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Fabrication of Graphene-Encapsulated Oxide Nanoparticles: Towards
High-Performance Anode Materials for Lithium Storage**
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Electrochemically active metals and metal oxides such as
Sn,[1] Si,[2] SnO2,

[3] and Co3O4
[4] have long been considered as

anode materials for lithium ion batteries because of their high
theoretical capacities. However, a large specific volume
change commonly occurs in the host matrix of these metals
and metal oxides during the cycling processes, thus leading to
pulverization of the electrodes and rapid capacity decay.[1–3]

To circumvent these obstacles, carbonaceous materials with
high electrical conductivity and fair ductility have been widely
chosen as matrices for metals and metal oxides to improve
their cycle performance. In particular, graphene, which is a
monolayer of carbon atoms arranged in a honeycomb net-
work, is becoming one of the most appealing matrices because
of its unique properties such as superior electrical conductiv-
ity,[5] excellent mechanical flexibility,[6] large surface area
(2630 m2 g�1),[7] and high thermal and chemical stability.[8] In
this regard, Si/graphene,[9] SnO2/graphene,[10] TiO2/gra-
phene,[11] and Co3O4/graphene[12] hybrids or composites, in
which metals or metal oxides are distributed onto the surface
of graphene or between the graphene layers, have been
fabricated by restacking graphene sheets in the presence of
guest nanoparticles or corresponding organometallic precur-
sors. Compared to other carbon matrices such as graphite,[13]

carbon black,[14] and carbon nanotubes,[15] graphene sheets
can more effectively buffer the strain from the volume change
of metals or metal oxides during the charging–discharging
processes and preserve the high electrical conductivity of the
overall electrode. Nevertheless, the metal and metal oxide
nanoparticles are still prone to strong aggregation during the
cycle processes because of nonintimate contact between
graphene layers and active nanoparticles.[7–10] This leads to a
decrease in capacity of most metal or metal oxide/graphene
composites by 20–50% of their first reversible capacity after
30 cycles.[9–10] One of the most promising strategies to tackle

the aggregation problem of metal and metal oxides in lithium
ion batteries is to confine them within individual carbon
shells.[16–19] A key challenge in this strategy is the achievement
of both high electrical conductivity and a low-weight fraction
of thin carbon layers on the surface of metal or metal oxide
nanoparticles.

Herein we describe a novel strategy for the fabrication of
graphene-encapsulated metal oxide (GE–MO) by coassembly
between negatively charged graphene oxide and positively
charged oxide nanoparticles. The process is driven by the
mutual electrostatic interactions of the two species, and is
followed by chemical reduction. The resulting GE–MO
possesses flexible and ultrathin graphene shells that effec-
tively enwrap the oxide nanoparticles. This unique hybrid
architecture can 1) suppress the aggregation of oxide nano-
particles, 2) accommodate the volume change during the
cycle processes, 3) give rise to a high oxide content in the
composite (up to 91.5% by weight), and 4) maintain a high
electrical conductivity of the overall electrode. As a conse-
quence, graphene-encapsulated electrochemically active
Co3O4 nanoparticles (GE–Co3O4) exhibit a very high rever-
sible capacity of 1100 mA hg�1 in the first 10 cycles, and over
1000 mAh g�1 after 130 cycles, with excellent cycle perfor-
mance, thus holding great potential as an anode material for
lithium storage.

The overall synthetic procedure of GE–MO involves
three steps (Figure 1): oxide nanoparticles were firstly
modified by surface grafting of aminopropyltrimethoxysilane

Figure 1. Fabrication of graphene-encapsulated metal oxide (GE–MO)
including 1) modification of the metal oxide by grafting aminopropyl-
trimethoxysilane (APS) to render the oxide surface positively charged;
2) hybrid assembly between positively charged oxide nanoparticles and
negatively charged graphene oxide by electrostatic interactions; and
3) chemical reduction.
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(APS)[20] to render the oxide surface positively charged
(Figure 2a and Figure S1 in Supporting Information). The
modified oxide nanoparticles were then assembled with

negatively charged graphene oxide by electrostatic interac-
tions. Under optimal conditions, almost all the graphene
oxide and modified oxide nanoparticles coassembled to leave
a transparent aqueous solution (Figure S2 in the Supporting
Information). Finally, the resulting aggregates were chemi-
cally reduced with hydrazine to result in graphene-
encapsulated oxide nanoparticles.

We initially tested our concept by producing
graphene-encapsulated silica spheres (GE–silica) in
aqueous solutions with different pH values. In the pH
range 2.0–8.0, the precipitates spontaneously formed as
soon as the modified silica was diluted into the
graphene oxide suspension (Figure S2 in the Support-
ing Information). In contrast, at pH values above 8.0,
both the modified silica and graphene oxide were stably
dispersed in the solution and thus no assembly occurred
between the two components. To direct the assembly by
adopting the appropriate pH values, the surface charges
of modified silica spheres and graphene oxide were
further examined by zeta potential measurements. As
shown in Figure 2a, the surface of graphene oxide was
negatively charged (zeta potential =�25– 52 mV) over
the investigated pH range (2–11). Apparently, this
charge originated from the ionization of the carboxylic
acid and phenolic hydroxy groups that were located on
the graphene oxide.[21] The surface charge of the
modified silica switched from positive (zeta poten-
tial = + 54 mV) to negative (zeta potential =�76 mV)
with an increase of the pH value from 2 to 11. It follows
that the mutual assembly can only be triggered when

modified silica and graphene oxide were oppositely charged,
thus suggesting that the electrostatic interaction was the
driving force.

The morphology and structure of the resulting GE–silica
were elucidated by SEM, TEM, and high-resolution TEM
(HRTEM) measurements (Figure 2b,c). The graphene-
encapsulated spheres showed crinkled and rough textures
that were associated with the presence of flexible and
ultrathin graphene sheets. In most cases, the edges of
individual as well as overlapping graphene layers could be
observed, particularly at the interface between aggregated
particles, where the graphene layers appeared to link
neighboring spheres together (Figure 2b). Cross-sectional
TEM and HRTEM images (Figure 2 d and Figure S3 in
Supporting Information) confirmed the extremely thin (<
3 nm), flexible, and corrugated nature of the graphene
shells. Remarkably, after removal of the silica spheres by
etching with a 2m NaOH solution, hollow graphene spheres
with thin and intact continuous walls were formed (Fig-
ure S3b in the Supporting Information). This result suggests
an intimate encapsulation of the silica spheres by graphene
sheets, and is consistent with the SEM observations (Fig-
ure 1b, c).

Such a coassembly protocol can be further extended to the
construction of core–shell hybrid architectures consisting of
electrochemically active metal oxides and ultrathin, flexible
graphene shells. Typically, the graphene-encapsulated Co3O4

composite (GE–Co3O4) was successfully fabricated by using
APS-modified Co3O4 nanoparticles instead of modified silica,
owing to their similar positively charged surfaces (Figure 3a–
c, Figures S4 and S5 in the Supporting Information). The
typical SEM images (Figure 3b, c) of GE–Co3O4 revealed that
the graphene sheets were wrapped around the surface of
Co3O4 nanoparticles. The resultant GE–Co3O4 composites

Figure 2. a) Zeta potentials of APS-modified silica (*) and graphene
oxide (&) in aqueous solutions with various pH values; b, c) typical
SEM, and d) TEM images of graphene-encapsulated silica spheres.

Figure 3. a) Zeta potentials of APS-modified Co3O4 (*) and graphene oxide (&)
in aqueous solution at different pH values; b, c) typical SEM images, and
d) TGA curve of graphene-encapsulated Co3O4.
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were further characterized by X-ray diffraction. Remark-
ably, all the diffraction peaks of the GE–Co3O4 were
perfectly indexed to the cubic spinel Co3O4 with a lattice
parameter of a = 8.01 �.[12,22] Moreover, no conventional
stacking peak of graphene sheets at 2q = 26.68 was
detected (Figure S6 in the Supporting Information),
thus suggesting that the graphene sheets were homoge-
neously dispersed onto the surface of Co3O4 nanoparti-
cles. Thermogravimetric analysis (TGA) of GE–Co3O4

(Figure 3d) revealed that the weight fraction of Co3O4 in
the composite is as high as 91.5 %, which is much higher
than those of reported core–shell metal and metal oxide/
carbon composites (40–75%).[3, 16, 17b, 18] Such a high con-
tent of Co3O4 in the composite, in association with
flexible, ultrathin graphene shells as the buffer matrix and
conducting pathways, must result in high capacity and
excellent cycle performance when they are applied to
lithium storage (see below).

Cyclic voltammetry (CV) experiments were con-
ducted to evaluate the electrochemical performance of
GE–Co3O4 at a scanning rate of 0.1 mVs�1 over the
voltage range 0.01–3.00 V (Figure S7 in the Supporting
Information). For comparison, bare Co3O4 nanoparticles
were also tested under the same electrochemical con-
ditions. In the case of GE–Co3O4, two reduction and three
oxidation peaks were clearly observed in the first scan-
ning curve. The first dominant reduction peak was at around
0.8 V, which can be attributed to the reduction reaction of
Co3O4 with Li and the formation of solid electrolyte
interphase (SEI) films on the surface of GE-Co3O4 ,[23] since
it also appears in the CV of bare Co3O4. The second small
reduction peak at 0.1 Vand the first two oxidation peaks at 1.1
and 1.6 V were attributed to the insertion of lithium into
reduced graphene sheets.[24] The third dominant oxidation
peak at 2.1 V is characteristic of the reformation of Co3O4

from Co and Li2O,[4, 25] and is similar to that of bare Co3O4.
The CV behavior of GE–Co3O4 confirms that both the
graphene layers and Co3O4 are electrochemically active
components for lithium storage. The overall capacity of
GE–Co3O4 arises mainly from the properties of the metal
oxide, thus further confirming the low content of graphene
materials in the composite.

The capacity and cycle performance of GE–Co3O4 and
bare Co3O4 electrodes were evaluated by galvanostatic
discharge–charge measurements at a current density of
74 mAg�1 (Figure 4). It is striking to note that a very high
and stable reversible capacity of about 1100 mAh g�1 in the
initial 10 cycles, and 1000 mA hg�1 after 130 cycles were
achieved for the GE-Co3O4 electrode (Figure 4). To the best
of our knowledge, these values are the highest among all
Co3O4 electrodes reported to date (600–850 mAh g�1) at
74 mAg�1.[22,25] Such a superior reversible capacity and
excellent cycle performance can certainly be attributed to
the synergistic effect between the flexible, thin graphene
shells and the Co3O4 nanoparticles, despite the fact that the
content of graphene in GE–Co3O4 is less than 10%. For
comparison, we fabricated a Co3O4/graphene composite with
the same Co3O4/graphene ratio (91.5:8.5) by simple mechan-
ical blending. The mixed Co3O4/graphene composite showed

only a 67% retention of the initial capacity (832 mA hg�1)
after 30 cycles. Although this value is higher than that of bare
Co3O4 (52 %),[22] it is much lower than that of GE-Co3O4

(94 %) after the same cycles. This result highlights again the
value of our protocol.

In order to understand why GE–Co3O4 electrodes exhibit
such a superior electrochemical performance compared to
bare Co3O4 electrodes, AC impedance measurements were
performed after 30 cycles. Nyquist plots (Figure 5) showed
that the diameter of the semicircle for GE–Co3O4 electrodes
in the high–medium frequency region was much smaller than
that of bare Co3O4 electrodes, thus suggesting that GE–Co3O4

electrodes possess lower contact and charge-transfer impe-
dances. The kinetic differences of GE–Co3O4 and bare Co3O4

electrodes were further investigated by modeling AC impend-
ence spectra based on the modified Randles equivalent

Figure 4. Galvanostatic discharge–charge profiles of a) GE–Co3O4 and
b) bare Co3O4 electrodes (current density = 74 mAg�1). Comparison of
c) cycle performance of GE–Co3O4 (&), mixed Co3O4/graphene composite
(*), and bare Co3O4 electrodes (~) over 30 cycles, and d) cycle performance
and Coulombic efficiency of the GE–Co3O4 electrode during 130 cycles
(current density = 74 mAg�1).

Figure 5. Nyquist plots of GE-Co3O4 (*) and bare Co3O4 (&) electrodes
obtained by applying a sine wave with amplitude of 5.0 mV over the
frequency range 100 kHz–0.01 Hz.
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circuit[26] (Figure S8 in the Supporting information). The
values of the film resistance Rf and charge-transfer resistance
Rct were 10.5 and 27.9 W respectively, in the case of GE-
Co3O4, which were significantly lower than those of bare
Co3O4 (27.8 and 97.9 W; Table S1 in the Supporting Informa-
tion). This result confirmed that the graphene shells not only
could preserve the high conductivity of the overall electrode,
but also largely improve the electrochemical activity of metal
oxides during the cycle processes.

In summary, we have demonstrated that graphene and
metal oxides coassemble by electrostatic forces into core–
shell hybrids. This assembly enables a good encapsulation of
electrochemically active metal oxide nanoparticles by gra-
phene sheets, thus leading to remarkable lithium-storage
performance, including highly reversible capacity and excel-
lent cycle performance. We believe that such a simple and
low-cost assembly protocol will provide a new pathway for the
large-scale production of various functional hybrid materials
for energy storage.
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