
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 2
7 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

on
 1

/3
0/

20
23

 6
:4

5:
43

 P
M

. 

View Article Online
View Journal  | View Issue
Microbelt–void–
aKey Laboratory of Microelectronics and En

University, Xinyang 464000, PR Chin. E-ma
bEnergy-Saving Building Materials Innovativ

Xinyang Normal University, Xinyang 464000
cSchool of Physical Science and Technology,

China. E-mail: pengshl@lzu.edu.cn
dDepartment of Materials Science and Engin

USA. E-mail: gzcao@u.washington.edu

† Electronic supplementary informa
10.1039/c9ta00527g

Cite this: J. Mater. Chem. A, 2019, 7,
10523

Received 15th January 2019
Accepted 26th March 2019

DOI: 10.1039/c9ta00527g

rsc.li/materials-a

This journal is © The Royal Society of C
microbelt-structured SnO2@C as
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Nanoscale SnO2 materials are highly active in charge/discharge processes, but suffer from both poor

interconnectivity and re-agglomeration. In this paper, we report the development of a novel microbelt–

void–microbelt SnO2@C structure, in which the inner SnO2 nanoparticles-derived microbelt possessed

the advantage of high reactivity, the abundant void space effectively buffered the volume change, and

the outer microscale carbon shell supplied a fast convenient electronic conduction path and shortened

the ion-diffusion distance. Resultant microbelt–void–microbelt-structured SnO2@C-based half cells

delivered a high capacity of 1227 mA h g�1 after 300 cycles at 300 mA g�1, and a superior rate

performance of 509 mA h g�1 at a high current density of 10 A g�1. The full-cell measurements coupling

with LiCoO2 showed a high capacity of 588 mA h g�1 after 100 cycles. The superior electrochemical

performance may be attributed to the unique microbelt–void–microbelt structure, which enables highly

reversible alloying and allows the conversion reaction of SnO2 to Sn in the long-term cyclic processes.
1. Introduction

Lithium-ion batteries (LIBs) dominate the electrochemical
energy storage markets due to their signicant advantages, such
as long cycle life and high energy density,1–8 which are critical
indicators to value battery performance.9–11 Unfortunately, the
energy density of LIBs has hardly increased in the past few
years. One key factor is the current commercial graphite anode,
which possesses a quite low theoretical specic capacity of
372 mA h g�1, and thus, there is an urgent and reasonable need
to explore novel anode materials with a higher theoretical
specic capacity to meet the increasingly demanding
requirements.11–29

As a competitive candidate for anodes, SnO2 has attracted
persistent attention due to its nature abundance, high theo-
retical specic capacity, and low working potential.30–35 Despite
these tempting advantages, conventional bulk SnO2 materials
suffer from serious particle fracture and loose electrical contact
with the current collector, originating from the huge volume
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ination (about 360%) that occurs in charge/discharge
processes. Because of the insufficient reaction with lithium
ions, SnO2 has long been identied as an alloy-type anode
material for LIBs.36–42 In other words, the conversion process of
SnO2 to Sn is irreversible, and only the Sn alloying reaction is
reversible, and thus the delivering theoretical capacity is only
780 mA h g�1. Recently, various SnO2 nanostructures, including
nanospheres,43–45 nanowires,46,47 nanotubes,48,49 and nano-
sheets,50,51 have been engineered as anode materials, and it has
been shown that these nano-design strategies not only buffer
the volume changes but also improve the electrochemical
activity. Also, the measured capacity is usually much higher
than 780 mA h g�1, likely resulting from the reversible reaction
of SnO2 to Sn.22,52,53

Although nano-design methods can improve the electro-
chemical performance in the initial cyclic processes, SnO2

nanomaterial-based electrodes still face the challenge of
pulverization and re-agglomeration. These difficulties lead to
a rapid capacity decay in long-term cycle processes because the
large volume ination can destroy the electrode. Numerous
efforts have been made to tackle the above-mentioned difficul-
ties. One of the most promising approaches is to build a yolk–
shell structure,54 in which void space is introduced to buffer the
active material volume changes. For example, Kang et al.
prepared yolk–shell-structured SnO2 powder as an anode
material for LIBs, where it exhibited a capacity of 642 mA h g�1

at 625 mA g�1 aer 40 cycles,55 whereas the densely structured
spherical SnO2 delivered a much lower capacity of 294 mA h g�1

under the same conditions. Zhao et al. synthesized SnO2@C
J. Mater. Chem. A, 2019, 7, 10523–10533 | 10523

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ta00527g&domain=pdf&date_stamp=2019-04-19
http://orcid.org/0000-0003-2117-6833
http://orcid.org/0000-0003-2014-0708
http://orcid.org/0000-0001-6539-0490
https://doi.org/10.1039/c9ta00527g
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA007017


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
7 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

on
 1

/3
0/

20
23

 6
:4

5:
43

 P
M

. 
View Article Online
yolk–shell nanospheres via through a two-step sol–gel coating
process,56 which, when applied as an electrode, the materials
delivered a high reversible capacity of 630 mA h g�1 aer 100
cycles at 100 mA g�1. For comparison, the pure hollow SnO2

particles faded quickly to a low value of only 52 mA h g�1 aer
70 cycles. Due to the void providing the space for the ination
from the active materials in the charge/discharge process,
nanostructures can facilitate the cycle stability and enhance the
electrochemical performance.57–61 However, their cycle and rate
performance are still not ideal because the nanoscale electrode
materials tend to suffer from poor interconnectivity and poor
conductivity. In view of such problems, linking these yolk–shell
structures together may be an effective method to enhance the
interconnectivity (conductivity), and thus could further improve
the electrochemical performance.

In this work, a novel microbelt–void–microbelt structured
SnO2@C was successfully prepared for the rst time. The
scheme of the synthesis process is illustrated in Fig. 1. First, the
SnO2 nanoparticles formed microbelts as fabricated by a facile
electrospinning technology. Then the microbelt–void–microbelt
SnO2@C structure was fabricated via a template approach.
Compared with the conventional yolk–shell nanospheres or
nanopowders, the present microbelt–void–microbelt-structured
SnO2@C has several signicant advantages: (1) the outer
micro-scale carbon shell possesses nanoscale thickness, which
shortens the lithium-ion-diffusion distance and favors fast
electronic conduction; (2) the inner microbelt consists of
numerous cross-linked SnO2 nanoparticles, which gives SnO2

high reactivity with lithium ions; (3) due to the existence of the
void space, the volume ination of active SnO2 microbelts can be
conned in the nanoscale thickness of the carbon shell, which,
thus, perfectly solves the volume ination problem. These
measurements greatly improve the electrode kinetics and
promote a highly reversible reaction process in the long-term
cyclic process. A fabricated microbelt–void–microbelt SnO2@C
half cell showed a high capacity of 1227mA h g�1 aer 300 cycles
at 300 mA g�1, and a superior rate performance of 509 mA h g�1

at 10 A g�1. The full-cell test exhibited a reversible capacity of
588 mA h g�1 aer 100 cycles.
2. Experimental
2.1 Preparation of SnO2 microbelts

The SnO2microbelts were fabricated via a facile electrospinning
approach. To prepare the electrospinning precursor solution,
Fig. 1 Schematic illustration of the formation process of microbelt–
void–microbelt structured SnO2@C.

10524 | J. Mater. Chem. A, 2019, 7, 10523–10533
10 mL N,N-dimethylformamide (DMF) and 1.8 g poly-
vinylpyrrolidone (PVP, Mw ¼ 1 300 000, purchased from Sigma-
Aldrich Corporation) were mixed and stirred to form a uniform
solution. Next, 1.0 g SnCl2$2H2O was added in the mixture with
continuous magnetic stirring for about 10 h. Then, the
precursor solution was applied on electrospinning equipment
(WL-2, Beijing Aibo Zhiye Ion Technology Limited Company,
China). The inner diameter of the syringe needle was about 0.5
mm, and the solution pump speed was 2.5 mL h�1. The applied
voltage was about 13.5 kV and the distance from the needle to
grounded aluminum foil was 15 cm. Notably, the electro-
spinning environment temperature was controlled at about
50 �C. The belt formation process can be divided into three
parts: rst, the jet containing DMF, SnCl2, and PVP was ejected
under the action of a high-voltage electric eld. Second, DMF
solvent quickly evaporated in the air, while the PVP polymer and
SnCl2 were le on the surface of the jet. Finally the formed
SnCl2/PVP tubes collapsed into the belt under the huge pressure
gap between the outer high atmospheric pressure and the inner
low gas pressure of the tubes.62,63 Finally, the electrospinning
products were calcined in a muffle furnace at 500 �C for 4 h in
the air.

2.2 Preparation of microbelt–void–microbelt structured
SnO2@C

First, 100 mg of as-prepared SnO2 microbelts and 150 mg PVP
were dispersed in a mixture solution containing 10 mL deion-
ized water, 80 mL ethanol, and 2 mL ammonia water. Then,
3 mL tetraethyl orthosilicate (TEOS) was added drop-wise for 2 h
with moderate magnetic stirring, and the resulting SnO2@SiO2

sample was collected by centrifugation. Later, the SnO2@SiO2

was dispersed in dopamine hydrochloride and tris-buffer solu-
tion.64–66 The SnO2@SiO2@ polydopamine microbelts were
centrifuged and carbonized in an argon atmosphere at 600 �C
for 4 h. The microbelt–void–microbelt-structured SnO2@C was
nally prepared aer removing the SiO2 template using 10% wt
HF solution.

2.3 Characterization

The morphologies of the samples were observed by eld-
emission scanning electron microscopy (FESEM, S-4800, Hita-
chi) and transmission electron microscopy (TEM, Tecnai G2

F20, FEI). The material structure and composition were iden-
tied by X-ray diffraction (XRD, Rigaku D/Max-2400 diffrac-
tometer, Cu Ka radiation) and X-ray photoelectron spectroscopy
(XPS, Kratos AXIS Ultra DLD, Al Ka probe beam). Thermogra-
vimetric analysis (TGA) of the microbelt–void–microbelt-
structured SnO2@C sample was conducted under an air atmo-
sphere, and the temperature heating rate was 5 �C min�1 in the
range from 50 �C to 800 �C.

2.4 Cell assembling and electrochemical analysis

To prepare the anode working electrodes, 80 mg of microbelt–
void–microbelt-structured SnO2@C or SnO2 microbelts and
10 mg acetylene black were fully ground, and 10 mg sodium
alginate was dissolved in deionized water to form a uniform
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) XRD patterns of microbelt–void–microbelt-structured
SnO2@C and pure SnO2microbelts. (b) Full XPS spectrum and (c) high-
resolution Sn 3d XPS spectrum of microbelt–void–microbelt-struc-
tured SnO2@C. (d) TGA profile of the microbelt–void–microbelt-
structured SnO2@C.
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binder solution. Then, the active material, conductive agent,
and binder solution were mixed to get a thick slurry, which was
cast on a commercial copper foil and dried in a vacuum oven.
Aer that, the copper foil was cut into 12 mmwafers by a slicing
machine; the active mass loading was about 0.8–2mg cm�2. The
specic capacity of the present microbelt–void–microbelt-
structured SnO2@C was measured based on the weight of the
overall material. The LiCoO2 cathode electrode was prepared
using a similar slurry method, while the corresponding binder
and current collector were PVDF and commercial aluminum
foil, respectively. Both the half- and full-cells were assembled in
an argon-lled glove box (H2O, O2 < 0.1 ppm, Etelux) using CR
2032 coin cells, and Whatman GF/F-90 glass bers as the
separators, while the organic electrolyte was 1M LiPF6 dissolved
in ethylene carbonate (EC) and dimethyl carbonate (DEC)
mixture with a volume ratio of 1 : 1. The half cells consisted of
a SnO2-based anode working electrode and lithium foil counter
electrode. For the full-cells, the lithium foil counter electrode
was replaced by the prepared LiCoO2 cathode. The assembled
cells were tested on a multi-channel battery tester channel
(Neware, BTS-610) and electrochemical workstation (CHI-660E).
Electrochemical impedance spectroscopy (EIS) measurements
were carried out in the frequency range of 0.01–100 000 Hz with
an applied perturbation voltage of 5 mV.

3. Results and discussion

The formation process of the microbelt–void–microbelt-
structured SnO2@C is described in the Experimental section.
The morphologies of the intermediate products, including the
initial electrospinning sample, SnO2 microbelts, and SnO2@-
SiO2@C microbelts, were characterized and the results shown
in Fig. S1, S2 and S3 (ESI),† respectively.

The composition and structure of the obtained SnO2

microbelts (blue curve) and microbelt–void–microbelt-
structured SnO2@C (navy curve) were characterized by X-ray
diffraction (XRD), as shown in Fig. 2a. All the peaks of the
SnO2 microbelts were in good agreement with the rutile SnO2

(JCPDS card no. 41-1445) from both curves. In addition to the
rutile SnO2 peaks, a broad peak centered at about 23� could also
be found from the microbelt–void–microbelt-structured
SnO2@C sample (navy curve), which was caused by the amor-
phous carbon from the carbonization of polydopamine. No
diffraction peaks of Sn or SnOwere found, which proves that the
SiO2 template effectively avoided SnO2 being reduced by carbon
because this design could successfully prevent direct contact
between the tin oxide and carbon. The XPS spectra in Fig. 2b
and c demonstrated the existence of Sn, O, C, and N elements
aer carbon coating, where the C and N originate from the
carbonized polydopamine. From the TGA prole (as shown in
Fig. 2d), we can see that the mass weight of the microbelt–void–
microbelt-structured SnO2@C sample was signicantly reduced
at 300–580 �C. The reduced weight (about 18 wt%) could be
attributed to the fact that the outer carbon material was
oxidized and decomposed in air. The TGA measurement
showed that the mass rate of carbon content and SnO2 were
about 18 and 82 wt%, respectively.
This journal is © The Royal Society of Chemistry 2019
The detail morphologies of the prepared microbelt–void–
microbelt-structured SnO2@C were also examined by SEM and
TEM, as shown in Fig. 3. As expected, the sample still presented
a typical belt structure (width about 1 micron) as recorded by
the SEM images in Fig. 3a and b. The thickness of the belt was
estimated to be about 150 nm from the bending place of the
belt, as shown in Fig. 3c. The microbelt–void–microbelt struc-
ture was also conrmed by the TEM image in Fig. 3e, in which
one can see that the inner SnO2 belt is hooped by the void space
and the outer carbon shell. The inner SnO2 consisted of
numerous ultrane SnO2 nanoparticles about 10 nm in size.
The enlarged edge of the belt showed that the thickness of the
outer shell and void space were about 8 and 25 nm, respectively.
The inset in Fig. 3e displays the diffraction rings of the sample,
which can be readily indexed to the SnO2 crystal plane of (110),
(101), (200), etc. The HRTEM in Fig. 3f shows lattice spaces of
0.33 and 0.26 nm, which are consistent with the (110) and (101)
planes of SnO2. TEM elemental mapping technology was further
utilized to analyze the edge of the belt, as shown in Fig. 3g–j. It
can be seen that the Sn element is present in an uneven
distribution and a small amount of tin can be observed in the
dotted frame in Fig. 3g, which can be attributed to the fact that
a small quantity of SnO2 nanoparticles were anchored on
a carbon microbelt in the synthesis process. The O, C, and N
elements originating from carbonized polydopamine were
uniformly distributed in the whole structure. The EDX spectrum
demonstrated (Fig. S4†) that the atomic mass ratios of Sn, O, C,
and N were 54.47, 27.72, 15.29, and 2.51 wt%, respectively. The
nitrogen and oxygen on the carbon surface not only enhanced
the reactivity and electric conductivity but also created lithium
storage sites, which enhanced the capacity of the material.
Fig. S5a and b† further show the specic surface area of the
SnO2 microbelts and microbelt–void–microbelt-structured
SnO2@C were 44.7 and 116.3 m2 g�1, and the corresponding
J. Mater. Chem. A, 2019, 7, 10523–10533 | 10525
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Fig. 3 Characterization of microbelt–void–microbelt-structured SnO2@C. (a–c) SEM images, (d and e) TEM images and SAED patterns, while
the inset of (e) and (f) show the HRTEM images, (g–j) the element mapping.
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pore volumes were 0.17 and 0.26 m3 g�1, respectively. The
increased specic surface area and pore volume were induced
by the void space, which buffer the volume changes in the
electrochemical reaction.

To verify and highlight the advantages of the novel
microbelt–void–microbelt design, we tested the microbelt–
void–microbelt-structured SnO2@C and pure SnO2-electrode-
based half-cells under the same conditions. Fig. 4a presents
the initial 5 cyclic voltammograms (CVs) of the microbelt–void–
microbelt-structured SnO2@C-electrode-based half-cells at
a scan rate of 0.2 mV s�1 and in a voltage window range from
0.02 to 3 V. In the rst cathodic scan, a unique peak located at
about 0.72 V revealed the lithiation of SnO2 and the irreversible
formation of an SEI (solid electrolyte interphase) layer. During
the subsequent anodic scan process, the oxidation peak at
about 0.55 V represented the delithiation reaction of LixSn:
LixSn / Sn + xLi+ + xe� (0 # x # 4.4); the oxidation peak at
about 1.3 V represented the formation of SnO: Sn + Li2O/ SnO
+ 2Li+ + 2e�; the oxidation peak at about 1.9 V represented the
formation of SnO2:67–70 SnO + Li2O / SnO2 + 2Li+ + 2e�. In the
cathodic scan process, the reduction peak at about 0.15 V rep-
resented the lithiation reaction of Sn: Sn + xLi+ + xe� / LixSn (0
10526 | J. Mater. Chem. A, 2019, 7, 10523–10533
# x # 4.4); also, the reduction peak at about 1.0 V represented
the lithiation reaction of SnO2: SnO2 + 4Li+ + 4e� 4 Sn + 2Li2O.
No obvious peaks of carbon were found in the CV measurement
due to the fact that the present carbon had an amorphous
structure under the relatively low carbonization temperature of
600 �C. These CV results demonstrated a highly reversible
electrochemical reaction of the microbelt–void–microbelt-
structured SnO2@C sample.71–74 Such a conclusion was further
conrmed by the CV curves aer 150 galvanostatic charge and
discharge tests, as shown in Fig. 4b. It can be seen that the
image demonstrates three oxidation peaks (at 0.5, 1.3, and 1.9
V), and two reduction peaks (at 0.2 and 1.0 V), proving that both
the conversion reaction of SnO2 to Sn and the Sn alloying
reaction are highly reversible in the long-term electrochemical
performance tests. Consequently, the whole electrochemical
reactions of microbelt–void–microbelt-structured SnO2@C
electrode can be summarized as follows:

SnO2 + 2Li+ + 2e� 4 SnO + Li2O, 356 mA h g�1 (1)

SnO + 2Li+ + 2e� 4 Sn + Li2O, 356 mA h g�1 (2)
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 CV curves of the two microbelt electrodes: (a) the initial 5 cycles and (b) after 150 galvanostatic charge and discharge tests of the
microbelt–void–microbelt-structured SnO2@C electrode. (c) The initial 5 cycles and (d) after 150 galvanostatic charge and discharge tests of the
SnO2 microbelts electrode.
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Sn + xLi+ + xe� 4 LixSn (0 # x # 4.4), 356 mA h g�1 (3)

Considering that the electrochemical reaction of SnO2 to SnO,
SnO to Sn, and Sn to SnLix processes are all reversible, and the
corresponding specic capacities are 356, 356, and 782mA h g�1,
respectively, thus, the theoretical capacity of the present SnO2 is
the sum of these three parts, which is 1494 mA h g�1.

For comparison, the initial 5 CV curves of the pure SnO2

microbelt half-cell are recorded in Fig. 4c, which shows some
obvious differences compared with the microbelt–void–
microbelt-structured SnO2@C electrode in Fig. 4a. First, the SEI
layer formation peak (at about 0.78 V) is much stronger, which
implies that the SnO2 microbelt electrode suffers more irre-
versible electrolyte consumption and side reactions. In addi-
tion, the oxidation peaks ranging from 1.0–2.0 V show
a signicantly weakening trend, which proves that the conver-
sion reaction of SnO2 to Sn gradually becomes irreversible. Such
a conclusion was also conrmed by the CV curves aer 150
galvanostatic charge and discharge tests (Fig. 4d), in which the
oxidation peaks at 1.0–2.0 V almost disappeared, and only Sn
alloying and dealloying peaks were observed.

The detailed cycle capacities of the microbelt–void–
microbelt-structured SnO2@C and SnO2 microbelts electrodes
at 300 mA g�1 are shown in Fig. 5a. It can be seen that the
This journal is © The Royal Society of Chemistry 2019
microbelt–void–microbelt-structured SnO2@C electrodes (red
curve) underwent a slight capacity decay (967 mA h g�1 at the
44th cycle) in the initial cycles, while the electrode capacity
increased to an outstanding high capacity of 1227 mA h g�1

aer 300 cycles. For comparison, the pure SnO2 microbelts
electrodes (green curve) suffered from a continuous capacity
decay and the corresponding reversible capacity was
608 mA h g�1 aer 150 cycles and 425 mA h g�1 aer 300 cycles.

We further tested the long cycling performance of the
microbelt–void–microbelt-structured SnO2@C electrode at
1.5 A g�1 aer 300 cycles at 0.3 A g�1. The electrode exhibited
capacity uctuations at large current density, and the corre-
sponding capacity was 718 mA h g�1 at 500 cycles and
757 mA h g�1 at 1000 cycles, as shown in Fig. S6.†Moreover, the
initial coulombic efficiencies for the microbelt–void–microbelt-
structured SnO2@C and pure SnO2 microbelt were 70.3% and
64.3%, respectively. Furthermore, the coulombic efficiency for
the microbelt–void–microbelt-structured SnO2@C electrode
was more than 98% aer the rst cycle, which was still higher
than that of the SnO2 microbelt electrode (91% at the second
cycle). These coulombic efficiency tests results further proved
that the electrochemical reaction of the microbelt–void–
microbelt-structured SnO2@C electrode was more reversible
than that of the pure SnO2 microbelt electrode.
J. Mater. Chem. A, 2019, 7, 10523–10533 | 10527
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Fig. 5 (a) Cyclic performance and coulombic efficiency curves of microbelt–void–microbelt-structured SnO2@C and SnO2 microbelts-based
half-cells. (b) Rate performance for the two microbelts-based half-cells.
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Fig. 5b demonstrates the rate performance of the two elec-
trodes. The microbelt–void–microbelt-structured SnO2@C
electrode exhibited a superior rate performance, and the cor-
responding capacities were 989, 904, 810, 726, 638, and
509 mA h g�1 at current densities of 0.2, 0.4, 0.8, 1.6, 3.2, and
10 A g�1, respectively. For comparison, the SnO2 microbelt
electrode delivered lower reversible capacities of 938, 753, 676,
626, 569, and 420 mA h g�1 at the same current densities. The
corresponding charge and discharge proles of the two elec-
trodes are shown in Figs S7a and b (see ESI†). Notably, the
microbelt–void–microbelt-structured SnO2@C electrode recov-
ered a high reversible capacity of 814 mA h g�1, while the SnO2

electrode recovered a relatively low capacity of 622 mA h g�1.
Capacity and capacity retention rate vs. current density plots of
the microbelt–void–microbelt-structured SnO2@C and SnO2

microbelts electrodes are shown in Fig. S8a and b.† From these
images, we can clearly see that the microbelt–void–microbelt-
structured SnO2@C electrode material delivered superior rate
performance under the variable cycling rates. These results
further support the conclusion that the prepared microbelt–
void–microbelt SnO2@C electrode has the characteristic of an
excellent rate performance.

Fig. 6a shows the initial 5 charge and discharge proles of
the microbelt–void–microbelt-structured SnO2@C half-cell. The
rst discharge prole delivered a high capacity of
1590 mA h g�1, which was caused by the reversible lithiation
reaction of the microbelt–void–microbelt-structured SnO2@C
10528 | J. Mater. Chem. A, 2019, 7, 10523–10533
active materials, the irreversible formation of an SEI layer, and
some inevitable side reactions. From the charge proles, we can
also see two obvious charging platforms at about 0.01–1.0 V and
1.0–2.0 V, which correspond to the delithiation of SnLi4.4 and
the conversion of Sn to SnO2, respectively.

The two charging platforms for the 50th, 100th, 200th, 250th,
and 300th cycles are also shown in Fig. 6b. Compared with
Fig. 6a, the charging platform at 0.1–1.0 V almost overlaps in the
whole process, while the charging platform at 1.0–2.0 V shows
a decreasing trend and a capacity increase on this platform. To
further investigate these phenomena, we characterized the
cycled microbelt–void–microbelt-structured SnO2@C sample.
Fig. 6c and d show the XPS peaks of the cycled microbelt–void–
microbelt-structured SnO2@C sample. Aer electrochemical
system cycling, the relative intensity of the C 1s, N 1s peak
became weaker, while O 1s became stronger. In addition, F 1s
appeared at about 686 eV aer cycling. These phenomena can
be attributed to the electrode material surface being covered by
an SEI (solid electrolyte interphase) layer, which originates from
the decomposition of the electrolyte (containing a lot of O and F
elements). In addition, the Sn 3d3/2 and Sn 3d5/2 peaks could be
clearly observed compared with such peaks before the cycle,
which prove massively the existence of SnO2 in the cycled
sample. Thus, we could draw the conclusion that both the
alloying reaction and conversion reaction contribute to the high
capacity of the SnO2@C microbelts electrode. Aer cycling, the
microbelt–void–microbelt-structured SnO2@C still kept the belt
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Galvanostatic discharge–charge profiles of the microbelt–void–microbelt-structured SnO2@C electrode in the initial 5 cycles. (b)
Typical galvanostatic discharge–charge profiles of the microbelt–void–microbelt-structured SnO2@C electrode in the 50th, 100th, 200th,
250th, and 300th cycles. (c) Full XPS spectrum and (d) high-resolution Sn 3d XPS spectrum after the cyclic tests. (e and f) TEM images of the
microbelt–void–microbelt-structured SnO2@C electrode after the cyclic tests.
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structure, as shown in Fig. 6e and f. However, the initial crys-
tallized SnO2 sample became amorphous and lled in the initial
designed void space, thus the increasing capacity can be
attributed to the fact that the amorphous active material
benets a short lithium ion diffusion distance and boosts the
electrochemical reaction.75 For comparison, we also drew the
typical discharge–charge proles for the SnO2 microbelt elec-
trode for the initial 5 cycles and for the 50th, 100th, 200th,
250th, and 300th cycles (Figs S9a and b, ESI†). It can be clearly
seen that the platform caused by the conversion reaction
gradually disappeared in the cycle process. Moreover, the Sn
dealloying platform was elevated and the capacity also signi-
cantly attenuated, proving that the kinetics of the battery
gradually improved during the cycling process.
This journal is © The Royal Society of Chemistry 2019
To further prove the transport kinetics of electrons and ions
facilitated by the designed microbelt–void–microbelt structure,
electrochemical impedance spectroscopy (EIS) was conducted
on the two microbelts half-cells under the same conditions.
Before cycling, the measured EIS spectra in Fig. S10a† consisted
of a semicircle in the high-to-medium frequency region and
a straight line in the low frequency region, while the EIS spectra
in Fig. S10b† shows two semicircles in the high-to-medium
frequency region, and the extra semicircle is caused by the SEI
layer aer cycling. The corresponding equivalent circuit and
calculated resistances of themicrobelt–void–microbelt SnO2@C
microbelt cell are shown in Fig. S10c and d,† and the charge
transfer resistances (Rct) can be seen to be reduced from 84.8 to
66.7 U. For comparison, the Rct of the pure SnO2 microbelt cell
J. Mater. Chem. A, 2019, 7, 10523–10533 | 10529
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increased from 109.5 to 151.6 U. Therefore, these measure-
ments verify that the microbelt–void space design improves the
cell kinetics.

The present microbelt–void–microbelt-structured SnO2@C
electrode exhibited superior electrochemical lithium storage
compared with recent published SnO2 anode materials (Table
1),22,46,76,77 whereby the enhanced performance can be explained
as follows. First, the outer micro-scale length and width of the
carbon belt with a nanoscale thickness shorted the lithium ion
diffusion distance and favor fast electronic conduction, which
improves the cell kinetics. Second, the inner SnO2 microbelts
consisting of numerous cross-linked ultrane SnO2 nano-
particles offer convenient channels for lithium ion diffusion.
Third, due to the existence of the void space, the volume
ination of the active SnO2 microbelts can be conned in the
nanoscale thickness of the carbon shell, and thus perfectly solve
the volume ination problem. Benetting from the rational
design, both the Sn alloying reaction and SnO2 conversion
reaction are highly active and reversible during the cycling
process, as veried by the CV measurements in Fig. 4 and the
cycled XPS measurements in Fig. 6.

Finally, we further assembled microbelt–void–microbelt-
structured SnO2@C-anode-based full-cells coupled with
a commercial LiCoO2 cathode. The full-cells were tested in the
voltage window range from 1.5–3.9 V, and for convenience, the
current density and capacity of the cells were based on the mass
of the microbelt–void–microbelt SnO2@C. Fig. 7a presents the
Table 1 Comparison table of the present microbelt–void–microbelt-str

Electrode description

Current
density
(mA g�1)

Cycle
number

Reversible
capacity
(mA h g�1)

Microbelt–void–microbelt-
structured SnO2@C

300 300 1070

Textile-based SnO2 ultra-exible 85 100 969

SnO2 anchored on nitrogen/sulfur
codoped graphene

1000 500 893

Porous-SnO2/rGO nanocomposite 78 150 885

SnO2–Fe–graphite composites 200 150 940

Phosphorus covalently cross-
linking SnO2 and graphene

100 200 550

SnO2/void@C nanobers 200 200 986

Carbon-encapsulated porous SnO2 50 120 871

N-doped carbon-coated SnO2

submicroboxes
500 100 491

Flexible SnO2/N-doped carbon
nanober lms

1000 300 754

Carbon-coated NiCo2O4@SnO2

nanostructures
100 100 654

Ordered network of
interconnected SnO2

nanoparticles

391 100 778

Bowl-like SnO2@carbon hollow
particles

400 100 963

10530 | J. Mater. Chem. A, 2019, 7, 10523–10533
CV curves of the full-cells, in which a strong peak at about 3.4 V
and a weak peak at about 2.6 V could be clearly observed in the
cathodic scan. Such two discharge platforms were also
conrmed by the discharge proles, as shown in Fig. 7b. In
addition, we also calculated the theoretical discharge platform
to be 3.4 V and 2.6 V in Fig. 7c, respectively, which are consistent
with the results of Fig. 7a and b. These results further demon-
strate that the alloying and conversion of SnO2 were reversible
in the full-cells. Fig. 7d shows the cycle performance of the full-
cell, where the reversible capacity was 588 mA h g�1 aer 100
cycles. To demonstrate the practical application, an as-prepared
LiCoO2/microbelt–void–microbelt-structured SnO2@C full-cell
was applied to light 10 red and 10 yellow LEDs as shown in
the inset of Fig. 7d, which further veried the SnO2@C
microbelt as a promising candidate as an anode material in the
next-generation LIBs.
4. Conclusion

Microbelt–void–microbelt-structured SnO2@C belts were engi-
neered via a controllable and effective template method for the
rst time. The novel nanostructures, in which the ultrane SnO2

particles-derived microbelt was coated on a thin carbon shell
with abundant void space, take full advantage of both a nano-
particles and microbelts strategy, rendering the high reactivity
of SnO2 when applied as an electrode material for LIBs. For the
half-cell test, the microbelt–void–microbelt-structured SnO2@C
uctured SnO2@C with the recent published SnO2 anodes

Capacity
retention
(%) High rate capability

Year of
publication Reference

114 509 mA h g�1 at
10 A g�1

This work This work

90 656 mA h g�1 at
1.5 A g�1

2019 78

99.2 698.3 mA h g�1 at
2 A g�1

2018 79

262 mA h g�1 at
3.9 A g�1

2018 80

100 720 mA h g�1 at
3.4 A g�1

2017 81

135 419 mA h g�1 at
1.0 A g�1

2017 82

80.3 284 mA h g�1 at
3.2 A g�1

2016 83

71.4 409.6 mA h g�1 at
2.5 A g�1

2016 84

256 mA h g�1 at 5A g�1 2016 85

84.3 246 mA h g�1 at
10 A g�1

2015 86

60.4 348 mA h g�1 at 1 A g�1 2015 87

— 290 mA h g�1 at
4.7 A g�1

2014 88

79.7 850 mA h g�1 at
1.6 A g�1

2014 89

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) CV curves of the microbelt–void–microbelt-structured SnO2@C/LiCoO2-based full-cell. (b) Typical discharge–charge profiles. (c)
Discharge (LiCoO2 electrode in half-cell, upper) and charge (microbelt–void–microbelt-structured SnO2@C electrode in half-cell, lower) curves.
(d) Cycle performance of the full-cell.
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electrode delivered a high capacity of 1227 mA h g�1 aer 300
cycles at 300 mA g�1, and a superior rate performance of
509 mA h g�1 under a high current density of 10 A g�1. For the
full-cell test, the capacity was 588 mA h g�1 aer 100 cycles, and
the conversion of SnO2 to Sn was highly reversible for both the
half- and full-cells. This work may promote the practical use of
microbelt–void–microbelt-structured SnO2@C materials.
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