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The mesostructured silica template between hexagonal and
lamellar phases derived from self-assembled tetraethyl-
ortho-silicate (TEOS) with uniform adsorption of iron-group
metal ions provides an ideal environment for growing highly
crystalline graphene foils at a low temperature.

Because of the unique electronic, mechanical, chemical, and
thermal properties, great research attention and interest have
been attracted to the synthesis, characterization, and application
of graphene sheets (GS).!® Several techniques including
scotch taping of graphite, epitaxial growth, molecular
approach, exfoliation of raw graphite, and chemical reduction
of graphene oxide (GO) were developed to synthesize the
so-called “graphene”.>*!° However, yields of the former two
processes are too low to control and to provide a platform for
facilitating the GS-based nanodevices. For the latter processes,
the presence of high-density defects and relatively poor
conductivity on GS is unavoidable because it is reduced from
GO usually obtained through supersonic exfoliation of graphite
oxidized by strong oxidants.'""'? Accordingly, developing an
effective route for guaranteeing the growth of highly pure GS
remains a crucial challenge.

The success in synthesizing GS is usually confirmed by its
thickness through atomic force microscopic (AFM) analysis
while the topological resolution for defects, atomic lattices,
and functional groups on this material is poor.>>!*!* Since the
physicochemical properties of GS are exceptionally sensitive
to lattice imperfections,>*!>!® how to effectively synthesize
GS with few defects is definitely important to extend its future
applications. On the other hand, the very limited direct lattice
images in the atomic scale resolution for most graphene or
graphene-like nanosheets in the literature®>!3!® indicate the
significant barrier in synthesizing high quality GS.

Very recently, GS were reported to grow by means of a
surfactant-self-assembled approach.!” However, mesoporous
lamellar silica templates are hard to be synthesized.'®! Here
we propose a new approach: the formation of mesostructured
silica between the hexagonal and lamellar phases for confined
growth of highly crystalline GS which can be directly
confirmed by the lattice images in the atomic scale resolution.
This idea comes from the spontaneous phase transformation
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from lamellar to hexagonal phases in investigating the formation
mechanism of hexagonal silica templates.?’ Formation of the
mesophase structure, enhanced by using correct surfactants
(see phases 1 to 3 in Fig. 1A), will provide a confined
environment favorable for growth of GS.

Furthermore, the iron-group metal (Fe, Co, Ni) salts are
employed to advance the formation of large graphene sheets
based on the understanding of the formation mechanism of
graphite-enriched carbon nanofibers.?! Thus, the uniform
dispersion of iron-group metal atoms on the walls of
mesophase silica templates will provide an ideal environment
for catalytic graphene growth during the carbonization
process (step 1) with an additional merit of low temperature
(600 °C). The highly crystalline GS of a high yield can be
obtained after the template removal step (step 2). From the
above ideas, we successfully develop a novel route to directly
prepare GS of few layers (1-2 layers). The experimental data
and model provide a clear guide for growing GS at low
temperatures for future applications. In this work, the structure-
directing surfactant, pluronic F127, is used to replace the
cationic surfactant (e.g., cetyltrimethylammonium, CTA ™)
for constructing the mesoporous silica templates between
lamellar and hexagonal phases because the strong interaction
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Fig. 1 (A) Illustration of the fabrication of single- and bi-layer GS:
the spontaneous lamellar-to-hexagonal phase transformation is pinned
by using F127 surfactant (phases 1-3); the mesostructure can be used
for confining growth of GS during the carbonization process (step 1);
high-quality graphene sheets are obtained after removing the SiO,
templates (step 2). (B) A TEM image of the mesostructured SiO,
template and (C) the small angle X-ray scattering pattern of this
mesostructured SiO,.
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between cationic surfactant and anionic silicate favors the
formation of a hexagonal phase.*

Fig. 1B demonstrates the success in forming the meso-
structure of silica although lamellar, meso, and hexagonal
phases are visible. The resultant mesostructure is not
significantly affected by the type of metal salts (e.g., CoCl,
in Fig. 1B and MnCl, or ZnCl, in Fig. S1 of supporting
informationt) in the precursor solution and the distance
between each lamellar layer is equal to 9.6 nm. The above
unique microstructure of silica has been confirmed by the
small angle X-ray scattering (SAXS) pattern (Fig. 1C). From
this SAXS pattern, the ratios of diffraction positions equal to
1:4'2 (black arrows) and 1:3Y2 (red arrows) correspond
to the lamellar and hexagonal-packed cylinder phases,
respectively, revealing the coexistence of lamellar and hexagonal
structures. The average distance, ca. 10 nm, between each
lamellar layer estimated from d = 2m/¢* is consistent with the
TEM analysis. This narrow mesoporous space is very suitable
for the confined growth of GS. The triblock copolymer in the
above aged, self-assembled silica matrix will be decomposed
and carbonitized along the template wall in a vacuumed quartz
tube heated at 600 °C for 4 h. The silica template can be
effectively removed with 2 M NaOH to obtain the few layer
GS (see Fig. 2 and Fig. S2). This two-step procedure provides
a simple, controllable, rational route for obtaining large
graphene sheets.

Fig. 2A clearly shows the formation of GS with the lateral
dimensions in micrometers, revealing the successful growth of
large graphene foils. Due to the large nature and the strong
van der Waals force of m electrons, these graphene sheets
resemble crumpled silk veil waves.*?* The selected-area
electron diffraction (SAED) result, performed on the smooth
region, displays a hexagonal pattern, confirming the single
crystalline structure of GS. In the high-resolution TEM image
(Fig. 2B), the surface of the GS is very smooth, resulting in the
clear observation of graphene lattices. In the inset of Fig. 2B,
the white hexagonal rings represent the carbon atoms
constructing the single layer GS. The above direct lattice
images in the atomic scale resolution reveal the significance
and effectiveness of our novel route in preparing the highly
crystalline GS. The formation of few layer GS was then
confirmed by several typical analytical techniques (see Fig. 3).
The thickness of graphene, probed by AFM (Fig. 3A), is about
0.74 and 1.5 nm which is respectively considered as the single-
layer and bi-layer GS in the literature.''>>* The characteristic
Raman bands (Fig. 3B) corresponding to graphene are clearly
visible since Raman spectroscopy is an essential tool for
characterizing graphene.>* From the fitting data of X-ray
photoelectron spectroscopy (XPS) (Fig. 3C), there are about
71.5 at% carbon atoms in the sp>-bonded structure while only
5.5 at% carbon atoms in the sp>-bonded form. Based on all
the results and discussion of TEM, AFM, Raman, and XPS
analyses, GS has been successfully prepared by the novel route
of confined growth proposed in this work.

In general, graphitization occurs at very high temperatures
while the growth of graphite-like carbon does occur at 600 °C
in the confined 2D silica templates (see Fig. S31). This growth
of graphene, on the other hand, is effectively catalyzed by
the uniform dispersion of iron-group metal clusters from a

Fig. 2 (A) Bright-field TEM and (B) HR-lattice images of graphene.
The insets in (A) and (B) is the SAED pattern and lattice image of
single-layer graphene, respectively.
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Fig. 3 (A) AFM analysis, (B) HR-micro Raman pattern, and
(C) XPS fitting result of graphene.
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Fig. 4 (A) The schematic model for catalytic confined growth of GS.
Step 1 shows that cobalt ions are uniformly expelled from the
precursor matrix during the formation of silica templates, which will
be reduced to cobalt nanoclusters during the carbonization in step 2.
CO molecules dissolve into cobalt nanoclusters to continue the GS
growth in step 3. (B) The STEM element mapping analyses of carbon
and cobalt for GS.

comparison of the quality and quantity of GS grown from the
precursor solutions containing CoCl, (Fig. 2) and ZnCl, and
MnCl, (see Fig. S37), respectively. The model for catalytically
growing large GS by the presence of iron-group metal clusters
is schematically presented in Fig. 4A. The cobalt ions
homogeneously dissolved in the precursor solution will be
expelled from the precursor matrix due to the formation of
silica templates from the condensation and polymerization of
TEOS during the 24-h aging process. This action causes the
uniform adsorption of cobalt ions on the wall of OH-ending
silica templates (step 1). These cobalt ions will be reduced to
metallic atoms during the carbonization step because F127 is
decomposed under 600 °C to provide the carbon sources
(e.g., CO and CO-like species) (step 2). Cobalt atoms should
gather to form metallic nanoclusters while the simultaneous
growth of graphene around these clusters effectively restricts
their growth. The carbon sources continuously supplied from
the F127 decomposition will be catalytically transformed into
graphene through the metallic clusters uniformly adsorbed on
the SiO, walls during this carbonization process. The silica
templates effectively confine the 2D growth of graphene
around cobalt clusters while CO molecules can diffuse in these
mesoporous templates to continue the GS growth (step 3). The
STEM element mapping analyses of GS in Fig. 4B confirm the
uniform distribution of cobalt clusters on the resultant GS.
These cobalt clusters can be simply removed by using dilute
acidic media which will not damage the GS.

In conclusion, a novel efficient strategy for synthesizing
large graphene sheets is successfully developed in this work.
Mesostructured silica templates between lamellar and hexagonal
phases are effectively formed from the self-assembled TEOS
matrix containing pluronic F127 and metal chlorides. The
uniform adsorption of iron-group metal clusters on the walls
of mesoporous silica templates provides an ideal environment
for catalytic growth of graphene at a low temperature
(600 °C). The confined growth of large-area GS with direct
images of lattice atoms is definitely enhanced by introducing
iron-group metal salts.
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