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Graphene Oxide-assisted Synthesis and 

Photocatalytic Hydrogen Production of Mix-phase 

Titanium Dioxide (TiO2) Nanosheets  

Fanpeng Cai,a, b Yubin Tang,b Hao Shen,c Chao Wang,a Ao Ren,a Lisong Xiao,a Wei Gu,a 

Weidong Shia,*  

Novel mix-phase TiO2 nanosheets were successfully synthesized by a facile Sol-gel method via 

using graphene oxide (GO) as the sacrifice template for the first time. The SEM, TEM and 

AFM images revealed that the thickness of mix-phase TiO2 nanosheets was ca. 66 nm, and the 

TiO2 nanosheets were in a polycrystalline phase and made up of nanoparticles with the 

diameters of 15-25 nm. In addition, we observed that the proportion of rutile and anatase 

changed with the amount of tetrabutyltitanate (TBT). The results showed that the sample with 

4 mL tetrabutyltitanate (TBT-4) exhibited the highest hydrogen production rate (339 µmol/h) 

in all samples, which was 47% higher than the bulk sample. It was mainly attributed to the 

surface phase junction of anatase and rutile and the special morphology of the samples. 

Keywords: mix-phase TiO2 nanosheets, Sol-gel method, hydrogen production, graphene oxide 

as the template 

1 Introduction 

 Energy and environmental issues at a global level caused by 
the burning of fossil fuels are important topics. It is urgent to 
construct new energy systems in order to solve these issues. 
Hydrogen as an ultimately clean energy provides an ideal 
alternative to replace fossil fuels. Photocatalytic water splitting 
is a promising approach to directly converting solar energy into 
hydrogen energy by producing H2 from water 1. Since water 
and sunlight are naturally abundant, the photocatalytic water 
splitting is considered to be economically viable to produce 
hydrogen energy. 
Among semiconductor catalysts with the ability of assist H2 
production from water splitting, TiO2 is the most promising 
candidate due to its super-high activity, chemical stability, non-
toxicity and low cost 2-5. To the best of our knowledge, the 
surface phase junction plays an important role in photocatalytic 
hydrogen production rate 6. There have been many researchers 
and review articles showing that the photocatalytic hydrogen 
production rate of mix-phase TiO2 is much higher than that of 
pure phase 7-12. There were also researchers insisted that there 
was a synergetic effect exists in mix-phase TiO2 

13, 14. Bechstein 
et al. found that the mix-phase TiO2 film with 60% anatase and 
40% rutile exhibited optimal performance at a 50% enhanced 
activity compared with pure anatase 15. Xu et al. proposed a 
hypothesis about the “intrinsic” photoactivity of mix-phase 
TiO2 and the synergistic effect is mainly attributed to O2 
transfer from anatase phase to rutile 16. All these researches 
have demonstrated that the surface phase junction greatly 
enhanced the photocatalytic performance of mix-phase TiO2. 

Furthermore, the photocatalytic activity of TiO2-based 
semiconductor is greatly affected by their morphology, 
including shape, size, porosity and surface feature. For example, 
Xu et al. reported the morphology had an important influence 
on photocatalytic activity 17. Their studies showed the 
photocatalytic activities of anatase TiO2 nanocrystals change 
with facets exposed ratios. It is well reported that the 2D 
nanosheets have many unique advantages over other structures 
of photocatalysis such as the small weight, large surface area 
and the possession of more effective surface 18-23.  
Up to now, the TiO2 sheets were prepared by various methods. 
Han et al. synthesized anatase TiO2 nanosheets with a high 
percentage of exposed (001) facets via a simple hydrothermal 
route 24. And Gu et al. synthesized anatase TiO2 nanosheets 
supported on reduced graphene oxide via a solvothermal 
method 25. However, the fabrication of mix-phase TiO2 
nanosheets was limited by synthetic methods and the nature of 
materials. Therefore, it is not a surprise that no papers on the 
synthesis of mix-phase TiO2 nanosheets have been reported to 
date. That makes the design of novel mix-phase TiO2 
nanosheets for photocatalytic hydrogen generation is still a 
challenge to meet the requirement in research.  
Herein, we for the first-time report the synthesis of mix-phase 
TiO2 nanosheets with controllable anatase and rutile contents 
by using GO as the template. The experimental result showed 
that the as-obtained mix-phase TiO2 nanosheets exhibited 
excellent H2 production activities, indicating that the synergetic 
effect of mix-phase TiO2 nanosheets plays an important role in 
the photocatalytic H2 production rate.  

2 Experimental  
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2.1. Chemicals 

Flake graphite, H2SO4, HCl, P2O5 and KMnO4 were purchased 
from Sinopharm (Beijing, China). H2O2, HAc, tetrabutyltitanate 
(TBT) and ethanol were purchased from Aladdin (Shanghai, 
China). All reagents were of analytical grade without further 
purification, and the deionized water was used in all 
experiments. 

2.2. Synthesis of samples 

Synthesis of GO: GO was synthesized from graphite by a 
modified Hummers method 26-29. Firstly, a mixture of graphite 
(1 g), concentrated H2SO4 (6 ml, 98%), K2S2O8 (2 g) and P2O5 
(2 g) was heated at 80 °C for 5 h on a hotplate. The mixture was 
then cooled to room temperature and diluted with 200 ml water. 
After removing the acid by filtration and washing with water, 
this pre-oxidized graphite was dried in vacuum oven at 60 °C. 
The pre-oxidized graphite and 60 ml H2SO4 (98%) was put into 
a 500-ml flask in an ice-water bath. Then, 8 g KMnO4 was 
added into the flask and the temperature of the water bath was 
increased to 35 °C and allowed to stand for 2 h. After the 
mixture was diluted with 250 ml water, 20 ml H2O2 was added 
into the flask. The solution turned yellow. The resulting 
graphite oxides were washed with HCl aqueous solution (1:10) 
to remove the acid and metal ions. Finally, the GO sheets were 
obtained by sonicating the graphite oxide.  
Synthesis of GO@TiO2 nanosheets: GO@TiO2 nanosheets 
were synthesized according to Sol-gel process. 30 ml Acetic 
acid (HAc), tetrabutyltitanate (TBT) were added into a 250-ml 
beaker dropwise under vigorous stirring. The amount of TBT 
changes from 1 ml to 5 ml. After vigorous stirring 30 min in the 
room temperature, the GOs solutions (GOs dispersed in ethanol) 
were added into the beaker. After 6 h, the composites were 
washed with ethanol by repeated centrifugation and dried in a 
vacuum oven.  
Synthesis of TiO2 nanosheets: the GO@TiO2 nanosheets were 
calcined at 600 °C in air for 6 h. The powder tuned to totally 
white from black after the calcination, indicating the removing 
of the GOs. The Schematic illustrations of the synthetic process 
of TiO2 nanosheets were shown in Scheme. 1. The bulk sample 
was synthesized without GOs. In a typical procedure, 5 mL 
TBT droped wise in 30mL HAc to form a mix-solution, after 
stirring for 30 min, add 40 mL ethanol into the previous mix-
solution and stirring for another 6h. Then the composites were 
washed with ethanol by repeated centrifugation and dried in a 
vacuum oven. After that, the composites were calcined at 
500 °C in air for 6 h to obtain the high crystallized anatase TiO2 
particles. 

Scheme. 1. Schematic illustrations of the synthetic process of 
TiO2 nanosheets. 

 

2.3. Characterization 

The products were characterized by X-ray diffraction 
measurements carried out on X-ray diffractometer (XRD, 
Bruker D8 Advance diffractometer) with Cu-Kα radiation in the 
range of 5-80° at a scanning rate of 7°/min. Scanning electron 
microscopy (SEM) images were collected on an S-4800 field 
emission SEM (FESEM, Hitachi, Japan). Transmission electron 

microscopy (TEM) images were collected on an F20 S-TWIN 
electron microscope (Tecnvai G2, FEI Co.), using a 200 kV 
accelerating voltage. UV-vis diffused spectra of the products 
was obtained from a UV-vis spectrophotometer (UV2450, 
Shimadzu, Japan). BaSO4 was used as a reflectance standard. 
Raman spectra was acquired on a Reflex Raman Microprobe 
(Renishaw inVia, England). Specific surface areas were 
calculated using the Brunauere-Emmette-Teller (BET) model 
via Micromeritics ASAP-2000 nitrogen adsorption apparatus. 
Atomic force microscope (AFM) images were collected on a 
park systermXE-120 (parkXE-120, park system, America). The 
photoluminescence spectra was obtained on a F4500 (Hitachi, 
Japan) photoluminescence detector. A Netzsch model STA 449 
C thermal analyzer was used in the present investigation.  

2.4. Photocatalytic hydrogen production 

The photocatalytic hydrogen production experiments were 
carried out in a Lab-H2 photocatalytic hydrogen production 
system. A 300W Xenon arc lamp was used as a light source and 
was positioned 20 cm away from the reactor in the system. In a 
typical photocatalytic experiment, 50 mg of the prepared TiO2 
photocatalyst was dispersed with constant stirring in 200 mL 20% 
methanol aqueous solution. Prior to irradiation, the system was 
vacuumized to remove the dissolved oxygen. During the whole 
reaction process, vigorous agitation was performed to ensure 
the uniform irradiation of the TiO2 photocatalysts suspension. 
A certain amount of H2PtCl6•6H2O aqueous solution was 
dripped into the system to load 0.5 wt% Pt onto the surface of 
the photocatalyst by a photochemical reduction deposition 
method. The generated gas was collected intermittently through 
the septum, and hydrogen content was analyzed by the gas 
chromatograph (GC-SP7800, Beijing Jing Ke Ruida, China, 
TCD, nitrogen as a carrier gas and 5 Å molecular sieve column). 
All glassware was rigorously cleaned and carefully rinsed with 
distilled water prior to use. 

3. Results and discussion  

3.1. Structure and morphology  

 
Fig. 1. a) XRD patterns of different quantity of TBT and bulk 
samples, b) the magnified XRD patterns in the range of 2θ=24° 
to 29°, A and R represent anatase and rutile, respectively.  

A series of samples was synthesized by controlling different 
quantity of TBT with 1 mL, 2 mL, 3 mL, 4 mL and 5 mL, 
named as TBT-1, TBT-2, TBT-3, TBT-4 and TBT-5, 
respectively. The crystallographic structure and phase purity of 
all samples were examined by X-ray powder diffraction (XRD) 
studies. As shown in Fig. 1a, the XRD patterns of all samples 
can be indexed into mix-phase TiO2. Particularly, as shown in 
the magnified XRD patterns in the range from 2θ=24° to 29° 
(Fig. 1b), the percentage of rutile phase decreased as the 
amount of TBT increased.  
 To be more specific, a commonly used method to determine 
the weight percentage of the rutile (WR) portion in the mixture 
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of rutile and anatase was applied as shown in the following 
equation 30-32:  

RA

R

R
AA

A
W

+

=

884.0
 

Here, the AR stands for the integrated intensity of rutile (110) 
peak, and the AA represents the integrated intensity of anatase 
(101) peak. When 1 mL TBT was added, the sample TBT-1 
contained 47.8% anatase, and rutile 52.2%. While increased the 
TBT to 5 mL, the percentage of anatase increased to 81.1%, 
with only 18.9% of rutile remaining in the sample TBT-5. The 
detailed comparison for phase composition is summarized in 
Table 1. The XRD patterns of the sample before calcined was 
inserted in Fig. S2, which can be indexed into anatase phase 
with poor crystallinity.  

 No GO peak was observed at 2°-10° in XRD patterns of all 
samples, indicating that GO has been removed in all samples. 
The GO’s characteristic peaks in Raman spectra are D-band 
(1350 cm−1) and G-band (1588 cm−1), and they were not 
detected in the calcined samples (Fig. 2). The result is 
consistent with the removal of the GO in the process of 
calcination.  

 
Fig. 2.  Raman spectra of GO (red) and TBT-5 (black). 

 
Fig. 3. a) the SEM image, b and c) the TEM image, d) the 
HRTEM image for TBT-4, respectively. The insert is SAED 
image for TBT-4.  

 The morphology and size of as-synthesized TiO2 nanosheets 
were studied through the scanning electron microscope (SEM), 
transmission electron microscope (TEM) and high-resolution 
transmission electron microscope (HRTEM). As shown in the 
SEM image (Fig. 3a), TBT-4 sample is composed of numerous 
sheet structures with thickness of about 66 nm. The TEM image 
(fig. 3b) further reveals the sheet structure of TBT-4 sample 
with near transparent appearance and wrinkles on the surface. 
As can be seen in the higher magnification (Fig. 3c), the as-
prepared TiO2 nanosheets presented in a polycrystalline phase 
and assembled by well-dispersed 15-25 nm nano-particles. The 
selected area electron diffraction (SAED) pattern (inset of Fig. 
3c) can be indexed to the anatase TiO2 (101) and rutile TiO2 
(110) diffractional rings, which reveals the polycrystalline 
nature of nanosheets and confirms that the nanosheets contain 
anatase and rutile TiO2. The corresponding HRTEM image (Fig. 
3d) showed clear lattice fringes on the edge, which correspond 
to the (101) plane of anatase TiO2 phase with interplanar 
spacing d = 0.35 nm and the (110) plane of rutile TiO2 phase 
with interplanar spacing d = 0.32 nm, respectively. This result 
is in good agreement with the XRD analysis and selected area 
electron diffraction (SAED) pattern. Low magnification SEM 
and TEM images of TBT-4 sample (Fig. S3) were also 
provided to demonstrate the sheet structure and graphene-like 
morphology of our sample. 
In our present work, we obtain TiO2 nanosheets by a facile Sol-
gel method with GO as the sacrifice template. Because of the 
distribution of carboxyl groups on the surface of GO, theTiO2 
precursor dispersed on the carbon support and were eager to 
accumulate along the carboxyl groups. After Sol-gel process, 
layered TiO2 precursor covered on the surface of GO. This 
process was shown in Fig.S1. As a result, change the dosage of 
TBT may obtain TiO2 nanosheets with different thickness. In 
order to confirm the fact, we provide TEM images (Fig.S4) of 
all other samples in the supporting information. No obvious 
morphological difference among these samples with different 
TBT amounts were observed. 

 
Fig. 4. a) AFM images of TBT-4 nanosheets, with the inset 
below showing the line profiles along the red line. b) The AFM 
3D image of TBT-4. 

In order to investigate the morphology and the thickness of the 
TiO2 nanosheets, we study the materials using an atomic force 
microscope (AFM). Fig. 4a showed the 2D AFM images of 
TiO2 nanosheets and its’ line profiles along the red line. The red 
marker corresponds to TiO2 nanosheets with a height of 87 nm. 
Fig. 4b shows 3D AFM micrographs of the TiO2 nanosheets. 
Clearly the individual TiO2 presented sheet’s structure. And we 
can observe wrinkle-like features as graphene on the TiO2 

nanosheets. Basically, we can find the surface of TiO2 
nanosheets is very smooth.  

Table 1 Summary of properties of samples synthesized 

from different amount TBT. 

Sample 

ID 

amount of 

TBT 

(mL) 

Anatase 

% 

Rutile 

% 

Surface 

area 

(m2/g) 

TBT-1 1 mL 47.8 52.2 89 

TBT-2 2 mL 49.9 51.1 91 

TBT-3 3 mL 51 49 53 

TBT-4 4 mL 69.4 31.6 59 

TBT-5 5 mL 81.1 18.9 41 
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It is well acknowledged that surface area is very important to 
the photocatalytic activity of TiO2. The material templated by 
graphene oxide has an opportunity to possess huge specific 
surface area values. N2 adsorption–desorption isotherms were 
recorded on ASAP 2020 instrument, from which the surface 
areas were calculated by applying the Brunauer-Emmett-Teller 
(BET) method. We listed the values of specific surface area of 
all samples in table 1. TBT-2 has the largest values of specific 
surface area (ca. 91 m2/g), and TBT-5 has the smallest values of 
specific surface area (ca. 41 m2/g). The relative large values of 
specific surface area may have a great impact on photocatalytic 
activity of as-prepared TiO2.  

 
Fig. 5. The UV-vis absorption spectra of all samples.  

 
Fig. 6. Comparison of H2 evolution rates of all samples using 
20% methanol aqueous solution and 0.5 wt% Pt as a cocatalyst; 
a 300W xenon arc lamp was used as the light source. 

3.2. Photocatalytic activity 

Fig. 5 shows the UV-vis absorption spectrum of all samples. 
There was no significant increase of the absorption in the light 
absorption range. As shown in Fig. 5, with increasing the 
amount of TBT in the system, the absorption edge of the 
samples had no obviously shifts, reflecting that the band gap 
values of TiO2 obtained were close. We have conducted the 
hydrogen production experiment, and the results were shown in 
Fig. 6. The TBT-4 (339 µmol/h) possess the highest hydrogen 
production rate whereas the TBT-5 (142 µmol/h) displays the 
lowest hydrogen production rate. As a comparison, the 
hydrogen production rate of bulk sample and P25 were 230 
µmol/h and 446 µmol/h, respectively.  
In generally, there are two major factors affecting the 
photocatalytic activity of TiO2, including the A/R ratio and the 
surface area. On the one hand, Gang et al. reported that the 
work function of rutile is 0.2 eV lower than that of anatase, the 
electron affinity of anatase is higher than rutile33, 37. This would 
favor the transfer of photoexited electrons from rutile to anatase, 
and the transfer of holes from anatase to rutile at a clean 
interface, thereby effectively suppressing the recombination of 
photoexited electrons and holes 34, 35. The reaction mechanism 
was thus briefly described in Scheme 2. Due to the effective 
charge separation, the synergetic effect between anatase and 
rutile leads to the high photocatalytic activity of mix-phase 
TiO2 nanosheets 36, 37. On the other hand, many studies have 
reported that the surface area of photocatalyst has a very strong 
effect on the photochemical reactive sites. In other words, the 

larger surface area, the more reactive sites contribute to the 
photochemical reaction 38, 39. Wang et al. reported the ordered 
mesoporous TiO2 with 163 m2/g surface area showed the best 
photocatalytic activity among all samples, improved by 2.6 
times as compared to the sample with 128 m2/g surface area 40. 
Owning to the large surface area and small particle size of P25, 
the hydrogen production rate is higher than TBT-4. 

Scheme. 2. The reasonable photo-generated electron-hole 
conduction mechanism under a 300W Xenon arc lamp 
irradiation on TiO2 surface phase junction. 

 

However, the surface area in our case was not the key factor 
affecting the photocatalytic hydrogen production rate. 
Specifically, from TBT-1 to TBT-4, the photocatalytic 
hydrogen production rate increased with the amount of anatase 
phases. This phenomenon implied that the A/R ratio played an 
important role in the photocatalytic hydrogen production of the 
mix-phase TiO2 nanosheets rather than the surface area. 
Obviously, from TBT-1 to TBT-4, the synergetic effect 
between anatase and rutile to be responsible for the pretty high 
photocatalytic activity. For TBT-4, the amount of rutile was 
exactly suitable to assist electron-hole pair separation. This 
result could also be verified from photoluminescence emission 
(Fig. 7). In other words, too many rutile made the electron-hole 
recombination rate higher than the electron conductivity, thus, 
the photocatalytic hydrogen production rate was decreased with 
an increased in a rutile amount. That’s why the photocatalytic 
hydrogen production rate of TBT-4 is higher than that of TBT-1, 
TBT-2 and TBT-3. It’s also not surprise that the photocatalytic 
hydrogen production rate of TBT-4 is higher than that of pure 
anatase phase of bulk TiO2. Nevertheless, for TBT-5, the 
photocatalytic hydrogen production rate had a dramatic 
decreased, which was attributed to the smallest specific surface 
area and the lowest rutile phase composition. That was to say 
the amount of rutile is insufficient to assist electron-hole pair 
separation. In addition, the 2D TiO2 nanosheets structures also 
had a contribution to the photocatalytic hydrogen production 
rate, because sheet structures have more active sites than 0D 
and 1D structures and exhibit more effective surface than other 
structures 18, 19.  

 

Fig. 7. The photoluminescence spectra of all samples (10mg 
were well-dispersed into 5 mL of ethanol) with excitation 
wavelength of 280 nm. 

3.3. Photoluminescence spectra 
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The PL emission intensity is related to the recombination of 
excited electrons and holes, and thus, the lower emission 
intensity is indicative of a decrease in recombination rate and 
an increase the photocatalytic activity 41-43. Photoluminescence 
(PL) emission spectra of all samples showed in Fig. 7. The 
measurement was conducted at the excitation wavelength of 
280 nm with a photomultiplier tube voltage of 500 V. The PL 
spectra of all samples showed a broadband with a maximum 
around 536 nm. According to the PL results, the increase in the 
TBT amount caused a decrease in photoluminescence emission, 
although the band-gap energy did not change significantly (Fig. 
5). This indicates the electron-hole recombination rate of TBT-
4 was much lower than those of other samples. The result is 
consistent with the photocatalytic hydrogen production rate of 
all samples. 

Conclusions 

In summary, the novel TiO2 nanosheets were successfully 
synthesized by a facile Sol-gel method with graphene oxide as 
the sacrifice template. The as-prepared TiO2 nanosheets were in 
a polycrystalline phase which made up of nano-particles, and 
the nano-particles were dispersed with diameters of 15-25 nm. 
The results show that TBT-4 sample exhibits the highest 
hydrogen production rate (339 µmol/h) among all samples, 
which is 47% higher than the bulk sample. This is because the 
electron-hole recombination rate of TBT-4 was much lower 
than those of other samples, thus makes the photocatalytic 
hydrogen production rate much higher. 
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Fig. a) the SEM image, b and c) the TEM image, d) the HRTEM image for TBT-4, 

respectively. The insert is SAED image for TBT-4.  
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