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ABSTRACT: The rational design and controllable syn-
thesis of strongly coupled inorganic/graphene hybrids
represents a long-standing challenge for developing
advanced catalysts and energy-storage materials. Here,
we report a simple sol—gel method toward creating
ultradispersed TiO, nanoparticles on graphene with an
unprecedented degree of control based on the precise
separation and manipulation of nanoparticles nucleated,
grown, anchored, and crystallized and the reduction of
graphene oxide (GO). The hybrid materials show
ultradispersed anatase nanoparticles (~5 nm), ultrathin
thickness (<3 layers), and a high surface area of ~229 m*/
g and exhibit a high specific capacity of ~94 mA h g™" at
~59 C, which is twice as that of mechanically mixed
composites (~41 mA h g™'), demonstrating the potential
of strongly synergistic coupling effects for advanced
functional systems.

G raphene, a single layer of carbon arranged in a honeycomb
structure, has proved to be an exceptionally promising and
versatile building block for the design of useful devises and
materials because of its fascinating electronic, thermal, and
mechanical properties, high specific surface areas, and easy
availability from graphite.' Of the many graphene-based
materials that have been reported, those involving inorganic
nanocrystals are of particular interest because such a hybrid
system has led to many promising applications in areas such as
solar energy conversion, electrocatalysis, lithium ion batteries
(LIBs), and so on.”> Several methods, including the direct
deposition process and a two-step strategy, have been extensively
used to form inorganic nanocrystals on chemically derived
graphene sheets.” However, one of the challenges associated with
the integration is how to ensure the nucleation and growth of
inorganic nanocrystals selectively on chemically derived
graphene sheets over free growth in solution because it is
difficult to match their compatibilities and interactions in
addition to regulating the reduction of graphene oxide (GO).*
Another challenge is how to control the particle size, uniform
dispersion, and density of the loaded inorganic nanocrystals, as
well as keeping the reduced graphene oxide (RGO) sheets
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individually separated.® These pose significant limitations on the
creation of useful graphene-based materials.

Here, we report a versatile sol—gel strategy for the synthesis of
ultradispersed TiO, nanoparticles on graphene, which allows
precise tuning of the hybrid materials. In this case, the TiO,
nanoparticles nucleated, grew, anchored, and crystallized on GO
sheets, and the individual separation and reduction of GO sheets
are precisely separated and manipulated, respectively, via a
simple sol—gel process of tetrabutyl titanate (TBOT) in a pure
ethanol system. The resultant TiO, nanocrystals/RGO sheets
not only possess ultradispersed anatase nanoparticles (~S nm),
ultrathin thickness (<3 layers), and a high surface area of ~229
m?/g but also exhibit excellent rate capability and cycle
performance as an anode material for LIBs. At ~ 59 C, a high
specific capacity of ~94 mA h g™ is still achieved, which is twice
that of mechanically mixed TiO,/RGO composites (~41 mA h
g ).

Ultradispersed TiO, nanoparticles were grown on graphene
sheets via a sol—gel method (Figure 1). In a typical synthesis, GO
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Figure 1. Schematic representation of the sol—gel design strategy
toward ultradispersed TiO, nanocrystals on graphene.

was first prepared by a modified Hummers method,® and then
amorphous TiO, nanoparticles were deposited on GO sheets via
the hydrolysis and condensation of TBOT in pure ethanol with a
low content of concentrated ammonia (0.1 vol %). This led to
the selective formation of amorphous TiO,/GO sheets.
Followed by a thermal treatment process, amorphous TiO,
nanoparticles crystallized into uniform anatase nanoparticles
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accompanied by the reduction of GO sheets, leading to the
formation of TiO, nanocrystals/RGO sheets.

A field emission scanning electron microscopy (FESEM)
image of the amorphous TiO,/GO sheets (Figure 2a) shows that

Figure 2. (a,b) FESEM and (c,d) TEM images of the amorphous TiO,/
GO sheets.

the product is composed of many free-standing and ultrathin
sheets with morphology similar to that of initial GO sheets, and
no naked GO sheets or free TiO, nanoparticles appear. A
magnified FESEM image (Figure 2b) clearly reveals that a large
number of TiO, nanoparticles with a size of ~8 nm are uniformly
dispersed on the sheet. Transmission electron microscopy
(TEM) images (Figure 2c,d) further disclose the ultrathin
sheetlike nature and the fact that TiO, nanoparticles are
uniformly and loosely packed on sheets. Furthermore, a high-
resolution TEM (HRTEM) image clearly confirms the
amorphous nature of TiO, nanoparticles on ultrathin GO sheets
(<3 layers) (Figure S1). These results suggest that the
amorphous TiO, nanoparticles can be selectively loaded on
GO sheets without free growth in solution. The X-ray diffraction
(XRD) pattern of the amorphous TiO,/GO sheets (Figure S2a)
exhibits a weak, broad diffraction peak that can be indexed to the
characteristic reflection of amorphous TiO,. However, the
typical 002 reflection at 20 = 11.3° of the initial GO sheets
disappears (Figure S2b), indicating the absence of the compact
layer-by-layer stacking of GO sheets in the products.” It further
confirms that GO sheets are individually separated and uniformly
coated with amorphous TiO, nanoparticles.

A thermal treatment of the amorphous TiO,/GO sheets in Ar
at 500 °C gives rise to the final hybrid materials. The FESEM
image (Figure 3a) shows that the TiO, nanocrystals/RGO sheets
well retain the 2D nanostructure of the parent sheets. Magnified
FESEM (Figures 3b and S3) images clearly reveal that a large
number of TiO, nanoparticles with a small particle size of ~5 nm
are uniform and ultradispersed on graphene sheets. No obvious
large or aggregated TiO, nanoparticles are visible. The XRD
pattern (Figure 3c) reveals that the amorphous TiO, is well
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Figure 3. (a,b) FESEM images, (c) the XRD pattern, and (d) Raman
spectrum of the TiO, nanocrystals/RGO sheets.
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crystallized into anatase phase (JCPDS file no. 21-1272).% The
average crystal size of the TiO, nanoparticles estimated by using
Scherrer’s formula is around S nm, which is in good agreement
with the FESEM results. In addition, no diffraction peak
corresponding to the restacking of graphene to form graphite
can be observed, suggesting that the agglomeration of graphene
sheets during the reduction process can be effectively prevented.
The Raman spectrum (Figure 3d) indicates the characteristic
peaks of anatase TiO, at 154 cm™ and the D and G bands of
graphene. The relative low intensity and the shift toward high
frequency compared to the E; mode at 144 cm™" of bare bulk
TiO, further illustrate the ultradispersed nature of these small
TiO, nanoparticles and their strong interactions with the
graphene support.** Such strong synergistic effects would greatly
promote their photocatalytic and electrical applications. The
presence of C, Ti, and O elements in the sheets is also confirmed
by the energy-dispersive X-ray (EDX) spectrum (Figure S4),
giving ~48% graphene by mass, which is well in accordance with
the TGA results (Figure SS).

TEM images (Figures 4a and S6) of the TiO, nanocrystals/
RGO sheets also show the typical single or overlapping sheetlike

Figure 4. (a,b) TEM images of the TiO, nanocrystals/RGO sheets.
Inset a shows the SAED pattern taken at the relatively flat edge of the
sheet. Inset b is the corresponding particle size distribution of the loaded
TiO, nanoparticles derived from 200 of TiO, particles in image b. (c)
HRTEM image showing nanosized TiO, with highly exposed edges
stacked on graphene sheets (one layer).

morphology but uniformly loading plenty of small nanoparticles,
which is consistent with the FESEM results. The selected-area
electron diffraction (SAED) pattern shows two series of well-
defined diffraction patterns (Figure 4a, inset), which can be well
assigned to graphene (marked with red circles)’ and anatase
TiO,,"* respectively, further suggesting the effective crystal-
lization and reduction. A magnified TEM image (Figure 4b)
reveals that a large number of TiO, nanoparticles are
ultradispersed on graphene sheets. The size distribution curve
of the TiO, nanoparticles displays a mean diameter centered at
~S nm with a standard deviation of about 10% (Figure 4b, inset).
The HRTEM image (Figure 4c) shows that highly crystalline
TiO, nanoparticles are randomly distributed on two sides of
graphene with different contrasts. A well-defined crystalline
lattice can be identified with a d spacing of 0.35 nm
corresponding to the (101) plane of anatase TiO,."" Moreover,
the edge of graphene (a single layer) can be clearly observed as
indicated by the arrow. The homogeneous and ultradispersed
nature of these small TiO, nanoparticles on graphene can be
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further confirmed by the scanning TEM (STEM) image and the
corresponding element mapping images (Figure S7) of C, Tj,
and O in the TiO, nanocrystals/RGO sheets.

N, sorption isotherms (Figure S8a,b) of the amorphous TiO,/
GO and freeze-dried GO sheets both show type IV curves with
distinct hysteresis loops close to H3 type, which is a typical
characteristic of the stacked sheetlike materials. The Brunauer—
Emmett—Teller (BET) surface area of the amorphous TiO,/GO
sheets is calculated to be ~287 m?/ g, which is much higher than
that of freeze-dried GO sheets (~215 m?/g). It further suggests
that the GO sheets are individually separated and well coated
with TiO, nanoparticles without the compact stacking structure
during the sol—gel process. After annealing in Ar at 500 °C, the
resultant TiO, nanocrystals/RGO sheets retain the type IV curve
and H3 type hysteresis loop (Figure S8c), showing a slight
decrease in the BET surface area of ~229 m?/g, which is still very
high and superior to that of most of the previously reported
TiO,/RGO hybrid materials.”*"*'> Such high surface areas
provide more surface-active sites and make the charge-carrier
transport easier, leading to an enhancement of the photocatalytic
and electrical performance. The slight decrease in the surface area
results from the densification of amorphous TiO, networks and
the grain growth of TiO, nanoparticles."* It is worth noting that
the RGO sheets from pure GO sheets shows a low BET surface
area of ~15 m?/g (Figure S8d). It also demonstrates that the
loaded TiO, nanoparticles can effectively prevent the agglom-
erations of graphene sheets during the thermal reduction
process.

In this sol—gel design strategy, the unprecedented control of
the hybrid materials is achieved by the rational separation and
precise manipulation of the synthesis processes (involving TiO,
nanoparticles nucleated, grown, anchored, and crystallized on
GO sheets and the individual separation and reduction of GO)
(Figure 1). In ethanol, GO sheets can be nearly completely
exfoliated and well dispersed without restacking and fully expose
the surface areas of the sheets.* Therefore, in the first sol—gel
process, the nucleation and growth of amorphous TiO,
nanoparticles selectively on GO sheets are preferred and can
be uniformly and exclusively present at the oxygen functional
group sites in the GO domain owing to their strong interactions
with titanjum oligomers in a covalent manner.'* More
importantly, the pure ethanol system with an ultralow content
of ammonia used in this contribution results in decreasing yet
well-controllable hydrolysis and condensation rates of titanium
alkoxides. Thus, the heterogeneous nucleation and growth of
TiO, on GO sheets can be preferentially achieved without the
continuous/homogeneous one. Moreover, the dispersion and
density of the loaded TiO, nanoparticles can be precisely
controlled by simply tuning the ammonia content (Figure S9),
which is extremely difficult in other synthetic systems. In
separated thermal annealing, owing to the strong coupling effects
between them, the amorphous TiO, nanoparticles undergo a
localized crystallization on GO sheets without aggregation and
migration, and GO sheets simultaneously experience a nano-
particle-protected reduction without agglomerations, which are
the most important and challenging parts of other synthesis
routes. Therefore, the crystallinity, phase, size, and morphology
of TiO, nanoparticles and the reduction degree of graphene
sheets can be well controlled by simply adjusting the thermal
treatment temperature and atmosphere/solvent, surprisingly
without changing the fascinating nanostructures (such as their
ultrad3isperse, ultrathin nature) of the hybrid materials (Figure
$10).3

The lithium-insertion/extraction properties of the TiO,
nanocrystals/RGO sheets as an anode material were investigated
by galvanostatic charge/discharge measurements over a voltage
range of 1.0—3.0 V. Figure Sa shows the typical charge/discharge
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Figure 5. (a) Charge/discharge curves of the TiO, nanocrystal/RGO
sheet electrode at a current density of 0.1 Ag™' (~0.59 C). (b) Cycling
performance of the TiO, nanocrystal/RGO sheet electrode at constant
current densities of 0.1 and 2 Ag™". (c) Cycling performance of the TiO,
nanocrystal /RGO sheet (M) and mechanically mixed TiO,/RGO
composite (red @) electrodes at different current densities from 0.1 to
10 Ag™". All measurements were conducted within a voltage window of
1-3 V. (d) Schematic representation of the electrochemical reaction
path on the TiO, nanocrystals/RGO sheets.

curves of a TiO, nanocrystal/RGO sheet electrode at a current
density of 0.1 Ag™" (~0.59 C), which clearly exhibits two distinct
domains. The obvious horizontal discharge plateau at 1.78 V and
charge plateau at 1.9 V are characteristic of lithium-insertion/
extraction between tetragonal anatase TiO, and orthorhombic
LiosTiO,."* Nevertheless, the slope below 1.7 V is a typical
characteristic of capacitive behavior, which arises from the
surface or interfacial storage of lithium ions,>'* further
indicating the high surface area and small particle size of TiO,
nanocrystals on graphene sheets. As a result, a high capacity of
352 mA h g_1 can be derived in the first discharge, with a
corresponding charge capacity of 189 mA h g™' based on the
weight of the TiO, nanocrystals/RGO sheets. Figure 5b shows
the cycling performance of the hybrid sheet anode at constant
current densities of 0.1 and 2 Ag™". Clearly, it shows a superior
cyclic retention of 100 cycles at each current rate and a
Coulombic efficiency approaching almost 100% (Figure S11). In
a control experiment, free TiO, nanoparticles and RGO sheets
are separately synthesized following the same procedures as for
the synthesis of the hybrid materials without each other and then
mechanically mixed together. In a voltage window of 1—3 V, the
RGO sheets from the pure GO sheets have a capacity of ~151
mA h g™' at a current density of 0.1 Ag™' (Figure S12). The
resultant TiO,/RGO composites have a lower capacity of ~149
mA h g™" in the first discharge and a poorer cycling performance
than that of the TiO, nanocrystals/RGO sheets (Figure S13).
That is because the large aggregated TiO, nanoparticles and
restacked graphene sheets with a low surface area (15 m?g™") are
produced in the absence of the mutual protection effects during
the thermal treatment process, which leads to lower active sites
for lithium storage.ls’ ® In addition, the weak connections
between TiO, nanoparticles and restacked graphene sheets are
responsible for the poor cycling performance during lithium-
insertion/extraction processes. The rate capabilities of the TiO,
nanocrystals/RGO sheets and mechanically mixed TiO,/RGO
composites are then evaluated by charge/discharge at various
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current densities from 0.1 to 10 Ag™" (Figure Sc). It is clear that
the hybrid sheets show excellent cyclic capacity retention at each
current density. Remarkably, a high reversible capacity of ~94
mAh ¢! at a current density of 10 Ag™" (~59 C), which is much
higher than that of mechanically mixed composites (~41 mA h
g™"), can still be achieved. Importantly, after the high-current-
density measurements, the capacity of the TiO, nanocrystals/
RGO sheets at 0.1 Ag™' can recover to the initial value, indicating
its high reversibility. The high capacity, remarkable rate
capability, and outstanding cycle stability of the TiO, nanocryst-
als/RGO sheets may be caused by the synergistic coupling eftects
in the TiO, nanocrystals/RGO sheets (Figures Sd and
$14):>°9'7 (i) the small TiO, nanocrystals (~5 nm) not only
greatly improve the theoretical lithium capacity (x > 0.5) for
anatase Li, TiO, but also drastically shorten the diffusion path for
lithium-insertion/extraction as a result of the quantum size
effect;'® (ii) the ultrathin graphene sheets can act as a conductive
substrate to improve the electron transport and present a high
degree of exposure of surface or defect sites for lithium storage; '®
(iii) the unique nanostructure not only provides a high surface
area for interfacial lithium storage but also maintains the integrity
of the electrode during the charge and discharge processes,”"®
which is responsible for the high rate capability and cycling
stability.

In summary, we have devised a simple and scalable sol—gel
method for producing ultradisperse TiO, nanoparticles on
graphene with a small particle size (~5 nm), ultrathin thickness
(<3 layers), and a high surface area of ~229 m*/g. Our findings
reveal that the rational separation and precise manipulation of
the synthesis processes of a system (involving nanoparticles
nucleated, grown, anchored, and crystallized on GO sheets and
the individual separation and reduction of GO sheets) together
allow unprecedented control of the hybrid materials. Further-
more, we have demonstrated that the TiO, nanocrystals/RGO
sheets exhibit a high specific capacity of ~94 mAh g™" at ~59 C,
an excellent rate capability and cycle performance owing to the
strong synergistic coupling effects. This sol—gel design strategy
describes the blueprint of the rational design and controllable
synthesis of useful graphene-based materials to extend their
functions and achieve specific applications.
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