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Two-dimensional (2D) nanomaterials, which possess nano-
scale dimension in thickness only and infinite length in the
plane, have attracted tremendous attention owing to their
unique properties and potential applications in the areas of
electronics!"! and sensors™” as well as energy storage” and
conversion.”! In particular, recent investigations of graphene,
a 2D “aromatic” monolayer of carbon atoms, have demon-
strated exceptional physical properties, including ultrahigh
electron mobility,”! ballistic charge carrier transport,® and
other properties.” These studies have triggered wide interest
in 2D nanosheets other than carbon, such as transition metal
chalcogenides,”®! perovskites,””! and manganese oxide!"”! nano-
sheets. Unfortunately, in most cases, the above nanosheets
have been generated from delamination of their materials
with layered structures, and thus the product yields are
extremely low owing to the limitations of the fabrication
method adopted." This constitutes a major obstacle for
exploiting the proposed applications. Therefore, high-
throughput production of various 2D nanosheets remains a
great challenge. Herein we present a bottom-up approach to
the large-scale production of 2D sandwichlike graphene-
based mesoporous silica (GM-silica) sheets in which each
graphene sheet is fully separated by a mesoporous silica shell.
The resulting GM-silica sheets possess a large aspect ratio,
mesoporous structure, high surface area, and high monodis-
persity. Such unique features not only facilitate the diffusion
of guest ions or molecules in many diffusion-controlled
systems, but also render GM-silica sheets a promising
universal template for the creation of various functional
sheets, such as graphene-based mesoporous carbon, metal,
and metal oxide nanosheets, in which graphene is individually
dispersed. We expect that our strategy will be applied to a
variety of 2D nanosheet materials to promote their broad
applications across the ranges of catalysis, sensors, super-
capacitors, and batteries.

2D nanomaterials, and especially nanosheets, have long
been considered attractive materials owing to their unique
properties and promising applications.'” Very recently, the
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single-atom-thick graphene oxide sheets with ultrahigh sur-
face area (2630 m*g™" from theoretical calculation based on a
single-layer graphene sheet™) have been produced by the
Hummers method."™ In contrast to pristine graphite, gra-
phene oxide is heavily oxygenated, bearing hydroxy and
epoxide functional groups on their basal planes, along with
carbonyl and carboxyl units located at the sheet edges.'*!!
The presence of these oxygen-functionalized groups renders
graphene oxide sheets negatively charged. Their zeta poten-
tial can reach —43 mV when the pH value of the solution
approaches 10.1! Such unique properties qualify graphene
oxide as a reliable and economically feasible source for the
production of other 2D nanosheets with ultrahigh surface
area. Although this application of graphene oxide is easy to
imagine, the actual operation is difficult owing to the intrinsic
incompatibility between graphene oxide and inorganic mate-
rials.'”! In this work, cationic surfactants, such as cetyltri-
methyl ammonium bromide (CTAB), were chosen to electro-
statically adsorb and self-assemble onto the surface of highly
negatively charged graphene oxide in alkaline solution. This
process directs the formation of mesoporous silica around the
surface of single-layer graphene oxide (Figure 1a). The
utilization of suitable cationic surfactants in our approach
not only effectively solves the incompatibility and aggrega-
tion problems between graphene oxide and inorganic materi-
als, but also provides the molecular template for controlled
nucleation and growth of mesoporous silica on the surface of
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Figure 1. Graphene oxide based mesoporous silica (GOM-silica)
sheets. a) Fabrication process for GOM-silica sheets. b,c) Typical FE-
SEM and d,e) TEM images reveal the flat GOM-silica sheets with sizes
from 200 nm to several micrometers and having a mesoporous
structure. f) Representative AFM image and g) corresponding thick-
ness analysis taken around the white line in (f) reveal a uniform
thickness of 28 nm for GOM-silica sheets.
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graphene oxide sheets. By this means, 2D sandwichlike
graphene oxide-based mesoporous silica (GOM-silica)
sheets are constructed. Upon thermal treatment of GOM-
silica sheets at high temperature, graphene oxide can be
reduced to individual graphene without aggregation owing to
the perfect protection of silica, and at the same time gives
birth to the GM-silica sheets. It thus opens up a unique
opportunity for the large-scale production of various func-
tional nanosheets, such as mesoporous carbon, metal, and
metal oxide sheets with or without graphene.

First, the morphology and microstructure of as-prepared
GOM-silica sheets were investigated by field emission scan-
ning electron microscopy (FE-SEM) and transmission elec-
tron microscopy (TEM). As shown in Figure 1b-d, many
free-standing sheets with morphology similar to that of
graphene and with sizes ranging from 200 nm to several
micrometers are observed. Remarkably, the resulting sheets
possess numerous mesopores with the size of about 2 nm
(Figure 1e; Supporting Information, Figure S1); no free silica
particles or naked graphene oxide sheets appear in either
TEM or SEM visualizations. This result suggests that, as
expected, most of the surfactants are concentrated on the
surface of graphene oxide by electrostatic interactions, thus
facilitating the heterogeneous nucleation process of tetraethyl
orthosilicate (TEOS) around the surface of graphene oxide
rather than a homogeneous nucleation process in bulk
solution. Once the silica nucleation occurs, the residual
TEOS can further hydrolyze and grow around the silica
nucleus on the surface of graphene oxide according to the
well-known liquid-crystal template mechanism.!® As a result,
the mesoporous silica is homogenously coated on the surface
of graphene oxide sheets. The nature of the structure can be
further unraveled by the element mapping images of carbon,
silicon, and oxygen in the GOM-silica sheets (Figure 2), in
agreement with energy-dispersive X-ray (EDX) analysis
(Supporting Information, Figure S2). With such a synthetic
procedure, it can also be expected that graphene-based
nanosheets with ordered mesoporous structure should be
achieved, which shall offer additional functionality.'*!
Furthermore, the as-prepared GOM-silica sheets are highly
transparent to electron beams, as shown in the TEM image
(Figure 1d), indicating possible applications in optical devi-
ces.”?l Cross-sectional atomic force microscopy (AFM) anal-
yses were conducted to further investigate the structural
features of GOM-silica sheets. Their typical AFM image and
thickness analyses (Figure 1f and g) reveal the same mor-
phology as the observations from SEM and TEM, with a
uniform thickness of 28 £ 1 nm. Notably, the thickness of the
sheets is readily tunable by simply adjusting the ratio of
graphene oxide to TEOS in the fabrication process.

It is well-known that graphene oxide is an electrically
insulating material, which arises from the presence of large
amounts of oxygen functional groups on their basal planes.
Upon removal of such species, the electronic properties of
graphene sheets are supposed to be restored.”? Several
reduction procedures of graphene oxide, including chemical,
thermal, and ultraviolet-assisted reduction, have recently
been proposed.**! However, these reduction processes
commonly suffer from the irreversible aggregation of gra-
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Figure 2. Elemental mapping images of GOM:-silica sheets. a) Typical
scanning transmission electron microscopy (STEM) image and corre-
sponding elemental mapping images of b) carbon, c) silicon, and

d) oxygen in the selected area (blue rectangle in (a)), indicating the
homogeneous dispersion of C, Si, and O in GOM-silica sheets.

phene originating from the strong m interactions, which
significantly prevents their further applications. In contrast,
simple pyrolysis of as-prepared GOMs-silica sheets in our
approach can effectively reduce graphene oxide to graphene
without aggregation owing to the perfect protection of silica.
This feature is indeed demonstrated by the SEM and TEM
images of graphene after removal of silica (Supporting
Information, Figure S3). Remarkably enough, pyrolysis
yields GM-silica sheets in which the graphene is individually
dispersed and the content is about 12%, as calculated by
EDX (Figure 3¢) and thermogravimetric analysis (Support-
ing Information, Figure S4). The morphology and structure of
GM-silica sheets are quite stable during the heat treatment, as
the same flat shape and mesoporous structure with respect to
those of the sample before pyrolysis are seen (Figure 3a,b).

The mesoporous nature of GM-silica sheets is further
confirmed by nitrogen physisorption measurements. Their
adsorption—desorption isotherm exhibits a type IV nitrogen
adsorption branch associated with a well-defined capillary
condensation step at about 0.25 P/P,, which is characteristic
of uniform mesopores (Figure 3d). The pore size distribution
calculated by the Barrett—Joyner-Halenda (BJH) method is
2 nm (inset in Figure 3d), which is in good agreement with the
pore size estimated from the TEM images. The very small
hysteresis between the adsorption and desorption branches
(at 0.4-0.8 P/P,) further suggests a highly uniform pore size
with no pore-blocking effects from narrow pores during
desorption. Furthermore, the adsorption data indicate a very
high specific surface area of 980 m*g !, which is comparable
to the values reported for conventional mesoporous silica.””
Thus, the high specific surface area, large aspect ratio, and
high production yield (Supporting Information, Figure S5)
render GM-silica sheets a promising template for generating
various functional nanosheets. For typical examples, we have
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Figure 3. Graphene-based mesoporous silica (GM-silica) sheets after
pyrolysis at 800°C. a) FE-SEM and b) TEM images reveal the stable
morphology and mesoporous structure of GM-silica sheets after
pyrolysis at high temperature. c) EDX spectrum, suggesting that
graphene remains in GM-silica sheets. d) Nitrogen adsorption/desorp-
tion isotherm of graphene—mesoporous silica sheets (inset: pore size

distribution), further demonstrating the mesoporous structure, with

the pore size of 2 nm and BET surface area of 980 m*g™".

employed the GM-silica sheets as a template, with sucrose as
carbon source and cobalt nitrate as cobalt source, to fabricate
graphene-based mesoporous carbon (GM-C) and Co;0,
(GM-Co0;0,) sheets, respectively, by a simple nanocasting
approach. The pronounced electrochemical properties of
GM-C as an anode material for lithium ion batteries will be
evaluated below.

The electron microscopy images of GM-C and GM-Co;0,
sheets derived from the graphene-based mesoporous silica
sheets are presented in Figure 4 (see also the Supporting
Information, Figures S6 and S7). In the case of GM-C sheets,
although twisted sheets could be observed, which was possibly
caused by the shrinkage of the sample during thermal
treatment, most sheets maintain their large aspect ratio.
Furthermore, GM-C sheets exhibit high monodispersity with
the same size as the template (Figure 4a). These obviously
originate from the perfect replication of the structure and
morphology of GM-silica sheets. Cross-sectional FE-SEM
and high-resolution transmission electron microscopy
(HRTEM) images (Figure 4b and c) in association with the
X-ray diffraction (XRD) pattern (Supporting Information,
Figure S8) reveal the porous and amorphous structures in
GM-C sheets. A high Brunauer-Emmett-Teller (BET) sur-
face area of up to 910 m>g~! has been obtained based on the
nitrogen adsorption—desorption analysis. The type IV iso-
therm with pronounced adsorptions at low (< 0.1 P/P,) and
medium (0.2-0.8 P/P,) relative pressures (Figure 4d) indicate
the existence of a large number of mesopores and micropores
in GM-C sheets. This is a result of the replication of the
mesoporous template and continuous decomposition of the
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Figure 4. Graphene-based mesoporous carbon (GM-C) sheets derived
from GM-silica sheets. a,b) FE-SEM, c¢) HRTEM images, and d) nitro-
gen adsorption/desorption isotherm of GM-C sheets disclosing their

flat shape and porous structure. Inset in (d): pore size distribution.

carbon source during the pyrolysis process. For comparison,
GM-Co;0, sheets possess mesoporous but crystalline struc-
tures (Supporting Information, Figure S7-S9). Single crystals
in the individual spherical domains and polycrystals in the
whole GM-Co;0, sheets are visible in the typical HRTEM
image (Supporting Information, Figure S7c). This arises from
the seed formation mechanism of Co;O, in the pores of the
template; that is, the Co;0, seeds are firstly randomly formed
in the pores of mesoporous silica, and then amorphous Co;0,
starts to grow around the seeds during the thermolysis
process.””l The presence of graphene in such GM-Co;0,
sheets was confirmed by EDX analysis (Supporting Informa-
tion, Figure S7d), indicating that the individually dispersed
graphene in the template has been successfully transferred to
the new nanosheets during our casting process. Apparently,
this strategy could be further extended to fabricate a variety
of mesoporous metal and metal oxide sheets made, for
example, from Sn, SnO,, TiO,, and MnO, with or without
graphene. To the best of our knowledge, mesoporous carbon,
metal, and metal oxide sheets with such thin thickness, large
aspect ratio, and high surface area have never been reported.
Clearly, such unique features for 2D nanomaterials hold great
promise for new functions with respect to the traditional
mesoporous nanomaterials.

One promising application of these 2D nanosheets can be
envisioned in the context of lithium ion storage. Their high
surface area, thinness, and numerous mesopores will be
favorable for the accessibility of the electrolyte, rapid
diffusion of lithium ions, and host uptake. Furthermore, the
graphene layers within each nanosheet can act as mini-current
collectors homogeneously dispersed in the electrode, which
will facilitate the fast transport of electrons during the
charge—discharge processes owing to the high electrical
conductivity of graphene (Figure 5a). Thus, GM-C sheets
were chosen to evaluate their lithium ion storage properties
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Figure 5. Electrochemical performance of GM-C sheets for lithium ion
storage. a) Lithium insertion and extraction in GM-C sheets, where
graphene acts as mini-current collectors during discharge and charge
processes, facilitating the rapid diffusion of electrons during cycling
processes. b) First two discharge—charge curves (m first discharge,

o first charge, A second discharge, ¥ second charge) and c) cycle
performance (m discharge, ® charge) of GM-C sheets at a rate of C/5.
The inset in (c) is the rate capability of GM-C sheets at various rates of
C/5, 1€, 5C, 10C, and 20C.

by galvanostatic discharge (lithium insertion)-charge (lithium
extraction) measurements. It is remarkable to note a very
high first reversible capacity (915 mAhg™') at a rate of C/5
(one lithium per six formula units (LiCg) in 5 h), correspond-
ing to an extraction of 2.5 mol of lithium ions per 6 mol of
carbon (Li,sCq; Figure 5b). After 30 cycles, both discharge
and charge capacities of GM-C sheets are stabilized at about
770 mAhg™', delivering 84 % capacity retention. Moreover,
GM-C sheets exhibit excellent rate performance. For exam-
ple, when the discharge—charge rates are increased to 1C and
5C, the reversible capacities are as high as 540 and
370 mAhg !, respectively (Figure 5c). This result is in stark
contrast to the traditional non-graphitic carbons, which show
continuous and progressive capacity decay along with cycling
processes,™3% and it is even better than the porous graphitic
carbons.P¥ As a consequence, the results obtained herein
give clear evidence that the utility of graphene-based nano-
sheets can significantly improve the electrochemical perfor-
mance owing to their favorable structures, as discussed above.
Our bottom-up synthetic approach will certainly be utilized to
explore further functional 2D nanomaterials, with applica-
tions in catalysis, sensors, supercapacitors, batteries, and fuel
cells.

Experimental Section

Graphene oxide was synthesized from natural graphite flakes by a
modified Hummers method.® Graphene oxide based mesoporous
silica sheets were prepared by electrostatic interaction between
negatively charged graphene oxide and cationic surfactant and the
self-assembly of surfactant. In a typical experiment, as-synthesized
graphene oxide (30 mg) was firstly suspended in an aqueous solution
containing CTAB (1 g) and NaOH (40 mg), and then ultrasonically
treated for 3 h. After magnetic stirring for 2 h at 40°C, tetraethylor-
thosilicate (TEOS, 1 mL) was slowly added to the above mixture.
After reaction for 12 h, the desired graphene oxide based mesoporous
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silica sheets were obtained by washing with warm ethanol, separation,
and drying. Graphene-based mesoporous silica sheets were produced
by pyrolysis of graphene oxide based mesoporous silica sheets at
800°C for 3 h in argon.

Graphene-based mesoporous carbon and Co;O, sheets were
prepared using graphene-based mesoporous silica sheets as a
template by a nanocasting approach. Typically, an ethanol solution
of sucrose or cobalt nitrate was repeatedly impregnated into the
template under magnetic stirring at 40°C, where the weight ratios
between sucrose and template or cobalt nitrate and template were
fixed to 2:1 or 2.3:1, respectively. Later on, the sucrose-filled template
was pyrolyzed at 700°C for 3 h in argon, and the template filled with
cobalt nitrate was treated at 350°C for 5 h in air. Subsequent etching
of the resulting samples in a NaOH solution gave birth to graphene-
based mesoporous carbon and Co;0, sheets.

The morphology and microstructure of the samples were inves-
tigated by FE-SEM (Hitachi SU8000), TEM (Philips EM 420),
HRTEM (Philips Tecnai F20), STEM (Philips Tecnai F20), AFM
(Veeco Dimension 3100), EDX (Philips Tecnai F20), SAED (Philips
Tecnai F20), and TGA (Mettler TG 50) measurements. Nitrogen
sorption isotherms and BET surface area were measured at 77 K with
a Micromeritcs Tristar 3000 analyzer (USA). Electrochemical experi-
ments were carried out in 2032 coin-type cells. The working electrodes
were prepared by mixing GM-C, carbon black (Super-P), and
poly(vinyl difluoride) (PVDF) at a weight ratio of 80:10:10 and
pasted on pure copper foil (99.6 %, Goodfellow). Pure lithium foil
(Aldrich) was used as the counter electrode. The electrolyte consisted
of a solution of 1M LiPF; in ethylene carbonate (EC)/dimethyl
carbonate (DMC) (1:1 by volume) obtained from Ube Industries Ltd.
The cells were assembled in an argon-filled glovebox with the
concentrations of moisture and oxygen below 1 ppm. The electro-
chemical performance was tested at various rates in the voltage range
of 0.01-3.00 V.
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