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ABSTRACT 
A graphene/TiO2 nanocrystals hybrid has been successfully prepared by directly growing TiO2 nanocrystals on 
graphene oxide (GO) sheets. The direct growth of the nanocrystals on GO sheets was achieved by a two-step 
method, in which TiO2 was first coated on GO sheets by hydrolysis and crystallized into anatase nanocrystals 
by hydrothermal treatment in the second step. Slow hydrolysis induced by the use of EtOH/H2O mixed solvent 
and addition of H2SO4 facilitates the selective growth of TiO2 on GO and suppresses growth of free TiO2 in 
solution. The method offers easy access to the GO/TiO2 nanocrystals hybrid with a uniform coating and  
strong interactions between TiO2 and the underlying GO sheets. The strong coupling gives advanced hybrid 
materials with various applications including photocatalysis. The prepared graphene/TiO2 nanocrystals hybrid 
has superior photocatalytic activity to other TiO2 materials in the degradation of rhodamine B, showing an 
impressive three-fold photocatalytic enhancement over P25. It is expected that the hybrid material could also 
be promising for various other applications including lithium ion batteries, where strong electrical coupling to 
TiO2 nanoparticles is essential. 
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Its interesting electrical and mechanical properties, 
and high surface area make graphene a novel substrate 
for forming hybrid structures with a variety of nano- 
materials [1–3]. Graphene hybrids with metal oxides, 
metals and polymers have been developed recently 
for various applications [4–6]. Nanocrystal growth on 
graphene sheets is an important approach to produce 
nanohybrids, since controlled nucleation and growth 
affords optimal chemical interactions and bonding 
between nanocrystals and graphene sheets, leading to 
very strong electrical and mechanical coupling within 

the hybrid. Several methods have been proposed to 
form nanocrystals on graphene sheets, such as electro- 
chemical deposition [7], sol–gel process [8] and gas 
phase deposition [9, 10]. Recently, we developed a 
controlled, two-step solution phase synthesis of nano- 
crystals of Ni, Fe, and Co hydroxides or oxides on 
graphene sheets, which is highly selective in that 
there is no growth of free nanocrystals in solution [1]. 
We demonstrated the excellent performance of nickel 
hydroxide nanoplates grown on graphene for electro- 
chemical pseudocapacitive energy storage, utilizing  
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the high electrical conductivity of graphene [4]. 
Here we present a two-step, direct synthesis of 

TiO2 nanocrystals on graphene oxide (GO) and the 
photocatalytic properties of the resulting hybrid 
material. Due to its low cost, high stability and efficient 
photoactivity, TiO2 has been widely used for photo- 
electrochemical and photocatalytic applications [11]. 
Several graphene/TiO2 composites have been reported 
recently for use in lithium ion batteries [12], photo- 
catalysis [13], and dye sensitized solar cells [14], using 
either surfactant-assisted growth or simple physical 
mixing of pre-synthesized TiO2 particles and graphene. 
Here we achieve surfactant-free growth of TiO2 nano- 
crystals on graphene with optimal TiO2–graphene 
coupling. By limiting the rate of hydrolysis, we obtain 
a high degree of control which confines TiO2 nano- 
crystal growth selectively on the graphene oxide sheets, 
without any growth of free TiO2 in solution. The 
resulting hybrid material showed superior photo- 
catalytic degradation of rhodamine B and methylene  
blue relative to a variety of other TiO2 materials. 

GO prepared by a modified Hummers’ method 
[15–18] was used as a substrate for TiO2 growth giving 
TiO2/GO hybrids (containing ~10% GO by mass). 
Details are given in the Electronic Supplementary 
Material (ESM). The functional groups on GO provide 
reactive and anchoring sites for nucleation and growth 
of nanomaterials (Fig. 1) [1]. In the first reaction step, 
fine particles of almost amorphous TiO2 (see the XRD 

pattern in Fig. S-1 in the ESM) were coated on GO 
sheets by hydrolysis of Ti(BuO)4 at 80 °C by addition 
of H2SO4 in a EtOH/H2O (15/1 by volume) mixed 
solvent, designed to slow down the hydrolysis reaction. 
This led to selective growth of TiO2 on GO (Fig. 1(b)) 
without any obvious growth of free TiO2 particles in 
solution. Rapid hydrolysis occurred when water alone 
was used as the solvent, or without the addition of 
H2SO4; in these cases growth of TiO2 particles in 
solution, not associated with GO, was observed (see 
Fig. S-2 in the ESM). In the second step, we carried out 
a hydrothermal treatment of the amorphous TiO2/GO 
at 200 °C in a mixed water/DMF solvent (Fig. 1(c)), 
which led to crystallization of the coating material on  
GO giving anatase nanocrystals (Figs. 2(b)–2(d)). 

We used water/DMF (50/1 by volume) mixed solvent 
in the second step since DMF was found to facilitate 
dispersion of the graphene sheets and reduce aggre- 
gation, as shown by the higher surface area (190 m2/g) 
for the resulting hybrid compared with that of the 
material (134 m2/g) obtained in pure water. Electron 
microscopy images (Figs. 1(c), 2(a) and 2(b)) revealed 
dense TiO2 nanocrystals densely bound to GO sheets, 
which were not detached even under sonication. High 
resolution TEM (Fig. 2(c)) showed that TiO2 grown 
on GO adopts a highly crystalline anatase phase,  
consistent with the XRD pattern (Fig. 2(d)). 

The density of TiO2 nanocrystals coated on graphene 
was controlled by the feed ratio of Ti(BuO)4/GO, 

 

Figure 1 Synthesis of TiO2 nanocrystals on GO sheets. Top panel: Reaction scheme: (a) AFM image of a starting GO sheet; (b) SEM
image of particles grown on a GO sheet after the first hydrolysis reaction step; (c) SEM image of TiO2 nanocrystals on GO after
hydrothermal treatment in the second step. The scale bars are 100 nm 
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increasing as the amount of Ti(BuO)4 increased 
(Fig. 3). The average size of the TiO2 nanocrystals 
depended on the EtOH/water ratio in the first step, 
increasing from ~15 nm in EtOH/water (15/1) to ~30 
nm in EtOH/water (3/1) (Fig. S-3 in the ESM). This is 
because the rate of the hydrolysis reaction increased 
with increasing water content. This was accompanied 
by a decrease in surface area for TiO2/GO synthesized 
in EtOH/water mixtures with higher water concen-  
trations (Table S-1 in the ESM). 

TiO2 nanocrystals directly grown on graphene 
appeared to exhibit strong interactions with the 
underlying GO sheets since sonication did not lead to 
their dissociation from the sheets. This strong coupling 
should lead to advanced hybrid materials for various 
applications, including photocatalysis. TiO2 has been 
widely used as a photocatalytic semiconductor for 
decontamination of organic pollutants. A limiting 
factor in the rate of photocatalysis reaction is the 
rapid electron-hole recombination [19]. In order to 
increase the charge separation lifetime, carbon nano- 
tube (CNT)–TiO2 hybrids have been produced; these  

 
Figure 3 SEM images of graphene/TiO2 hybrids formed with 
various GO/TiO2 mass ratios: (a) 1:1, (b) 1:3, (c) 1:9, (d) 1:18. 
The scale bars are 100 nm. The TiO2 coating density is controlled 
by varying the feed ratio of Ti (BuO)4/GO. The coating of TiO2 
nanocrystals on graphene becomes denser as the Ti (BuO)4/GO 
feed ratio is increased 

 
Figure 2 (a) SEM image, (b) low magnification, and (c) high magnification TEM images of TiO2 nanocrystals grown on GO sheets.
The scale bar is 400 nm for the SEM image in (a) and 20 nm for the TEM image in (b). (d) An XRD pattern of the graphene/TiO2

nanocrystals hybrid 
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enhance the rate of photocatalysis reaction through  
transfer of photoexcited electrons to the CNTs [20]. 

We tested the photocatalytic performance of our 
graphene/TiO2 nanocrystals hybrid in the photo- 
degradation of rhodamine B under UV irradiation 
(Fig. 4(a)) and compared it with free TiO2 nanocrystals 
synthesized by the same method in the absence of 
GO, and P25 (a well-known commercial TiO2 photo- 
catalyst). The amount of TiO2 was kept the same in 
all these samples. The hybrid sample used for the 
photocatalytic measurements was prepared using 
EtOH/water = 15/1 (volume ratio) in the first step and 
water/DMF = 50/1 (volume ratio) in the second step 
with TiO2/GO = 9/1 (mass ratio). The kinetics of the 
degradation reaction were fitted to a pseudo first- 
order reaction at low dye concentrations: ln(c0/c) = kt, 
where k is the apparent rate constant [21]. The average 
value of k for the hybrid (k = 0.200 min–1) was found 
to be ca. four times that of free TiO2 grown in  

 
Figure 4 (a) Schematic illustration of the photodegradation of 
rhodamine B molecules by the graphene/TiO2 nanocrystals hybrid 
under irradiation by a mercury lamp. The inset shows the solution 
of the graphene/TiO2 nanocrystals hybrid. (b) Photocatalytic 
degradation of rhodamine B monitored as normalized concentration 
change versus irradiation time in the presence of free TiO2, P25, 
graphene/TiO2 nanocrystals hybrid and a graphene/TiO2 mixture. 
(c) Average reaction rate constant (min–1) for the photodegradation 
of rhodamine B with free TiO2, P25, graphene/TiO2 nanocrystals 
hybrid, and the graphene/TiO2 mixture. The error bars are based 
on measurements on at least four different samples 

solution (k = 0.050 min–1) and three times that of P25 
(k = 0.068 min–1). We also prepared a simple mixture 
of P25 and GO and hydrothermally treated the 
mixture as reported in the literature [13]; the resulting 
mixture gave a value of k = 0.090 min–1, less than half 
that for our directly grown graphene/TiO2 hybrid 
(Figs. 4(b) and 4(c)). The three-fold enhancement in 
photocatalytic activity of our hybrid over P25 is 
impressive, considering the low cost of GO and the 
highest reported enhancement factor (ca. two) for 
CNT–TiO2 composites over P25 [20]. The superior 
photocatalytic activity of our graphene/TiO2 hybrid 
was also demonstrated in the degradation of methylene 
blue. The average rate constant for the hybrid 
(k = 0.128 min–1) is much larger than those for P25 
(k = 0.055 min–1) and a simple mixture of P25 and GO  
(k = 0.084 min–1) (Fig. S-4 in the ESM).  

The high photocatalytic activity of our hybrid could 
be a result of the strong coupling between TiO2 and 
GO which facilitates interfacial charge transfer (with 
GO as an electron acceptor) and inhibits electron–hole 
recombination [22]. Another possible contributing 
factor is that the hybrid material has a higher BET 
surface area (190 m2/g) than both free TiO2 grown in 
solution (121 m2/g) and P25 (58 m2/g). In addition, the 
conjugated dye molecules could bind to large aromatic 
domains on GO sheets via π–π stacking, which could  
favor increased reactivity [19]. 

In conclusion, we have successfully grown TiO2 
nanocrystals on graphene with a well-controlled 
coating density by a two step method. This method 
produced a graphene/TiO2 hybrid with strong inter- 
actions between the two components. The resulting 
hybrid material shows superior photocatalytic activity 
to other forms of TiO2. We expect that the hybrid 
material could also be useful for various other 
applications including TiO2-based electrodes for dye- 
sensitized solar cells and lithium ion batteries, where 
strong electrical coupling to TiO2 nanoparticles are also 
important. Our method could be further extended  
to grow other functional materials on graphene for  
advanced hybrid materials. 
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