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Abstract Mesoporous metal oxides such as SnO2 exhibit

a superior electrochemical performance as anode materials

for lithium-ion batteries due to their large surface areas and

uniform pores. However, they suffer from the capacity

fading in varying degrees during cycles because their

partial pores may collapse during the charge–discharge

process. Herein, graphene-encapsulated mesoporous SnO2

composites have been simply synthesized using a modified

stepwise heterocoagulation method. These graphene-based

SnO2 composites exhibit not only higher capacities and

better rate capabilities but also improved cycle perfor-

mances, suggesting that the electrochemical performance

of mesoporous SnO2 can be further enhanced by graphene

encapsulation.

Introduction

Lithium-ion batteries (LIBs) have been widely used in

portable electronic devices (e.g., cell phones, laptop com-

puters) due to their superior properties such as high energy

density, long cycle life, no memory effect, and environ-

mental friendliness. Many metal oxides are used as anode

materials for LIBs due to their high theoretic capacities and

low cost. For instance, SnO2 has a high theoretic capacity

of 782 mA h g-1, much higher than that of the commonly

used LiC6 anodes (370 mA h g-1) [1]. However, many

metal oxides show rapid capacity fading and poor cycling

behaviors because of the dramatic volume change during

the charge–discharge process. Some methods have been

adopted to alleviate the volume changes and improve the

cycling stability for these metal oxides. One of them is to

decrease the size of SnO2 particles into the nanoscale (e.g.,

nanowire, nanorod), which can shorten the lithium-ion

diffusion pathway and improve its rate capacity [2, 3].

Another method is to make a metal oxide composite with

carbon, which can effectively buffer the strain from the

volume change of metal oxides during the charge–

discharge process and maintain the high electrical con-

ductivity of the electrode. For instance, the carbon-coated

SnO2 composites were prepared through a carbonization

approach and showed an outstanding high-rate cycling

performance [4–6]. Moreover, the electrochemical perfor-

mance of porous activated carbon-containing SnO2 can be

further enhanced by additional carbon coating [7]. On the

other hand, in situ growth of SnO2 on the carbon substrate

(e.g., carbon nanotube) can also improve its electrochem-

ical performance [8]. Recently, a novel two-dimensional

carbon matrix, graphene, has been prepared and exhibits

superior properties such as high electrical conductivities,

unique mechanical properties, and large surface areas
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[9–12]. Therefore, compared to carbon-coated SnO2,

graphene-encapsulated SnO2 is expected to exhibit

enhanced electrochemical properties due to the superior

properties of graphene. Graphene-based SnO2 composites

have been prepared by the in situ growth of SnO2 particles

on the surface of graphene and exhibit high reversible

capacities and enhanced cycle performances [13–15].

Graphene-encapsulated metal oxides are another type of

graphene-based composites, which are prepared by coas-

sembly between negatively charged graphene oxide (GO)

and positively charged oxide nanoparticles [16, 17].

Meanwhile, mesoporous metal oxides such as novel

nanostructured materials not only deliver high charge–

discharge capacities due to their large surface areas but also

exhibit better cycle performance and rate capabilities

because the mesopores may act as a volume buffer capable

of accepting the volume expansion associated to conver-

sion reactions and protect the electrode from pulverization

[18–21]. Recently, it is reported that SnO2 particles with a

mesoporous structure exhibit enhanced electrochemical

properties in comparison with its bulk counterpart [22–24].

However, the capacity fading still occurs after several

cycles because the partial pore structures may collapse

during the charge–discharge process. To solve this prob-

lem, graphene-based mesoporous metal oxides such as

graphene-encapsulated mesoporous SnO2 were developed

[25, 26], which should exhibit further enhanced electro-

chemical performance.

A core-shell particle can be synthesized by depositing

many cationic small particles onto an anionic large particle,

namely the stepwise heterocoagulation method [27, 28]. The

negatively charged GO at high pH ([7) can be regarded as

an anionic large particle and the positively charged meso-

porous SnO2 particles (M-SnO2) at low pH (\4) can be

regarded as cationic small particles. Therefore, graphene-

encapsulated SnO2 particles can be simply prepared through

electrostatic interactions and reduction of GO with reducing

agents such as hydrazine or L-ascorbic acid (VC) [29, 30].

Herein, we describe a facile strategy for the preparation of

graphene-encapsulated M-SnO2 by a stepwise heterocoag-

ulation method. These novel electrodes exhibit higher

capacities, higher rate capabilities, and better cycle perfor-

mances in comparison with bare mesoporous SnO2 particles.

Experimental section

Syntheses of graphene-encapsulated mesoporous SnO2

composites

Mesoporous SnO2 and GOs were synthesized according to

the published literature (see supporting information) [31, 32].

The graphene-encapsulated mesoporous SnO2 composites

were synthesized by coassembly between positively charged

M-SnO2 and negatively charged GO, and reduction of GO

with VC. In a typical process, 0.15 g of M-SnO2 powders and

0.03 or 0.05 g of GO were dispersed in 50 and 200 mL dis-

tilled water, respectively. The pH of M-SnO2 suspension was

adjusted to 2–3 by hydrochloride acid and the pH of GO

suspension was adjusted to 7–8 by aqueous ammonia. Sub-

sequently, M-SnO2 suspension was added into GO suspen-

sion under mild magnetic stirring. After 1 h, 0.40 g of

VC was added into the above suspension under nitrogen

atmosphere to reduce GO to graphene. After 24 h, the

graphene-encapsulated M-SnO2 particles were collected by

centrifugation, washed with distilled water thrice, and dried at

313 K. The mesoporous SnO2 prepared by SBA-15 and KIT-

6 as templates was denoted as M-SnO2(S) and M-SnO2(K),

and the corresponding graphene composites were denoted as

GM-SnO2(S) and GM-SnO2(K), respectively.

Analytical methods

Specimens were initially characterized by XRD on a Phillips

X’pert Pro MPD diffractometer with Cu Ka radiation.

A Quantachrome NOVA 2000e sorption analyzer was used to

examine the N2 adsorption and desorption properties of

specimens at liquid nitrogen temperature (77 K). The sam-

ples were degassed at 423 K overnight prior to the mea-

surement. The Fourier transform infrared (FT-IR) spectra

were recorded on a Nicolet-380 Fourier transform infrared

spectrometer in the range of 400–4000 cm-1 and X-ray

photoelectron (XPS) spectra were recorded on a Shimadzu

Axis Ultra spectrometer with an Mg Ka = 1253.6 eV exci-

tation source. Further characterization was performed by

high-resolution transmission electron microscopy (HRTEM)

on a JEOL JEM-2010 electron microscope operated at

200 kV and scanning electron microscopy (SEM) on a JEOL

JSM-6700F electron microscope at an accelerating voltage of

1 kV.

Electrochemical testing

For electrochemical characterization, the composite elec-

trodes were fabricated by mixing the active materials, acet-

ylene black, and polyvinylidene difluoride (PVDF) dissolved

in N-methyl-2-pyrrolidine (NMP) in a weight ratio of

70:15:15. The mixed slurry was pressed onto a copper foil

and dried at 383 K in vacuum for 24 h. Cell assembly was

carried out in an Ar-filled glove box. The electrolyte was 1 M

solution of LiPF6 in EC:DEC:DMC with volume ratio 1:1:1.

Electrochemical performances were measured with a

CR2032-type coin cell with lithium metal as the negative

electrode. The galvanostatic charge–discharge performance

was measured with a LAND test system at room temperature,

and the voltage range was from 0.01 to 2.0 V (versus Li/Li?),
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with a constant current of 0.1–1C (1C = 782 mA g-1).

Cyclic voltammetry (CV) tests were performed between 0.01

and 2.5 V with a scan rate of 0.2 mV s-1, and electro-

chemical impedance spectroscopy (EIS) was carried out in

the frequency range from 100 kHz to 10 mHz on a Princeron

PSTAT 4000 electrochemical station.

Results and discussion

Materials characterization

Firstly, two kinds of mesoporous SnO2 were synthesized using

SBA-15 and KIT-6 as the templates. The N2 adsorption

desorption isotherms of two specimens in Fig. S1A show type

IV curves with a hysteresis loop, indicative of the mesostruc-

tural feature. The surface area of M-SnO2(K) is 98.7 m2 g-1,

which is larger than that of the M-SnO2(S) samples

(88.4 m2 g-1). Fig. S1B shows the derived pore size distri-

butions and indicates that these porous materials contain ca.

3.5 nm diameter pores. The mesostructures of M-SnO2(S) and

M-SnO2(K) samples were also observed by TEM (Fig. S1C

and D). The SBA-15- and KIT-6-templated SnO2 particles

have a hexagonal and cubic porous structure, respectively.

Subsequently, these mesoporous SnO2 particles were encap-

sulated by graphene nanosheets for enhanced electrode

performance. Fig. 1A shows the XRD patterns of GO,

GM-SnO2(S) and GM-SnO2(K) samples. Only one peak

centered at ca. 10.9� can be observed for GO, corresponding to

a basal spacing of 8.1 Å, whereas it disappears in the XRD

patterns of GM-SnO2(S) and GM-SnO2(K) specimens. It may

be implied that GO was reduced to graphene in the presence of

VC. Besides, the conventional stacking peak of graphene

nanosheets at ca. 26� is also not detected, which may be

ascribed to the formation of graphene-encapsulated meso-

porous particles. On the other hand, these characteristic peaks

in XRD patterns (Fig. 1A, a and b) can be indexed to the SnO2

structure (group space P42/mnm), indicating that SnO2 parti-

cles were not reduced by VC. Figure 1B shows the FT-IR

spectra of GO, GM-SnO2(S) and GM-SnO2(K) samples. In the

FT-IR spectrum of GO, the absorption bands at 1734, 1374,

1227, 1061, and 1624 cm-1 correspond to the stretching

vibration of C=O (carboxyl or carbonyl), O–H (carboxyl or

intercalated water), C–OH (hydroxyl), C–O (epoxy or alkoxy),

and the skeletal vibration of C=C from unoxidized graphitic

domains [33, 34], whereas only C=C, O–H, and C–OH bands

can be detected in the FT-IR spectra of GM-SnO2(S) and GM-

SnO2(K). Moreover, the intensities of O–H and C–OH bands

are much weaker than those of the corresponding bands for

GO, suggesting that GO was definitely reduced by VC. The

absorption band at ca. 621 cm-1 (Fig. 1B, a and b) can be

assigned to the vibration of Sn–O–Sn [33, 34], confirming the

presence of SnO2 in composites.

The generated graphene was further confirmed by X-ray

photoelectron spectroscopies (XPS). Figure 2 shows the

XPS spectrum of GM-SnO2(S) including the fine spectra of

C 1s and Sn 3d. The peaks located at 284.6, 487.2, 495.5,

and 531.2 eV can be assigned to the binding energy of C

1s, Sn 3d5/2, Sn 3d3/2, and O 1s, respectively, revealing the

presence of C, O, and Sn elements [35, 36]. Furthermore,

four peaks centered at 284.6, 286.6, 287.6, and 288.8 eV

were detected in the fine spectrum of C 1 s, which corre-

spond to the C–C (sp2 C), C–O, C=O, and O–C=O groups.

It is obvious that the oxygen-containing functional groups

on the surfaces of the GO were almost removed according

to the relative intensities of these peaks. The XPS result

shows that the as-synthesized sample consisted of graphene

and SnO2 particles, which is consistent with the XRD and

FT-IR results.

The morphology and structure of GM-SnO2(S) and

GM-SnO2(K) specimens were elucidated by SEM and TEM.

According to the SEM images of GM-SnO2(S) and

GM-SnO2(K) specimens (Fig. 3a and b), the mesoporous

SnO2 particles were encapsulated by the transparent and

wrinkled graphene nanosheets, though some porous parti-

cles are not coated effectively. Furthermore, some SnO2

particles still congregate together, which may affect their

electrochemical performance. An increase in the mass ratio

Fig. 1 XRD patterns and FT-IR

spectra of GO,

GM-SnO2(S) (A) and

GM-SnO2(K) (B)
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of graphene to M-SnO2 may be an alternative approach to

reduce the number of uncoated SnO2 particles and alleviate

the aggregation. Figure S2 shows the SEM images of

graphene-encapsulated M-SnO2 containing large quantity

of graphene, assigned to GM-SnO2(S)-L and GM-SnO2(K)-L.

In brief, the mass ratio of graphene to M-SnO2 is 1:5 for the

Fig. 2 XPS spectrum of

GM-SnO2(S). The insets are the

fine spectra of C 1 s (a) and

Sn 3d (b)

Fig. 3 SEM images and TEM

images of GM-SnO2(S)

(a, c) and GM-SnO2(K) (b, d)
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GM-SnO2 sample and 1:3 for the GM-SnO2-L sample. A

small number of uncoated particles can be observed and the

influence needs to be further verified by electrochemical

testing. Figure 3c and d presents the TEM images of GM-

SnO2(S) and GM-SnO2(K) specimens, respectively. The

mesoporous particles and the wrinkled, transparent graph-

ene nanosheets were distinctly observed in the TEM ima-

ges. Moreover, the porous particles were well dispersed

and strongly attached onto the surface of graphene nano-

sheets, and some of them were totally or partially encap-

sulated by graphene (see the white cycles in TEM images).

Figure S3 shows the high-resolution TEM image of GM-

SnO2(S), and 2–3 layer graphene nanosheets with a lattice

spacing of 0.341 nm were found at the edges, further

confirming the core-shell structure and the complete

reduction of GO [37]. These novel graphene-based com-

posites should exhibit a better electrochemical performance

than the uncoated particles.

Electrochemical testing

To identify the electrochemical reactions during cycles,

cyclic voltammograms (CV) of M-SnO2 and GM-SnO2

electrodes were characterized in the range of 0.01–2.5 V.

Figure 4a shows the CV profiles of M-SnO2 in the 1st, 2nd,

5th, and 9th scanning cycles. In the first cathodic sweep,

two distinct reduction peaks appear at 0.76 and 0.07 V. The

former peak could be assigned to the transformation of

SnO2 ? Li? to Sn ? Li2O and the formation of a solid

electrolyte interface (SEI). The latter peak could be

attributed to the formation of LixSn alloy [4, 5, 8]. In the

first anodic sweep, the two peaks observed at 0.66 and

1.26 V indicated the corresponding reversible reaction. The

conversion of SnO2 to Sn still occurs until the ninth cycle,

which may result in large irreversible capacity. Figure 4b

shows the 1st, 2nd, and 5th CV curves of GM-SnO2 and in

contrast, three pairs of current peaks can be observed at the

potential of (0.98, 1.9 V), (0.64, 1.36 V), and (0.02,

0.65 V) in the first scanning cycle, indicating the conver-

sions of SnO2 to SnO, SnO2 (or SnO) to Sn, and Sn to

LixSn, respectively [13, 14]. Similarly, the peaks corre-

sponding to the transformation of SnO2 or SnO to Sn nearly

disappeared after five cycles. Compared to the uncoated

M-SnO2, it seems that the graphene-encapsulated M-SnO2

has a more stable structure during cycles.

The battery capacities and cycle performances of

M-SnO2(S), M-SnO2(K), and the corresponding graphene-

based composites were evaluated by galvanostatic mea-

surements at a current density of 0.1C (ca. 78 mA g-1).

Figure S4 show the first and second cycle charge–discharge

voltage profiles for these six samples. The curves are

similar to the previous reports, indicating the same elec-

trochemical pathway [33, 34, 38]. The first discharge

capacities of M-SnO2(S), M-SnO2(K), GM-SnO2(S),

GM-SnO2(K), GM-SnO2(S)-L, and GM-SnO2(K)-L are

ca. 1155.1, 1262.0, 1309.3, 1563.6, 1218.3, and 1425.8

mA h g-1, respectively. Compared to SBA-15-templated

M-SnO2, KIT-6-templated M-SnO2 has a much higher

surface area, leading to a higher capacity. On the other

hand, graphene-encapsulated M-SnO2 delivered higher

capacities than the uncoated M-SnO2, possibly resulting

from the high electrical conductivity of graphene nano-

sheets between M-SnO2 particles. It is worthwhile noting

that the first discharge capacity of GM-SnO2-L is slightly

lower than that of GM-SnO2 whatever template was used,

implying that the further increase in the amount of graph-

ene is not beneficial to the electrode capacity. It may be

attributed to the lower theoretic capacity of graphene in

comparison to that of SnO2. Figure 5a and b shows the

cycle performances of these six samples at the current

density of 0.1C. It is also striking to note that graphene-

encapsulated M-SnO2 exhibited better cycle performances

compared to bare M-SnO2. Moreover, the cycle perfor-

mance can be further improved with the increase of

graphene content. The enhanced cycle performances can be

attributed to the graphene layers, which may restrain the

huge volume change and stabilize the mesostructure of

M-SnO2 during cycles. Figure 5c and d presents the cycle

performances of these six samples measured at the current

density from 0.1 to 1C. Although all capacities decreased

Fig. 4 Cyclic voltammograms

of a, M-SnO2(S) and b,

GM-SnO2(S) between 0.01 and

2.5 V with a scan rate of

0.2 mV s-1
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with the increase of the current density, the graphene-

encapsulated M-SnO2 samples still show higher reversible

capacities, even at a high current density of *780 mA g-1.

Additionally, after the high-rate measurements, the specific

capacities of graphene-contained samples recovered to the

high value when measured at 0.1C, indicating good cycling

stability. Similarly, the rate capability of GM-SnO2 is also

enhanced with the increase of graphene content. As a result,

the electrochemical property of mesoporous SnO2 can be

further improved by graphene encapsulation though it has

exhibited better performance than bulk materials.

It was reported previously that SnO2 particles tended to

aggregate into Sn clusters during cycling, leading to large

volume variation and capacity fading, while the dispersed

SnO2 on the graphene surface provided free space to

accommodate the volume expansion [14, 39]. Thus, the

morphology and structure of M-SnO2 and GM-SnO2 after

50 cycles were observed by TEM. No obvious meso-

structure can be found in the TEM image of M-SnO2

(Fig. S5A), implying the collapse of the mesoporous

structure and aggregation of Sn particles during cycles.

Although the porous structure derived from ordered

nanorod arrays also disappeared in the TEM image of

GM-SnO2 (Fig. S5B), some mesopores were still present in

Sn agglomeration and they are well dispersed by graphene

nanosheets, which partly demonstrated the structural sta-

bility and resulted in better cycle performance. The elec-

trochemical impedance spectra (EIS) studies of M-SnO2

and GM-SnO2 (Fig. S6) were also performed to evaluate

the resistance against electron transfer during cycles. The

measured impedance data were analyzed using the equiv-

alent circuit (the inset of Fig. S6), and the symbols of Rs,

Rct, Cd, and Zw denoted the solution resistance, charge

transfer resistance, double layer capacitance, and Warburg

impedance, respectively [39, 40]. The Nyquist plot of

either M-SnO2 or GM-SnO2 shows a semicircle in the high

frequency range and a sloping straight line in the low

frequency range. The radius of the semicircles of the GM-

SnO2 electrode is smaller than that of the pure M-SnO2

electrode, which may be attributed to the faster transfer rate

of Li? ions in GM-SnO2 because of the excellent con-

ductivity of graphene. The significantly enhanced con-

ductivity and stable structure of GM-SnO2 may contribute

to the enhanced performance in LIBs.

Fig. 5 The discharge capacities as a function of cycle numbers for M-SnO2(S), M-SnO2(K), GM-SnO2(S), GM-SnO2(K), GM-SnO2(S)-L, and

GM-SnO2(K)-L samples at (a, b) 0.1C and (c, d) 0.1–1C
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Conclusions

In conclusion, the graphene-encapsulated mesoporous

SnO2 composites as advanced anodes for LIBs were syn-

thesized using a facile modified stepwise heterocoagulation

method. The generated graphene was confirmed by XRD,

FT-IR, and XPS, and the core-shell structure of the com-

posite was confirmed by SEM and TEM. Compared to the

pristine mesoporous SnO2, the graphene-encapsulated one

exhibited improved electrochemical performance, includ-

ing higher capacities, higher rate capabilities, and better

cycle performances. Additionally, the cycle performance

and rate capability can be further improved by enlarging

the content of graphene, though the reversible capacity

may be slightly decreased at the initial cycles. Thus, it is an

alternative method for mesoporous anodes to alleviate the

capacity fading caused by collapsed pore structures during

cycles. This simple synthetic method may be extended to

the preparation of other high-capacity porous electrodes.
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