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1 Introduction

ABSTRACT

A nanocomposite material of SnO,-reduced graphene oxide nanoribbons has
been developed. In this composite, the reduced graphene oxide nanoribbons are
uniformly coated by nanosized SnO, that formed a thin layer of SnO, on the
surface. When used as anodes in lithium ion batteries, the composite shows
outstanding electrochemical performance with the high reversible discharge
capacity of 1,027 mAh/g at 0.1 A/g after 165 cycles and 640 mAh/g at 3.0 A/g
after 160 cycles with current rates varying from 0.1 to 3.0 A/g and no capacity
decay after 600 cycles compared to the second cycle at a current density of
1.0 A/g. The high reversible capacity, good rate performance and excellent cycling
stability of the composite are due to the synergistic combination of electrically
conductive reduced graphene oxide nanoribbons and SnO,. The method
developed here is practical for the large-scale development of anode materials
for lithium ion batteries.

far from existing electrical grids [3, 4]. The development
of better electrode materials has been the subject of

The electrochemical storage of energy using lithium
ion batteries (LIBs) is a most effective and practical
technology [1, 2]. LIBs need high power and energy
density with excellent performance during cycling to
meet critically important needs of growing applications
in electric vehicles, multifunctional electrical devices
and communications equipment. LIBs will also be
important in storing the energy produced using
renewable energy sources since such sources may be
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extensive research [1, 3, 5]. Tin oxide (SnO,) has attr-
acted attention because it has a theoretical reversible
capacity of ~790 mAh/g, which is almost twice that of
anodes based on graphite [6, 7]. However, the reversible
charging and discharging process is accompanied by
a large volume variation. The volume change can result
in the pulverization of SnO, and the loss of electrical
contact. This causes a rapid capacity decay upon
extended cycling [6, 8]. Therefore, the development
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of SnO,-based anodes with enhanced cycling stability
and high capacity is becoming important.

Research based on different strategies for improve-
ment of S5nO,-based anodes has been reported. One
approach is to prepare SnO,-based composites using
different carbon materials, such as amorphous carbon
[8-11], graphene [12-16], carbon nanotubes [17-19]
and graphene nanoribbons [20]. The carbon materials
not only mitigate the volume variation, but also
improve the electrical conductivity of the composites.
Another approach is the use of nanostructured SnO,
such as nanotubes [21, 22], nanowires [23] and nano-
sheets [24], to buffer the volume variation. At the same
time, the nanostructures can improve the kinetic
properties of the electrode materials, stabilize the
solid electrolyte interface (SEI), and improve the rate
performance [8, 25]. Preparation of SnO, composites
with other matrix elements or metal oxides and control
of the proper voltage range of the batteries can also help
to reduce the adverse effects caused by the volume
changes [16, 17, 26-28]. These strategies have resulted
in improvements in the electrochemical performance
of SnO,-based anode materials. However, the cycling
stability of the SnO,-based anode materials has not
been similarly improved. Therefore, the preparation
of high capacity SnO,-based anode materials with
improved cycling stability remains a challenge worth
pursuing.

In this study, we developed a facile strategy to
fabricate SnO,—reduced graphene oxide nanoribbons
(SnOrrGONRs)—which have the merits of both
SnO, nanostructures and carbon materials—with the
aim of improving energy storage in LIBs, especially
the cycling performance. The synthesis of graphene
oxide nanoribbons (GONRs) is scalable and GONRs
have a high surface area, making them suitable
templates on which to directly grow SnO, nanoparticles
without aggregation using a wet chemistry process in
water to form the SnO,~GONRs [29, 30]. SnO~rGONRs
were produced by reduction with hydrazine [31].
rGONRs maintain contact with the SnO, nanoparticles,
producing good electrical conductivity of the SnO,-
rGONRs. More importantly, rfGONRs improve the
electrochemical stability characteristics of the composite,
thereby buffering volume changes, and thus the non-
aggregated, nanosized SnO, particles effectively relieve
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volume change stress due to their high surface area.
What is more, the nanosized structure can reduce the
diffusion path length of the metal particles that are
formed through the alloying—dealloying process,
increasing the concentration of Li ions in the active
materials, leading to the enhancement of the anode
kinetic and current rate capabilities [25]. SnO,-rGONRs
as anode materials demonstrate high capacity, good
rate performance, and excellent cycling operation. The
reversible discharge capacity was 640 mAh/g at 3.0 A/g
after 160 cycles and 1,027 mAh/g at 0.1 A/g after 165
cycles with current rates varying from 0.1 to 3.0 A/g.
The discharge capacity showed no decay and increased
about 2.2% after 600 cycles compared to the second
cycle at a current density of 1.0 A/g. Based on these
data, SnO,-rGONRs are superb candidates for use as
anode materials with great cycling stability in LIBs.

2 Results and discussion

The preparation of SnO,-rGONRs is shown in
Scheme 1. Unzipping of multiwalled carbon nanotubes
(MWCNTs) using solution chemistry was used to
prepare the GONRs. Then, SnO,-GONRs were obtained
through the reaction between SnCl, and NaOH in the
presence of GONRs in ethylene glycol. Finally, SnO,-
rGONRs were obtained by hydrazine reduction. In
order to study the morphology of SnO,-rGONRs,
rGONRs were also prepared in the same way as
SnO,-rGONRs.

The structure of the SnO,~rGONRs and rGONRs
was characterized by transmission electron microscopy

KMnOy4
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H;PO,/H,S0,

GONRs
lSnClz NaOH
C,Hs0,
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o
SRR T )
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Scheme 1 Schematic illustration of the synthesis of SnO,—
rGONRs.
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(TEM) and scanning electron microscopy (SEM).
Figure S1 (in the Electronic Supplementary Material
(ESM)) shows the morphology of rGONRs, which have
a width of ~300 nm and length of ~8 um. Figures 1(a)
and 1(b) depict the structure of SnO,-rGONRs at
various magnifications. Nanosized SnO, particles
homogeneously grow on the surface of rtGONRs. The
high resolution TEM images of SnO,-rGONRs in
Figs. 1(c) and 1(d) demonstrate that the synthesized
5SnO, were nanosized particles, which formed a thin
surface layer on rtGONRs.

The composites were also characterized by X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). The XRD patterns of rtGONRs and SnO,-rGONRs
are shown in Fig. 2(a). The pattern of rtGONRs showed
the characteristic (002) diffraction peak of graphite
centered at 24.6°[32]. This peak was absent in the
pattern of SnO,-rGONRs because SnO, nanoparticles
covered the surface of the rtGONRs and the strong
XRD peaks of SnO, overlapped those of the rGONRs.
Figure S2 (in the ESM) shows the XRD peaks of
SnO,~GONRs, which, when combined with Fig. 2(a),
shows that SnO, was stable after the reduction of
GONREs. Figure 2(b) is the survey XPS spectrum of
composite SnO,-rGONREs. It can be seen that SnO,-
rGONRs only contained Sn, C, O, and trace amounts
of N, the last probably arising from the hydrazine.
Moreover, Sn 3d;, and Sn 3ds, peaks were detected
in the fine spectrum of Sn 3d, confirming the formation

Figure 1 (a) and (b) SEM images of SnO,-rGONRs at different
resolutions. (c) and (d) TEM images of SnO,—rGONRs at different
resolutions.
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of SnO,-containing SnO,-rGONRs (Fig. 2(c)). Figure 2(d)
shows the fine XPS C1s spectrum of SnO,-rGONRs,
which was deconvoluted into five peaks located at
284.5, 285.5, 286.4, 287.6, and 289.1 eV, which can be
assigned to C=C (sp* C), C-C (sp® C), C-O, C=0 and
O-C=0, respectively [29, 32, 33]. The low concentration
of oxidized carbon in the SnO,rGONRs suggests
that the GONRs were almost completely reduced by
hydrazine [29, 32]. The data demonstrate that SnO,
nanoparticles are indeed grown on the rtGONRs. TGA
curve shows the SnO, content in the composite is 70%,
as measured by heating in air at a rate of 5°C/min
(Fig. S3 in the ESM).

The electrochemical performance of SnO,-rGONRs
as anodes in LIBs was tested by cyclic voltammetry
(CV). Figure 3(a) shows the first two cycles of CV.
In the first discharge cycle, there are three cathodic
peaks centered at 1.3, 0.8, and 0.06 V. The peak at 1.3 V
results from the reduction of SnO, to SnO and the
formation of Li,O; the broad cathodic peaks at ~0.8 V
result from the reduction of SnO, to Sn and Li,O, SnO
to Sn, and the formation of a SEI; the peak at 0.06 V
results from the alloying of Sn and Li and the
intercalation of lithium ions into the rtGONRs. At the
same time, there are two anodic peaks at 0.57 and
1.26 V. The former peak results from the dealloying of
Sn and Li, and the other peak results from the partial
conversion of Sn to SnO, and SnO [8§, 34]. In the
second cycle, the broad peak at 0.8 V disappears and
a new peak appears at 0.96 V. This demonstrates that
the formation of the SEI mainly occurs in the first
cycle and the new peak results from the peak shift of
the reduction reaction of SnO, [8]. The CV curves
mostly overlap, indicating the good reversibility of the
electrochemical reaction. In the first two discharge-
charge profiles, two plateaus in the discharging and
charging processes are consistent with the CV data. In
addition, the first discharge capacity of SnO,-rGONRs
is higher than the theoretical capacity, which might
result from decomposition of electrolyte, irreversible
electrode reactions and/or the surface formation of SEI
on the electrodes [8, 34].

The rate characteristics of the SnO,~-rGONRs were
evaluated in the same potential window as indicated
in Fig. 4(a). Stable capacities were observed at different
current densities from 0.1 to 3 A/g. At a current density
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Figure 2 (a) XRD patterns of SnO,—rGONRs and rGONRs. (b) XPS survey spectrum of SnO,—rGONRs. (c¢) Sn 3d XPS spectrum of

SnO,—rGONRs. (d) Cls XPS spectrum of SnO,—rGONRs.
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Figure 3 (a) Cyclic voltammograms of SnO,-rGONRs at the scan rate of 0.4 mV/s in the potential range 0.01-3.0 V (vs. Li/Li").
(b) The first two discharge—charge curves of SnO,~rGONRSs at a current density of 0.1 A/g in the potential range 0.01-3.0 V (vs. Li/Li").

of 0.1 A/g, the capacity of SnO,-rGONRs was
942.8 mAh/g at the 2™ cycle. At the high current density
of 3 A/g, the discharge capacity of SnO,-rGONRs was
~640 mAh/g. When the current density was reduced
back from 3.0 to 0.1 A/g, the value of the specific
capacity at different current densities returned to its
original value and then—at the same current density—
increased as the cycle number increased. An increase

TSINGHUA
UNIVERSITY PRESS

in the capacity to 1,027 mAh/g at the 165™ cycle was
obtained at a current density of 0.1 A/g. This is a
normal phenomenon for nanosized electrode materials
in LIBs; many reports have demonstrated similar
results [35]. One reason is that nanosized electrode
materials have a high surface area in contact with the
electrolyte. The formation of an electrolyte—electrode
interface results in the observed increase in capacity.

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2014, 7(9): 1319-1326 :

1323

—
QO
~
—_
x®©
(=]
o

Capacity (mAh/g)

—— Discharge

Cycle number

(b) 1.400 ~
o 12004 - = 100 £
= 1.000] 80 2
E 8001 . 60 2
) 600\ 40 5
g 400] ~ . 2
S 200l —— Discharge 20 E
—— Charge 0

O 40 80 130 160 200 240 280 330 360 400 430 480 530 560 600 O

Cycle number

Figure 4 (a) Rate performance of SnO,~rGONRs at various current rates from 0.1 to 3.0 A/g as a function of cycle number.

(b) Cycling performance of SnO,—rGONRs at 1.0 A/g.

Moreover, materials with high surface area can
physically adsorb lithium ions during the discharging
and charging processes. This also leads to the extra
capacity in the LIBs. The decomposition of electrolyte
and other side reactions also make contributions to
the increase in the capacity.

These results demonstrate that SnO-rGONRs
electrode materials have high capacity and good rate
performance.

The cycling performance for SnO,-rGONRs was
also measured using discharge-charge repetition at a
current density of 1.0 A/g as indicated in Fig. 4(b). The
reversible discharge capacity of SnO,-rGONRs was
737 mAh/g on its second cycle. The value dropped
slowly to 598 mAh/g at the 30™ cycle, but then increased
in the following cycles and reached 806 mAh/g at the
448" cycle. The increase in the capacity in the later
cycles indicates that the SnO,-rGONRs materials
might have an activation step. The electrolyte may
not have been in contact with the inner regions of the
SnO,-rGONRSs at first, thus taking some time for the
electrolyte to flood the inner active materials. When
contact was made because of the continued cycling,
the SnO,-rGONRs became fully electrochemically
active, leading to the observed capacity increase. The
material still maintained a high capacity and reached

753 mAh/g after 600 cycles. In addition, the coulombic
efficiency of SnO,-rGONRs remained at >99.5% (exclu-
ding the first few cycles). In contrast, the discharge
capacity of pure SnO, was only 322 mAh/g at the 2™
cycle as shown in Fig.S4(a) (in the ESM). It also
suffered serious capacity decay with less than 20%
capacity retained after 40 cycles. Figure S4(b) (in the
ESM) shows the poor cycling performance of rGONRs.
Compared with its two components, SnO,-rGONR
materials demonstrate a greatly improved cycling
performance in LIBs. The morphology of SnO,-
rGONRs after 200 discharge—charge cycles (SnO,-
rGONRs-200) (Figs. S5(a) and S5(b) in the ESM) is
almost unchanged compared to the initial morphology
of SnO,-rGONRs shown in Figs. 1(a) and 1(b). The
morphology of SnO,-rGONRs-200 was also analyzed
by TEM shown in Figs. S5(c) and S5(d) (in the ESM).
The particles still had a good crystalline structure.
Therefore, the design strategy worked well and resulted
in good electrochemical performance in the LIBs.
Electrochemical impedance spectroscopy (EIS) was
utilized to study the kinetic properties of the SnO,-
rGONREs. Figure 5(a) shows the Nyquist plots of the
initial SnO,~-rGONRs and SnO,-rGONRs-200. The
insert is the enlarged part in the high frequency region.
Figure 5(b) illustrates the equivalent circuit model. In

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 5 (a) Nyquist plots of SnO,—rGONRs. The insert is the
enlarged high frequency region. (b) The equivalent circuit that was
used to fit the experimental data.

Fig. 5(b), R; is the internal resistance of the tested
battery, Rss and R, represent the SEI surface and
charge-transfer resistance respectively, CPE,; and CPE,
are associated with the constant phase element and
double layer capacitance across the surface respectively,
Zy is the Warburg resistance related to the lithium
diffusion process, and C is the interaction capacitance
[36, 37]. In Fig. 5(a), the inset plot of SNO,-rGONRs-200
shows two semicircles in the high and intermediate
frequency range and a sloping line with an angle
~45° to the real axis in the low frequency region. The
two semicircles result from the Li* ion transport
through the SEI film (Rsg) and the interfacial charge
transfer reaction (R.) combined with the constant
phase element and the electrochemical double-layer
capacitive behaviors CPE; and CPE,, respectively. The
sloping line is attributed to solid-state Li diffusion
into the active materials (Zw) [36]. The experimental
Nyquist plots were modeled based on the equivalent
circuit. The fitted impedance parameters are listed in
Table S1 (in the ESM). The Rs; of fresh SnO,—rGONRs
is 0.8 Q) and increases to 13.16 Q) for SnO,~rGONRs-200.
The stable SEI film is beneficial for the cycling stability
of the electrodes [38]. Therefore, SnO,~rGONRs demon-
strate greatly improved LIBs cycling life. The R, of
SnO,-rGONRs decreases to 5.47 Q) after 200 cycles
from 33.37 Q for the fresh SnO,-rGONRs. This change
is consistent with the variation in rate performance
and cycling performance of SnO,-rGONRs.

| Nano Res. 2014, 7(9): 1319-1326

3 Conclusion

We have successfully designed and synthesized
nanostructured composites of SnO,~rGONRSs. In this
composite, the nanosized SnO, particles formed directly
on the rGONRs. Electrochemical experiments demon-
strated that SnO,-rGONRs exhibit high capacity, good
rate performance, and excellent cycling stability as
anode materials due to the synergic effect between the
rGONRs and SnO,. The composite SnO,~rGONRSs is
effective in improving the electrochemical stability of
the electrode materials for the lithium ion batteries.
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