reversible.

Fig. 6a compares the cycling performance of the as-prepared
anode materials at 50mA g~ between 0.01 and 3.0V vs Na*/Na.
The pristine rGO exhibits a poor specific capacity of 143.4 mAh g~
after 100 cycles. Indeed, the pristine a-CoSnO3; shows a dramatic
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Fig. 5. The galvanostatic discharge/charge profiles of the bare a-CoSn0s3, a-CoSn03@rGO-I, a-CoSn03@rGO-II and a-CoSnO3@rGO-III electrodes in the 1st, 2nd, 3rd, 4th, 5th and 10th
cycles in the potential range of 0.01-3.0 V versus Na/Na™ at a current density of 50 mA g~

capacity decay; its discharge specific capacity decreases to
142.7 mAh g~ ! in the 100th cycle with inferior cycling performance,
originating from the severe volumetric change and poor electrical
conductivity. Favorably, all a-CoSnO3@rGO nanocomposites anodes
exhibit improved cycling capabilities due to the synergistic effect
between a-CoSnO3 nanocubes and plicated rGO. However, a-CoS-
nO3@rGO-I anode with the 11.4wt% content of rGO exhibits an
unsatisfactory discharge capacity after 40 cycles, which could be
ascribed to the partial aggregation of a-CoSnO3 and segmental
structural damage due to the inadequate rGO wrapping. When the
content of rGO increases to 25.1 wt%, a-CoSnO3@rGO-II delivers a
discharge capacity of 229.9 mAh g~! after 100 cycles. Coulombic
efficiencies of a-CoSnO3@rGO-II close to 99% after the 5th cycle.
Moreover, the reversible specific capacity of a-CoSnO;@rGO-III
with 38.1 wt% rGO is lower than that of a-CoSnO3@rGO-II. There-
fore, it is of importance to employ the appropriate amount of rGO in
a-CoSn03@rGO nanocomposites for superior cycling performance.

Rate performance of the prepared electrodes was investigated at
different current densities from 50 to 800 mA g~ . As presented in
Fig. 6b, with the current densities increasing, the capacity of the
bare a-CoSnO3 decreases quickly, achieving only 39.5 mAh g~ ! at
800mA gL By contrast, the other three a-CoSnOs;@rGO nano-
composites anodes show higher capacities at high rates. Conspic-
uously, the average specific capacities of 340.5, 302.1, 266.3, 2324,
and 205.7 mAh g~ can be obtained for a-CoSnO3@rGO-II electrode

at ascending current densities of 50, 100, 200, 400 and 800 mA gq,
respectively, which exhibits much higher than those of a-CoS-
n03@rGO-I and a-CoSnO3@rGO-III electrodes. Moreover, a-CoS-
nO3@rGO-II anode could still recover back to the discharge capacity
of 273.4mAh g1 at the 80th cycle when the current density is
returned back to 50 mA g~ !, which is even more than the obtained
results of the electrode cycled in Fig. 6a. Fig. S7 compares the ca-
pacity retention values of bare a-CoSn0s3, a-CoSn03@rGO-I, a-CoS-
n03@rGO-II and a-CoSnO3@rGO-III electrodes at various current
densities. Based on the analysis above, a-CoSnO3@rGO-II electrode
with a 3D-rGO-wrapping structure is an extremely promising
anode for SIBs. To fully demonstrate the advantages of 3D-rGO-
wrapping architecture, the long-term cycling stabilities of the bare
a-CoSn0s3 and a-CoSnO3@rGO-II are investigated at a high current
density of 1500 mA g~ (Fig. 6¢). As expected, the specific capacity
of a-CoSn03@rGO-II can remain as high as 143.2 mAh g ! after 250
cycles, while the bare a-CoSnOs electrode is close to failure after
100 cycles, revealing that the stable structure derived from the
interconnected rGO network is in favor of improving the trans-
mission of the ions and electrons. This result is superior to previ-
ously reported electrochemical properties of SnO,-based and
CoxOy-based materials for sodium ion batteries, which as listed in
Table S1. Fig. S8 compares the morphologies of the cycled bare a-
CoSn03 and a-CoSnO3@rGO-II anodes after 100 cycles. One can see
from Fig. S8a and b that bare a-CoSnO3 has aggregated. In contrast,
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a-CoSn03@rGO-II nanocomposite still retains the geometric
confinement of a-CoSnO3 nanocubes. To sum up, the results man-
ifest potential applicability of a-CoSnO3;@rGO nanocomposite
anode to advanced sodium-ion storage devices of high power
density.

To investigate the electrochemical kinetics of sodium storage,
the CV curves of the bare a-CoSnO3; and a-CoSnO3@rGO-II was
measured at different sweep rates (0.1, 0.2, 0.4, 0.6 and 0.8 mV s~ 1).
In Fig. 6d and e, the currents of both anodic and cathodic peaks
enhance with increasing the sweep rate. Simultaneously, due to the
increase of sweep rate, it appears a negative-going shift of the
cathodic peaks to lower values and a positive-going shift of the
anodic peaks to higher potentials, which is concerned with the
impacts of polarization due to the restrained kinetics of sodium
diffusion across the anode materials. Meanwhile, as shown in
Fig. 6f, the redox peak current (I) exhibits a linear relationship with
square root of the sweep rate (VP/Z), explaining the diffusion process
of the sodium ions have an enormous influenced on the electro-
chemical kinetics [17]. The sodium-ion diffusion coefficient of bare
a-CoSn03 and a-CoSnO3@rGO-II can be calculated by the Randles-
Sevcik equation (1) [40]:

Ip=2.687 x 10° x 0% x A x D2 x v!2 % Cy (1)

Where n is the charge-transfer number in the specific electro-
chemical reactions, A is the geometric area of electrode
(A=113cm?), v is the potential scan rate (V s~1), Cg is the initial
concentration of Na-ions in the solution (Co =1 mol cm—3), and D is
the diffusion coefficient of Na-ions (cm? s—!). According to Equation
(4), the sodium diffusion coefficient of the bare a-CoSnOs is esti-
mated as 2.78 x 1078 cm? s, and the corresponding values of a-
CoSn03@rGO-II increases to 2.39 x 10 cm?s~ L Hence, the
enhanced ion diffusivity of a-CoSnO3@rGO could be related to rGO

wrapping. Furthermore, rGO wrapping can provide nanospaces

between rGO nanosheets and a-CoSnOs3 nanocubes. The unique
rGO-wrapping architecture is remarkably desirable for superior
sodium storage because the existence of nanospaces can facilitate
Na-ions diffusion to the encapsulated a-CoSnO3 nanocubes [41].
Electrochemical impedance spectroscopy (EIS) was measured to
analyze the kinetic process of half-cell upon cycling. Fig. 7a reveals
the EIS spectra of bare a-CoSnO3 and a-CoSnO3@rGO-II electrodes
at a full-discharged state after varying cycles. The two semicircles at
high and middle frequency regions are related to the interfacial film
resistance and charge transfer process, while a sloping line at low
frequency region is attributed to sodium-ion diffusion through
electrode materials [42]. In the equivalent circuit (Fig. S9a), R
displays resistance of electrolyte solution, R¢f represents resistance
of SEI film, R is charge transfer resistance related to electrode/
electrolyte interface, and Z,y is Warburg impedance originating
from diffusion of Na™ within the anode materials [43]. Notably,
CPEgs and CPE stand for the space charge capacitance of the SEI
film and double-layer capacitance of the electrode, arising from the
inhomogeneous surface of the active materials. As displayed in
Fig. 7b, it is noteworthy that the R value of a-CoSnO3@rGO-II was
lower than those of a-CoSnOs3, implying that the diminution of R
can be result of the introduction of a high conductive 3D-rGO
network. The R value of the bare a-CoSnOs initially reduced from
314 Q (1st cycle) to 194 Q (10th cycle), and then increased to 295 Q
(50th cycle). Strikingly, the R¢; values of a-CoSnO3;@rGO-II display a
similar variation tendency. The abnormal change of the R values
by increasing the number of cycles could be due to the slow acti-
vation process of the anode materials [34]. To be specific, the initial
decrease of the R¢ values may be relevant to the gradual perme-
ation of the organic electrolyte, which can provide a bigger elec-
trochemical interface between electrolyte and electrode and
further improve the charge transfer kinetics [44]. In the case of R,
compared with the bare CoSnOs3 anode, the a-CoSnO3@rGO-II
electrode exhibits smaller impedance with the similar trend. It is
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Fig. 7. (a) The EIS spectra of bare a-CoSnOs and a-CoSnO3;@rGO-II electrodes at a full-discharged state in the frequency range from 0.01 Hz to 100 kHz after different cycles. (b) EIS
parameters (R and Rg) of bare a-CoSnO5; and a-CoSnO;@rGO-II electrodes derived from the equivalent circuit. (c) The EIS spectra of a-CoSnO3;@rGO-II electrode at different
discharge/charge depths in the frequency range from 0.01 Hz to 100 kHz during the first one-and-a-half cycles. (d) EIS parameters (R¢ and Rgf) of a-CoSnO;@rGO-II electrode derived

from the equivalent circuit.

worth noting that the abrupt change of R (2nd cycle) is observed
clearly, which could be related to the growth of the SEI film on the
material surface. After 2 cycles, the Ry value of the a-CoSn03@rGO-
Il remains a relatively stable state, explicating the stability of the SEI
film [43,46]. Fig. 7c shows the EIS spectra of a-CoSnO3;@rGO-II
electrode at different charge/discharge depths during the first one-
and-a-half cycles, fixing the frequency range to 0.01-100000 Hz.
According to the equivalent circuit, the kinetic parameters are
illustrated in Fig. 7d. Initially, the value of R exhibits a sudden drop
from the first point to the second point, and then it increases with
the increase of discharge depth in the first discharge process.
Following the first charge process, R¢ reaches a maximum of 353 ,
and slowly decreases with the increase of charge depth. The value
of R drops to a minimum (209 Q) when the charge depth is 1.3 V.
Afterwards, the values of R reach to a relatively stable state. The
values of R¢ are the main contribution to total resistance upon
cycling, which could directly reflect the potential polarization de-
gree [34]. The increasing Rt observed at the starting of the 1st
discharge process may be related to the polarization phenomenon,
while the similar variation of R is not detected during the 2nd
discharge process [45]. In the 1st charge process, such a gradual
decrease of R value indicates that the electrochemical reaction

becomes easier in the voltage range of 0.4—1.3V. The variation
tendency in R¢; could be primarily ascribed to the enlarged surface
area of the anode owing to conversion reactions in the 1st
discharge process. The enhanced contact between electrolyte and
the active material not only improves electrode activity, but also
reduces the impedance of R [46]. Interestingly, the change ten-
dency of the R¢f value can almost resemble that of the R value in
the first one-and-a-half cycles. Firstly, the value of Ry gradually
increases until the charge potential of 0.9V in the 1st cycle. This
phenomenon can reflect the forming process of the SEI layer. After
that, the fall of Rgf value could be attributed to the partial decom-
position of the SEI film in the 1st change process [34,47]. Notably,
during the 2nd discharge-charge cycle, the Ry value arrives at a
relatively stable level. Therefore, it is significant for the value of R¢
and R to return to the relatively stable state in the initial cycling
process, which can be advantageous to the excellent cycling sta-
bility of the a-CoSnO3@rGO-II [43]. Fig. S9b and c exhibit the
Nyquist plots of a-CoSnO3@rGO-II at different charge/discharge
potentials in the 2nd and 10th cycles, respectively. However, the
diameters of all semicircles during the 2nd cycle are smaller than
those of 10th, suggesting reduced charge-transfer resistances.

To determine the sodiation/desodiation mechanism of the
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CoSnO3@rGO nanocomposite, the fully charged and discharged
states of the electrode are conducted through the ex-situ HRTEM
and SAED measurements, and the results are presented in Fig. 8.
When the a-CoSnO3@rGO-II anode is discharged to 0.01 V (Fig. 8a),
the d-spacings of 0.203, 0.213, and 0.191 nm could be assigned to
the (541) and (611) crystal plane of the Naj5Sng phase (JCPDS No.
31-1327) and the (101) crystal plane of the Co phase (JCPDS No. 05-
0727), respectively. In addition, the corresponding SAED image
(Fig. 8b) elucidates the appearance of the above two phase. Fig. 8c
and d are the HRTEM and SAED images of the electrode after fully
charged. The d-spacings of 0.262 and 0.227 nm could be charac-
teristic of the (110) crystal plane of Sn phase (JCPDS No. 19-1365)
and the (200) crystal plane of the CoO phase (JCPDS No. 42-1300),
respectively, as exhibited in Fig. 8c. Furthermore, the CoO and Sn
phase can be observed in SAED pattern of Fig. 8d. These results
reveal the re-oxidation of Co to CoO and the dealloying reaction of
NaxSn during the desodiation process.

To further confirm the sodiation and desodiation process, the
ex-situ XPS analysis of the fully charged and discharged a-CoS-
nO3@rGO-II electrode are performed. Fig. S10a and b display the Co
2p and Sn 3d spectra of a-CoSnO3@rGO-II discharged to 0.01V in
the 5th cycle. In the XPS spectrum of Co 2p, the two new peaks at
778.3 eV and 793.2 eV are in agreement with 2p3; and 2py; of Co®,
respectively [38]. Compared with the high-resolution XPS spec-
trum of Sn 3d of the initial state (Fig. 2b), one can observe from
Fig. S10b that the binding energies of Sn 3ds; and Sn 3ds); have
reduced to 493.5eV and 485.0eV, respectively, which can be
correlated with the reduction process of Sn** to Sn° [48,49]. The
result certifies that CoSnO3 can be able to transform into the Sn-
based and Co metallic specimen at the full discharged state.
When charging back to 3.0 V (Fig. S10c¢), the corresponding peaks of

Co® 2p have disappeared; meanwhile, the Sn 3d XPS spectrum in
Fig. S10d indicates the Sn can maintain the valence state of 0 during
fully desodiation. Apparently, the ex-situ XPS result coincides with
the ex-situ HRTEM and SAED data. Hence, the ex-situ XPS analysis
combined with the ex-situ HRTEM and SAED technique can
convincingly support the proposed electrochemical mechanisms
(reactions 1-3) and the discussions on Scheme 2.

The extraordinary electrochemical performance of a-CoS-
nO3@rGO nanocomposites can be on account of the following
points: (i) as demonstrated in Scheme 2, the reductive reaction of
CoSn0O3 with Na can convert to NayO, Sn and CoO in the 1st
discharge process. Clearly, the formed Na,O can serve on the ma-
trix. Notably, when alloying between Sn with Na, CoO can serve on
a “matrix”. Meanwhile, Sn can serve on a “matrix” when converting
between CoO and Na*. With increased cycling number, CoO and Sn
can serve on “self-matrices” for each other. The intrinsic “self-ma-
trix” is beneficial to superior electrochemical properties of MTMOs-
based anodes; (ii) high conductive rGO nanosheets could provide
efficient pathways for electron (graphene current collector) and
shorten the sodium-ion diffusion pathways (electrolyte filled in the
pores), enhancing charger transport kinetics, effectively; (iii) rGO
nanosheets can provide a number of disordered sites, which can
provide adequate interspaces and superficial areas to load nano-
materials, increasing the loading content of a-CoSnO3 nanocubes,
efficiently. Moreover, it can be used as electrical conductor to
interconnect the separated a-CoSn0O3 nanoparticles, forming a high
conductive 3D-rGO network; (iv) the unique rGO-wrapping archi-
tecture can prevent rGO from aggregation and inhibit the a-CoSnO3
restacking issue, which can easily provide necessary void space to
buffer the stress induced by the volume change during discharge/
charge processes, contributing to superior structural stability in the
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Scheme 2. The mechanism of a-CoSnO3;@rGO-II anode as “self-matrices” upon cycling: in the first discharge process, a-CoSnO3@rGO-II anode can be electrochemically decomposed
into Sn, CoO and Na,O (I), but the CoO and Sn have totally different working voltages. CoO is first reduced to Co particles (II). After that, Sn particles react with Na to form Na,Sn (III).
The re-oxidation of Co to CoO and the dealloying reaction of NaxSn can happen during the charge process (IV).

electrode material; (v) intrinsic isotropic nature of amorphous
CoSnOs3 significantly relieves the internal stress to adapt the vol-
ume change during sodiation/desodiation. The loose dense struc-
ture makes for improving the ionic/atomic mobility within the
active materials.

4. Conclusion

In this study, a handy and smart strategy to design a-CoSnOs3
nanocubes encapsulated by crumpled rGO was successfully devel-
oped. The designed a-CoSnO3@rGO nanocomposites used as SIBs
anodes have been studied in detail. Notably, a-CoSnOs;@rGO-II
nanocomposite with 3D-wrapping network texture exhibits more
remarkable sodium storage capability than those of a-CoS-
nO3@rGO-I with anti-coated architecture and a-CoSnO3;@rGO-III
with separate encapsulated structure, demonstrating that different
rGO-based hybrid structures could vastly affect the performance of
the nanocomposite anodes in SIBs. Therefore, a-CoSnO3@rGO with
optimized rGO content (25.1 wt%) delivers a high specific capacity
of 229.9 mAh g~ ! after 100 cycles at 50 mA g~ !, and it is capable of
maintaining a specific capacity of 205.7 mAh g~! even at a high
current density of 800 mA g~ L It is believed that the introduction of
rGO, accompanied by synergistic effects of the components, is a
significant strategy to enhance the electrochemical capabilities by
improving electronic conductivity and preventing active particles
from aggregation. Furthermore, the 3D-wrapping network texture
plays a key role in enhancing rate capacity by strengthening
charger transport kinetics and accommodating structural variation
during the sodiation/desodiation processes. Besides, the sodium
storage mechanism of the CoSnO3@rGO nanocomposite is sys-
tematically investigated by the ex-situ HRTEM and SAED technique
as well as the ex-situ XPS analysis. Accordingly, our study could
provide crucial direction to create more compelling rGO-based
functional materials, which is significant for studying advanced
electrode materials in SIBs.
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