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Summary: In this work, we have successfully fabricated bronze phase monoclinic TiO2 (B) 

nanosheets from TiCl3 under hydrothermal conditions. The fabricated samples were calcined at 

different annealing temperature (100, 200, 300, 400 and 500 oC) to select optimum temperature under 

UV light irradiation for the efficient photocatalytic water splitting. Different techniques were used for 

the characterization of fabricated photocatalysts. Interestingly, the sample calcined at 400 oC delivered 

optimum H2 evolution from water which is attributed to the relatively high surface area and effective 

charge separation. The characteristic anisotropic nature of TiO2(B) plays very crucial role in charge 

separation which is evident from photoluminescence spectra, steady-state surface photovoltage 

spectra, and produced hydroxyl radical amount. It has been concluded that optimum annealing 

temperature generally introduces charge trapping centres which help in the separation of excite charges 

for improved photocatalytic activity. However, high temperature results in particles aggregation to 

reduce the surface area and hence retards the photocatalytic efficiency. This work will direct future 

research to fabricate materials at optimized temperature for the improved photocatalytic activities. 
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Introduction 

 

Environmental pollution and energy crises have 

shaped massive research attraction to cope with these 
problems. Especially, the rapid depletion of hydrocarbon 

fuels has forced the world to think about renewable 

energy sources [1-9]. An everlasting solution was 

provided by photocatalysis to receive the shower of solar 

energy photons and store their energies in the chemical 

bonds of certain molecules. The storage of solar energy 

in the chemical bonds of H2 molecules is a feasible and 

environment friendly technique and can be generated by 

splitting the plenty available water molecules 

photocatalytically [10-20]. This process of 

photocatalysis, therefore, requires the presence of a 
suitable photocatalyst to produce the required results. 

 

TiO2 is the first generation photocatalyst and 

has shown remarkable photocatalytic activities in water 

splitting, carbon dioxide conversion, pollutants 

degradation, N2 conversion, organic synthesis and 

bacterial inactivation [21-29]. It is available in a number 

of polymorphic forms. The most important amongst them 

include bronze phase monoclinic TiO2(B), TiO2(H), 

brookite (orthorhombic), anatase (tetragonal), rutile 

(tetragonal), and TiO2(R). Amongst the known 
polymorphs, monoclinic TiO2(B) has attracted massive 

research recently [30-37]. Compare to other polymorphs, 

TiO2(B) possesses more open channels in its crystal 

lattice which play important role in photocatalysis. Its 

stability is low and requires harsh conditions for 

preparation. It shows typical pseudocapacitive character 

and therefore is used as anode materials in electrolytic 
cells and lithium-ion battery. Its density is minimal 

compare to other polymorphs [38-40]. Its band gap is 

nearly equal to the band gap of anatase form. However, 

its distinctive structure with anisotropic characters also 

shows some potential application in dye sensitized solar 

cells, supercapacitors and smart windows photocatalytic 

water splitting and pollutants degradation. Its anisotropic 

character plays very crucial role in photocatalysis as the 

excited charges could move in different directions along 

the anisotropic structure to improve charge separation for 

extended photocatalytic activity. Since it is a metastable 
monoclinic phase of TiO2, the higher annealing 

temperature transfers it to anatase phase and this 

conversion is completed up to 700 °C [41, 42]. At 

present, monoclinic TiO2(B) has been synthesized in 

different morphologies such as nanowires and nanotubes 

possessing high surface area with remarkable 

photocatalytic activity [43]. 

 

Calcination temperature broadly controls the 

nature and photocatalytic activities of these different 

polymorphs. Therefore, understanding the effect of 
calcination temperature is very crucial as it helps to 

control the size and growth of particles and influences the 

photocatalytic activity [44-47]. Moreover, optimum 

annealing temperature generally introduces charge 

trapping centres which help in the separation of excite 
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charges for improved photocatalytic activity. Also, high 

temperature results in particles aggregation to reduce the 

surface area and hence retards the photocatalytic 

efficiency. 

 
This study is concerned with the synthesis of 

bronze phase monoclinic TiO2(B) nanosheets and the 

calcination temperature effect on the structure and 

photocatalytic activity of TiO2(B) for H2 evolution from 

water under solar light irradiation. Monoclinic TiO2(B) 

nanosheets were fabricated from TiCl3 under 

hydrothermal conditions and the samples were calcined 

at different annealing temperature (100, 200, 300, 400 

and 500 oC) to select optimum temperature under UV 

light irradiation for the efficient photocatalytic water 

splitting. Interestingly, the sample calcined at 400 oC 

delivered optimum H2 evolution from water which is due 
to the enhanced surface area and effective charge 

separation. We hope that this work will direct future 

research to fabricate materials at optimized temperature 

for the improved photocatalytic activities. 

 

Experimental 

 

Monoclinic TiO2(B) nanosheets were prepared 

hydrothermally from TiCl3. In a typical experiment, 5 ml 

TiCl3 were diluted with 15% V/W aqueous HCl solution 

and mixed with 75 ml ethylene glycol to form a 
homogeneous mixture. The hydrothermal heating was 

conducted at 200 oC in a Teflon autoclave (100 mL) for 

1 h and precipitate obtained was separated and washed 

several times with ethanol and deionized water to remove 

the impurities such as organic and inorganic. The white 

precipitate was dried overnight in an oven and then 

calcined at different temperatures (100, 200, 300, 400 and 

500 oC) for two hours in N2 atmosphere to get monoclinic 

TiO2(B) nanosheets. The synthesized samples were 

represented by TiO2-X where X shows the calcination 

temperature of the samples. 

 
Characterization techniques 

 

The crystal structure of these fabricated 

samples were determined by X-rays D8 Advance 

diffractometer made by Bruker containing graphitic 

monochromatized Cu Kα radiator. The morphological 

study was conducted with help of transmission electron 

microscopic (JEOL JEM-2100) with operational voltage 

of 200 kV. The light absorption capacity of the fabricated 

samples was determined by taking their ultraviolet-

visible diffuse reflectance spectra with Shimadzu UV-
2550 spectrometer applying BaSO4 as a reference 

material. The photoluminescence (PL) spectra were 

conducted with help of (Perkin-Elmer LS55 

spectrofluoro-photometer at 265 nm excitation 

wavelength. The steady-state surface photovoltage 

spectra (SS-SPS) were conducted in controlled 

atmosphere applying a homemade built equipment 

carrying a lock-in amplifier (SR830) and a light chopper 

(SR540). The prepared samples were first crammed 

between two indium tin oxide (ITO) glass electrodes 
placed in an atmosphere controlled closed container and 

then irradiated with a 500W Xe lamp (CHF XQ500W, 

Global Xe lamp power). The radiations were first passed 

through a double prism monochromator (SBP300) to 

obtain a monochromatic radiation and then target on the 

sample for the measurement of the steady-state surface 

photovoltage spectra.  

 

Measurement of •OH radicals  

 

The quantity of •OH radicals formed by 

different photocatalysts was calculated with coumarin 
solution test. About 50 mL coumarin solution (0.001 M) 

was mixed with photocatalyst (0.05 g) under vigorous 

stirring for an hour and kept in dark to adsorb maximum 

amount of coumarin on photocatalyst surface. The 

mixture was then irradiated with a 150 W Xe lamp for 60 

min. About 5 ml sample was collected for the 

fluorescence spectrum, which was recorded on Perkin-

Elmer LS55 spectrofluoro-photometer. The 7-

hydroxycoumarin was excited at 390 nm and emission 

spectrum was recorded at 460 nm. 

 
Photocatalytic activities 

 

The fabricated samples obtained at different 

temperatures were then subjected to photocatalytic 

activities under UV solar light irradiation for H2 

generation from water. The amount of H2 produced was 

determined on Perfect light, Beijing, Lab Solar III which 

is a hydrogen production system. About 0.1 g sample was 

dispersed in a solution containing 80 ml deionized water 

and 20 ml methanol as hole scavenger in a reaction cell 

under vigorous stirring. Before irradiation, the dispersion 

was stirred in dark for an hour to adsorb water molecules 
on the surface of the photocatalyst and deaerated the 

instrument to eradicate gases dissolved in water. After 

that, the sample was irradiated with a 300 W Xe lamp 

under UV solar light and the produced H2 was 

investigated by an inline gas chromatograph (7900, TCD, 

molecular sieve 5 Å, N2 carrier, Tec comp.). 

 

Results and Discussion 

 

The X-ray diffractometric (XRD) data of the 

samples prepared under different calcination 
temperatures is given in Fig 1A. It is clear that all samples 

prepared at high temperature show characteristic peaks of 

TiO2 [48]. The XRD peaks at 14.27, 24.98, 28.81 and 

33.34o appeared in the case of TiO2-100 and TiO2-200 

prepared at lower temperature are relatively broad and 
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lower in intensities indicating incomplete crystallization. 

When temperature is increased, the crystalinity is 

gradually improved as shown by the XRD peaks at 14.27, 

24.98, 28.81, 33.34, 43.69, 48.54 and 58.4o corresponded 

respectively to the (001), (110), (002), (310), (003), (020) 
and (-421) crystal lattice planes of monoclinic TiO2. At 

still higher temperature, an XRD peak appears at 62.3 

related to anatase TiO2 [49, 50]. Interestingly, these XRD 

peaks are grown in intensities and become sharp as 

temperature is increased. This is because, the size 

confinement introduces intrinsic strain and other essential 

defects during fabrication process. Thus, the crystallinity 

of monoclinic TiO2(B) nanosheets increases with 

temperature which has a direct effect on the 

photocatalytic activity.  

 

The light absorption capacity of the samples 
was checked by taking their UV-vis absorption spectra 

and the results are shown in Fig 1B. Obviously, all the 

samples show absorption edges in UV region. The 

samples TiO2-100 and TiO2-200 prepared at relatively 

low calcination temperature show weak absorption 

spectra at around 340 nm showing a band gap of 3.64 

eV. As calcination temperature is increased, the light 

absorption of the samples is increased. Obviously, all 

the three samples calcined at higher temperature 
(TiO2-300 and TiO2-400 and TiO2-500) show that the 

absorption edges are slightly blue shifted which is 

related to the decreased particle size because of the 

quantum confinement effect. 

 

The Scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) images 

of the samples calcined at 400 and 500 oC are given in 

Fig 2. As can be seen from SEM images in Fig 2A and 

2B, the nanosheet like TiO2(B) particles are 

homogeneously distributed. The TEM image of 

monoclinic TiO2(B) confirms the nanosheets like 
hierarchical structure (Fig 2C). The HRTEM image in 

Fig 2D shows lattice fringes related to and (110) 

crystal plane of TiO2(B) with d-spacing of 0.35 nm. 

 

 

 
 

Fig 1: XRD patterns (A) and UV-Vis absorption spectra of TiO2-X (B). 

 

 
 

Fig. 2: SEM images of TiO2-400 (A) and TiO2-500 (B), TEM image (C) and HRTEM image of TiO2-500 (D). 
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Fig. 3: BET surface area of TiO2-400 and TiO2-500 (A) and steady-state surface photovoltage spectra of TiO2-

X (B). 
 

The BET surface areas of TiO2-400 and 

TiO2-500 samples were measured and the results are 

shown in Fig 3A. It is obvious that the specific surface 

area of TiO2-400 sample (87.2517 m²/g) is relatively 

high than the specific surface area of TiO2-500 sample 

(82.9187 m²/g). This high surface area of TiO2-400 
will allow more water molecules to adsorb on its 

surface for enhanced H2 evolution. 

 

 

Charge separation 

 

Charge separation is the most important 

factor during photocatalysis after the photocatalyst 

absorbs solar light and generate excited charges in the 

form of elections and holes. In order to determine the 

extent of charge separation in the fabricated samples, 

the steady-state surface photovoltage spectra (SS-SPS) 
were measured and the results are shown in Fig 3B. It 

is accepted that the magnitude of SS-SPS peak 

intensity is related to the charge separation [51-56]. As 

can be seen, the SS-SPS peak intensities of the 

samples prepared at 100 and 200 oC are very low 

indicating poor charge separation in TiO2-100 and 

TiO2-200 samples. However, the SS-SPS peak 

intensity is significantly enhanced when temperature 

is increased and the highest peak intensity is delivered 

by TiO2-400 indicating high charge separation in the 

sample. Interestingly, further increase in temperature 
causes an obvious reduction in the SS-SPS peak 

intensity of TiO2-500 which may be related to the 

structural defects formed at the higher calcination 

temperature. 

 

The charge separation experiments were 

further extended to photoluminescence (PL) study of 

the samples and the result are shown in Fig 4A. It is 

widely believed that the PL intensity is linked with the 

charge recombination capacity of the sample. Higher 

is the PL peak intensity, higher is charge 
recombination and vice versa [57-62]. Obviously, the 

PL intensity of the samples decreases with calcination 

temperature. Both TiO2-100 and TiO2-200 samples 

deliver highest PL peak intensities indicating highest 

charge recombination in the given samples. As 

calcination temperature is increased, the PL intensities 

are significantly reduced and the lowest PL intensity 

is shown by TiO2-400 indicating low charge 

recombination in the sample. However, further 

increase in the calcination temperature causes a visible 

increase in the PL intensity signifying that charge 

recombination is increased in TiO2-500 sample which 
may be related to the structural defects formed at the 

higher calcination temperature. The high PL peak 

intensity of TiO2-100 and TiO2-200 is due to the fact 

that the concentration of the charge trapping centre is 

relatively high at low temperature. As temperature is 

increased, the crystalinity is improved and the density 

of charge trapping centre is decreased to improve 

charge separation for enhanced photocatalytic activity. 

At 400 C, the PL peak intensity is the lowest indicating 

higher charge separation in TiO2-400 sample. 

However, further increase in calcination temperature 
results in the agglomeration of particles to decrease 

size confinement effect and retard charge separation as 

can be seen in case of TiO2-500 sample. 
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Fig. 4: Photoluminescence spectra (A) fluorescent spectra related to the amount of produced hydroxyl radicals 

(B) and I-t curves (C) of TiO2-X. 

 

 
 

Fig. 5: Photocatalytic activities for H2 evolution under UV-Visible light (A) and stability test of TiO2-400 (B). 

 

In order to explain the charge separation in 

detail, we conducted coumarin based experiments. It 

is accepted that the hydroxyl radicals produced during 

photocatalysis react with coumarin to form a 

luminescent 7-hydroxycoumarin compound, therefore 

the peak intensity of luminescent 7-hydroxycoumarin 
gives a clue about the amount of •OH radicals and 

hence charge separation [63-66]. It is obvious from Fig 

4B that the amount of •OH radicals produced by TiO2-

100 and TiO2-200 is relatively low indicating poor 

charge separation in the respective compounds. 

However, the amount of •OH radicals is greatly 

increased in case of TiO2-300 and TiO2-400 samples 

as expected. Further, the amount of •OH radicals 

generated by TiO2-500 sample is slightly low than 

TiO2-400 sample which may be related to the poor 

charge separation as recombination centres are greatly 
decreased at high temperature.  

 

The charge separation properties were further 

checked by measuring the electrochemical I-t curves 

as shown in Fig 4C. Obviously, all the samples show 

excellent current responses when light is switched on 

and the current become zero when light is switched 

off. Interestingly, the sample calcined at 400 oC shows 

the highest current response indicating that the 

photogenerated charges are significantly separated for 

improved photocatalytic activities. 

 
Photocatalytic water splitting 

 

The photocatalytic activities of the samples 

were checked by measuring the amount of H2 gas 

produced during the photocatalysis of water splitting 

under UV light irradiation. About 0.1 g sample was 

vigorously dispersed in a solution containing 80 ml 

deionized water and 20 ml methanol as hole scavenger 

in dark for an hour to adsorb water molecules on the 

surface of the photocatalyst. After that, the suspension 

was irradiated with a 300 W Xe lamp under UV solar 
light and the amount of H2 produced is given in Fig 

5A. It is clear that all samples show detectable H2 

generation under the stipulated conditions. The 

photocatalytic activities of TiO2-100 and TiO2-200 are 

obviously low due to their poor crystalinity and charge 

separation capacities. However, the generation of H2 
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gas is significantly increased as calcination 

temperature is increased. The highest amount of 451.6 

µmol H2 gas is delivered by TiO2-400 in 3 h. These 

photocatalytic activities are consistent with the charge 

separation experiments. Also the specific surface area 
of TiO2-400 is relatively high than TiO2-500, 

therefore, TiO2-400 delivers relatively high 

photocatalytic activity than TiO2-500 sample. 

 

 

We also conducted stability test of TiO2-400 

sample and the results are given in Fig 5B. It is clear 

that there is no detectable decrease in the H2 

production capability of the sample even after 5 runs 

in 15 h. This shows that the sample fabricated at 400 

C is suitable for H2 generation for a long time [67-69]. 

 

Conclusion  

 

The hydrothermal fabrication of monoclinic 

TiO2(B) nanosheets from TiCl3 under different 

annealing temperature (100, 200, 300, 400 and 500 oC) 

was conducted to optimize the calcination temperature 

for the preparation of efficient photocatalyst for water 

splitting under solar light irradiation. The fabricated 

photocatalyst TiO2-400 delivered optimum H2 

evolution from water which is attributed to the 

extended charge separation. The characteristic 
anisotropic nature of TiO2(B) plays very crucial role 

in charge separation as confirmed from the steady-

state surface photovoltage spectra, photoluminescence 

spectra and produced hydroxyl radical amount. It has 

been concluded that optimum annealing temperature 

introduces charge trapping centres which help in the 

separation of excite charges. However, high 

temperature results in particles aggregation and retards 

the photocatalytic efficiency. 
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