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a b s t r a c t 

A series of titania nanoparticles and nanotubes deposited with various quantities of bismuth (Bi) were 

prepared via sol-gel and hydrothermal methods, respectively. They were then characterized using X-ray 

diffraction spectroscopy (XRD), X-ray photo electron spectroscopy (XPS), UV–Vis diffused reflectance spec- 

tra (DRS), photoluminescence spectra (PLS), transmission electron microscopy (TEM), energy dispersive 

analysis of X-rays (EDAX), and BET surface analysis. These catalysts were employed for the photocatalytic 

production of hydrogen from a mixture of pure water and glycerol under solar light irradiation. The pres- 

ence of the Bi (3 + x ) + species was found to play a vital role in enhancing activity while minimizing electron 

hole recombination (relative to bare TiO 2 ). The nanotubes exhibited better activity than the nanoparticles 

of Bi-deposited TiO 2 , showing the significance of the morphology; however, photocatalytic activity is pre- 

dominantly dependent on the deposition of bismuth. The activity increased by approximately an order of 

magnitude at the optimum concentration of Bi deposited over TiO 2 (2 wt%). The presence of the Bi (3 + x ) + 

species played a vital role in minimizing electron hole recombination, resulting in higher activity com- 

pared to bare TiO 2 . 

© 2016 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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1. Introduction 

Over the last few years, intensive research has been undertaken

in the field of photocatalysis to develop heterogeneous photocat-

alysts for energy and environmental applications [1–3] . The pho-

tocatalytic production of hydrogen mediated via a semiconductor

is a feasible and renewable alternate approach to the conventional

methods of production from fossil fuels. Among various semicon-

ductor photocatalysts, TiO 2 has been the preferable option, because

its band positions are well suited for both the oxidation and reduc-

tion of water. However, due to intrinsic large band gap characteris-

tics, charge carriers in TiO 2 can only be excited under UV light ir-

radiation. Enormous effort s have been made to overcome this lim-

itation and to extend the absorption of TiO 2 into the visible region

while reducing the recombination of charge carriers. 

Non-metal doping (N, S, C, F, and Cl) is considered an effective

strategy to improve the visible absorption of TiO into the visible
2 
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egion [4–6] . In general, anion doping can efficiently enhance vis-

ble light absorption, as it decreases the band gap of TiO 2 by cre-

ting impurity energy levels. TiO 2 doping with some metals (e.g.,

, Fe, Co, and Cu) has also been reported, wherein the metal ion

opants not only improved the visible absorption of TiO 2 but also

educed the recombination of the charge carrier by acting as elec-

ron sinks [7–10] . Recently, several types of Bi-based photocatalysts

ere synthesized; they were seen to exhibit enhanced activities

nder visible and solar light irradiation [11–13] . Doping can re-

ult in extension of the absorption spectrum to include the visi-

le range and improvements in the transportation of charge carri-

rs via decreases incharge carrier recombination [14–16] . In addi-

ion, nano-structured photocatalysts are generally found to exhibit

nhanced activity when compared to nanoparticles in water split-

ing reactions [17] . Note that nano-structures with tubular mor-

hology have unique characteristics such as large surface area, ex-

ended band potentials, and delocalization of electrons along the

ni-directional axis that are essential for improving photocatalytic

fficiency. Previously, Bi-doped TiO 2 nanoparticles were demon-

trated to exhibit improved photocatalytic activity in the degra-

ation of isoproturon under solar light irradiation [18,19] . This
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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ncouraged us to prepare Bi-deposited TiO 2 nanotubes to extend

he range of absorbable visible light and to improve charge mo-

ility through morphology modification. In this work, we attempt

o provide a better understanding of the structure of Bi-TiO 2 pho-

ocatalysts through a comparative analysis of various characteriza-

ion techniques. Based on this work, we also present a plausible

cheme for hydrogen production over bismuth deposited TiO 2 . 

. Experimental 

.1. Preparation of TiO 2 nanoparticles and nanotubes 

Bi-deposited TiO 2 nanoparticles (BT) were prepared via a com-

ination of sol–gel and a co-precipitation method. Acetic acid

1.5 mL) was dissolved in 18 mL ethanol and stirred vigorously. To

his solution, 2 mL of Ti(OC 3 H 7 ) 4 dissolved in 18 mL ethanol was

dded dropwise and stirred vigorously for 1 h. A calculated amount

depending on the wt% bismuth) of Bi(NO 3 ) 3 ·5H 2 O dissolved in

 mL 4 M HNO 3 was added to the above mixture of solution and

tirred for another 2 h. The resultant solution was neutralized with

queous ammonia and stirred vigorously. The solid product was

eparated, washed with deionized water, dried at 60 °C in the oven

or 12 h, and then calcined at 400 °C for 2 h. An undoped TiO 2 

bare TiO 2 ) sample was also prepared using the same procedure,

lthough without the addition of bismuth nitrate solution. A se-

ies of catalysts were prepared by adding varying quantities of

i (0, 1.0, 2.0, 3.0, and 5.0 wt%) to TiO 2 , and these were labeled

T0, BT1, BT2, BT3, and BT5, respectively. 

Bismuth-deposited TiO 2 nanotubes (BTNT) were synthesized via

 hydrothermal method. In a typical synthesis process, BT samples

ere dispersed in a 160 mL NaOH aqueous solution (10 M) con-

ained in a 200 mL Teflon container. These samples were placed in

 stainless steel autoclave and heated at 130 °C for 36 h. The pre-

ipitate was then washed twice with deionized water and treated

ith 0.1 M HCl. The suspension was again washed with deionized

ater, dried at 60 °C for 12 h, and calcined at 350 °C for 2 h. The Bi-

eposited TiO 2 nanotubes are labelled BTNT1, BTNT2, BTNT3, and

TNT5. 

The catalysts prepared were characterized using XRD, BET, XPS,

DAX, TEM, UV–Vis DRS, and photoluminescence spectroscopy.

owder X-ray diffraction patterns were recorded on a “Rigaku”

iffractometer using Cu K α radiation (0.1540 nm). The surface

rea of the catalysts was measured using an “Autosorb 1C Quan-

achrome” physical adsorption apparatus. UV–Vis DRS measure-

ents were recorded in a wavelength range of 20 0–80 0 nm using
Fig. 1. XRD patterns of different samples. (a): (1) BT0, (2) BT1, (3) BT2, 
 GBC UV–Visible “Cintra 10e spectrometer” with an integration

phere diffuse reflectance attachment. XPS spectra were recorded

ith a “KRATOS AXIS 165” apparatus equipped with Mg K α ra-

iation (1253.6 eV) at 75 W using a Mg K α anode and a hemi-

pherical analyzer, connected to a five-channel detector. The C 1 s

ine at 284.6 eV was used as an internal standard for the correc-

ion of binding energies. Elemental analysis was carried out using

he “Link, ISIS-300, Oxford” energy-dispersive X-ray spectroscopy 

EDAX) detector. TEM and HRTEM studies were performed using

 “TECNAI G2” TEM microscope equipped with a slow-scan CCD

amera and at an accelerating voltage of 200 kV. The preparation of

amples for this analysis involved sonication in ethanol for 10 min

nd deposition on a copper grid. The photoluminescence spectra

ere obtained using the “Jasco Spectrofluorometer-FP80 0 0” with

n excitation wavelength of 320 nm. 

.2. Photocatalytic experiments 

Using the prepared photocatalysts, the photocatalytic produc-

ion of hydrogen was carried out via water splitting under solar

ight irradiation. The reaction was performed in a 100 mL tube-

ike quartz reactor with a round bottom. 5 mg of the catalyst was

dded to 50 mL of 5% aqueous glycerol solution in a quartz reactor,

hich was then sealed with an air-tight rubber septum. The reac-

or was evacuated for 30 min, and the solution was purged with N 2 

as for another 30 min. The reaction was carried out under bright

unlight irradiation (from 10:00 AM to 3:00 PM), with the inten-

ity of the light measured using an LT Lutron LX-101A digital light

eter ( ∼ 130,0 0 0 Lux). The amount of H 2 gas produced during the

ourse of the reaction was monitored at hourly intervals by taking

he gas samples in an airtight syringe. The analysis of the sample

as carried out using a gas chromatograph (Shimadzu GC-2014)

quipped with a TCD detector and a molecular sieve 5A column

ith N 2 as a carrier gas. 

. Results and discussion 

.1. Characterization 

.1.1. XRD 

The crystal structure of the Bi-deposited TiO 2 samples (BT and

TNT) was examined via XRD in the range of 10 °–80 ° (2 θ ), as

hown in the diffractograms ( Fig. 1 ). According to the diffrac-

ograms, all of the Bi- deposited TiO 2 and bare TiO 2 samples pro-

uced XRD patterns with the anatase phase of an intense peak
(4) BT3, (5) BT5; (b): (1) BTNT1, (2) BTNT2, (3) BTNT3, (4) BTNT5. 
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Fig. 2. TEM and SAED patterns of BT2 (a, b) and BTNT2 (c, d). 

Table 1. Physical properties of Bi-deposited TiO 2 photocatalysts. 

Catalyst Bi (wt%, expl) Bi (wt%, EDAX) BET surface area (m 

2 /g) 

BT0 0 – 112 

BT1 1 0.56 108 

BT2 2 0.83 102 

BT3 3 1.75 99 

BT5 5 2.99 83 

BTNT1 1 0.55 186 

BTNT2 2 0.88 173 

BTNT3 3 1.45 168 

BTNT5 5 2.04 155 
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at 25.3 ° (major peaks at 25.3 ◦, 37.8 ◦, 47.9 ◦, and 54.8 ◦; JCPDS No.

21-1272). The addition of up to 3 wt% Bi over TiO 2 did not induce

significant changes in the diffractograms of either the BT or BTNT

samples. In addition, bismuth deposition did not shift the diffrac-

tion angles of the anatase. As such, the bismuth species are not

likely to be incorporated into the TiO 2 lattice; they may instead

be dispersed as BiO X on the surface of the TiO 2 . The greateratomic

size of Bi 3 + , at 103 pm, which is larger than Ti 4 + at 61 pm, may in-

hibit the replacement of titanium in the crystal lattice of TiO 2 with

bismuth [20,21] . 

This phenomenon is evident as a small peak in the BT5 sample

(5 wt% Bi-deposited TiO 2 nanoparticles) with a weak Bi 2 O 3 peak

at 31.8 °, as reported previously [11,18,22] . This observation may re-

flect the formation of larger bismuth clusters on the surface of TiO 2 

with increase in the amounts of bismuth loading. In addition this

data confirm that instead of replacing titanium in the TiO 2 crystal

lattice, the bismuth species are in the amorphous BiO X state on the

surface of the TiO 2 at low loading quantities. Higher loadings can

aid in the formation of Bi 2 O 3 crystallites, as a significant change

was recognized in the surface area of BT5 sample ( Table 1 ). 
In contrast, the BTNT5 sample (5 wt% Bi-deposited TiO 2 nan-

tubes) did not show the abovementioned peaks, validating that

he bismuth oxide species are more evenly dispersed on the nan-

tubes than on the nanoparticles. The high surface area of nan-

tubes ( Table 1 ) may facilitate the uniform, thorough dispersion

f the bismuth oxide species over their surface (relative to the

anoparticles). In addition, the presence of strong XRD diffrac-

ion peaks in the BTNT samples indicates that the prepared Bi-

eposited TiO 2 nanotubes (BTNT) were highly crystalline in nature.

.1.2. TEM 

The morphology of the synthesized photocatalysts (BT2 and

TNT2 samples) was observed via TEM analysis ( Fig. 2 ). The TEM

mage of BT2 nanoparticles in Fig. 2 (a) depicts the agglomerated

rystallites of TiO 2 with crystallite sizes in the range of 15–20 nm.

he selected area electron diffraction pattern of BT2 shown in

ig. 2 (c) demonstrates their polycrystalline nature, while the cir-

ular rings originating from the planes of (101), (004), (211), and

200) correspond to tetragonal crystallites of anatase TiO 2 . The

EM image of BTNT2 shown in Fig. 2 (b) confirms the nanotube

orphology of the prepared sample; the addition of bismuth did

ot restrict the formation of nanotubes. This image also shows

ubular structures with lengths and diameters of approximately

00 and 10 nm, respectively. Fig. 2 (d) presents SAED patterns of

he BTNT2 sample; the diffraction patterns with bright spots cor-

espond to the planes of (101), (004), (211), and (200) of anatase

iO 2 crystallites. The bright diffraction patterns of the BTNT2 sam-

le further confirm its higher crystalline nature relative to the BT2

ample. 

.1.3. XPS 

To investigate the chemical states of the possible dopants in-

orporated into TiO , the binding energies of Ti 2 p , O 1 s , and Bi 4 f
2 
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Fig. 3. XPS of (a) Bi 4 f , (b) O 1 s , and (c) Ti 2 p . 
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ere studied by recording the XPS spectra. The results are shown

n Fig. 3 . 

Two peaks for Bi 4 f 7/2 and Bi 4 f 5/2 at 158.3 and 163.8 eV, re-

pectively, were observed in the XPS spectra of pure Bi 2 O 3 . In con-

rast, 2 wt% Bi-deposited TiO 2 nanotubes (BTNT2) show the pres-

nce of two peaks (Bi 4 f 7/2 and Bi 4 f 5/2 ) at 160.8 and 166.0 eV,

espectively, which are higher than those of the pure Bi 2 O 3 

 Fig. 3 a). The positive shift towards a higher binding energy indi-

ates that the Bi 3 + centers are partially oxidized to Bi (3 + x ) + [23] .

his enhancement of binding energy may be due to the forma-

ion of Bi–O–Ti bonds in the Bi-deposited TiO [24] . Interestingly,
2 
he BTNT2 sample did not exhibit peaks corresponding to Bi–O–

i (located at approximately 162.5 and 157.3 eV of pure Bi 2 O 3 ).

he bismuth species were well dispersed, enabling efficient in-

eraction with the TiO 2 support. The partial substitution of Ti 4 + 

ith Bi (3 + x ) + will create oxygen vacancies in order to make a

harge neutrality in the Bi-deposited TiO 2 [25] . Thus, the presence

f Bi (3 + x ) + is relevant to vacant oxygen sites that are produced

n the structure of the material. The presence of Bi (3 + x ) + /Bi 3 + 

pecies in the catalyst favors the trapping of electrons to facil-

tate the separation of electron-hole pairs in the photocatalytic

rocess. 
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Fig. 4. UV–Vis DRS of Bi-deposited TiO 2 : (a) BT and (b) BTNT catalysts. 
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The O 1 s spectra shown in Fig. 3 (b) are wide and asymmet-

ric, indicating that there are at least two types of oxygen chemical

states. The samples exhibit binding energies ranging from 528 to

534 eV. As shown in Fig. 3 (b), the contribution for O 1 s may be

accounted for in two aspects: the intense peak, located at approx-

imately 530 eV, is assigned to crystal lattice oxygen (O L ), while the

broad peak located at 532 eV is ascribed to hydroxyl oxygen (O H )

[26,27] . The relative intensity of hydroxyl oxygen increased with Bi

deposition. Explanations for this phenomenon may be sought from

the lower valence and larger ion radius of Bi 3 + compared to that

of Ti 4 + . As such, the formation of defects should have led to the

higher hydroxyl number on the surface of Bi-deposited TiO 2 . 

The Ti 2 p spectra of bare TiO 2 (BT0) and BTNT2 are shown in

Fig. 3 (c). The BT0 sample exhibits two sharp peaks for Ti 4 + , one

at 458.6 eV for Ti 2 p 3/2 and the other at 464.8 eV for Ti 2 p 1/2 . The

peak for Ti 2 p became wider for 2 wt% Bi-deposited TiO 2 (BTNT2).

This broad peak may be ascribable to one of two factors: (i) the

formation of Ti–O–Bi shifts the electron density toward the Ti

atom, resulting in a shift toward lower energy [18,23] , or (ii) an

increasing Bi content leads to the formation of more defects. This

induced the formation of surface hydroxyl groups on the TiO 2 sur-

face; thus the amount of Ti –OH also increased, leading to a shift

towards higher energy. 

3.1.4. UV–Vis DRS 

Light absorption properties of the synthesized samples (BT and

BTNT catalysts) were studied via UV–Vis DR spectroscopy ( Fig. 4 ).

The bare TiO 2 exhibits an intense absorption band at approxi-

mately 380 nm in the ultraviolet region. In contrast, Bi deposition

led to an increase of absorption in the visible region. The extended

absorption of the Bi-modified TiO 2 samples in the visible region

with increased Bi loading led to the reduction in the band gap of

the Bi –TiO 2 catalyst relative to bare TiO 2 . This result indicates that

Bi deposition can enlarge the wavelength response range, and the

effect of Bi deposition on visible-light response should be ascrib-

able to the formation of Ti –O 

–Bi in titania nanotubes. The absorp-

tion increase in the visible range might be explained by the induc-

tion of the narrower band gap via the energy state of Bi 3 + 6 s lone

pairs lying above the valence band of sole TiO 2 [28,29] . 

The theory predicting a shift in the absorption edge of TiO 2 via

bismuth deposition was explained previously. Wei et al. [30] sug-

gested that the bismuth doping should lead to a change in the

electronic environment surrounding the surface titanium atoms.
hey systematically studied the interaction of bismuth oxide clus-

ers with a TiO 2 surface and found that the Bi–O distances in the

urface nanoclusters were shorter because of the lower coordina-

ion of Bi in the nanoclusters compared to the bulk of Bi 2 O 3 . They

lso investigated the surface Ti atoms, which were bound to the

iO X nanoclusters and were pulled out of the surface layer through

he interaction with oxygen. This displacement caused lengthening

f the subsurface Ti –O bonds. These cumulative effects caused by

 lower coordination of Bi and increased Ti –O bond length led to

hanges in the geometry and polarity of the Ti and Bi atoms. As

uch, the possibility of defects formation increased systematically;

his may be the reason for the improved visible absorption of the

i deposited TiO 2 photocatalysts [30] . 

.1.5. Photoluminescence spectra 

Photocatalytic activity depends on the efficiency of the photo-

enerated electron–hole separation and the transfer of charge car-

iers from the inner regions to the outer surfaces. When the photo-

nduced charge carriers recombine, they emit photoluminescence

roportional to the recombination rate of the charge carrier. Hence,

hoto luminescence (PL) spectra are useful in determining the ef-

ciency of several processes, including charge carrier trapping, mi-

ration, and transfer, and in understanding the nature of electron–

ole pairs in semiconductor particles. 

To address the effects of Bismuth deposition on electron–hole

eparation, photoluminescence spectroscopy (PL) was employed

hrough characterization of the recombination probability of BT0

bare TiO 2 ), BT2, and BTNT2 photocatalysts. The PL spectra of

hese photocatalysts are displayed in Fig. 5 in a wavelength range

f 350–550 nm. The emission peak at 390–410 nm is a result of

honon-assisted indirect transition from the edge ( M ) to the cen-

er ( �) of the Brillouin zone [31] . The emission peak at 429 nm is

ssigned to self-trapped excitons localized on TiO 6 octahedra [32] .

fter photoexcitation at 320 nm, the electrons in the conduction

and move through the ionic lattice, interact with the lattice ions,

nd then localize on a lattice site. The localized electron captures a

ole and generates self-trapped excitons [33] . The emission peaks

t 457 nm and 537 nm are associated with oxygen-related defect

tates [32] . The emission peak at 491 nm is ascribed to charge

ransfer transition from Ti 3 + to TiO 6 
2 − octahedra [34,35] . 

It is important to note that the luminescence intensities of the

T2 and BTNT2 photocatalysts are lower than that of pristine TiO 2 ,

onfirming the higher probability of electron–hole recombination
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Fig. 5. Photoluminescence spectra of BT0, BT2, and BTNT2 catalysts. 
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n the latter. This may be ascribed to the fact that Bi species re-

uced the number of trap states on the surface of the TiO 2 , thus

mproving the separation of photogenerated charge carriers. The

ecreased recombination of photogenerated charges will provide

ore opportunities for photo-induced charge carriers to participate

n the photocatalytic reactions on the semiconductor surface. In

ddition, BT2 exhibits peaks with higher intensity when compared

o BTNT2, possibly because the nanotube morphology (BTNT2) ac-

elerates the transfer of excited charge carriers to the surface when

ompared to the nanoparticle morphology (BT2). This phenomenon

ay be the reason for the higher activity of the BTNT2 catalysts

ver that of the BT2 catalysts for hydrogen production (discussed

n the “photocatalytic activity” section). Hence, PL studies confirm

hat Bi deposition may have slowed the radiative recombination

rocess of photogenerated electrons and holes in TiO 2 , while the

anotube morphology improved the charge carrier mobility in Bi-

eposited TiO 2 . These combined effects are beneficial to the im-

roved catalytic efficiency of bismuth-deposited TiO 2 catalysts. 

.2. Photocatalytic activity evaluation 

The photocatalytic performances of the as-prepared samples

ere evaluated via photocatalytic H 2 evolution rates in 5% glycerol

queous solution under solar light irradiation conditions. Fig. 6 (a,b)

hows the photocatalytic activities of various bismuth-deposited

iO 2 catalysts (BT and BTNT) with respect to hydrogen produc-

ion as a function of time. All samples exhibit photocatalytic ac-

ivities for hydrogen production. The optimum hydrogen produc-

ion of 2345 μmol/g/h was observed in BTNT2 after 5 h irradia-

ion; this rate is approximately 20 times that of the bare TiO 2 

105 μmol/g/h). 

Explanations for the enhanced photocatalytic activity of Bi-

eposited TiO 2 relative to bare TiO 2 may be sought for by the

ollowing factors: (i) the impurity levels formed by the bismuth

pecies (hybridization of Bi 6 s and O 2 p ) extended the visible ab-

orption by decreasing the band gap of TiO 2 , as evidenced from

V–Vis DRS [11] and (ii) an increase in the lifetime of the charge

arriers. It is known that the 4 f level of the bismuth ion can trap

he photo-excited electrons, leading to enhanced lifetime of the

harge carriers [30] . However, it was observed that photocatalytic

ctivity increased with increased bismuth loading, although this

ffect decreased with further loading. According to the aforemen-

ioned characterizations, such reduction at higher bismuth load-

ngs can be attributed to the formation of bismuth oxide clusters
observed via XRD) that can act as recombination centers for elec-

rons and holes. 

It can be clearly observed that the Bi-deposited TiO 2 nanotubes

BTNT samples in Fig. 6 b) exhibited a higher photocatalytic activity

han the Bi-deposited TiO 2 nanoparticles (BT samples in Fig. 6 a).

he higher activity of the BTNT catalysts compared to the BT cat-

lysts might be due to differences in the morphologies. The ma-

ority of the generated charge carriers in BT nanoparticles undergo

ast recombination, and only a fraction are utilized for H 2 gener-

tion (as evidence by PL spectra). However, a significant improve-

ent in H 2 evolution was observed with BTNT nanotubes as pho-

ocatalysts due to the delocalization of electrons along the axis of

he nanotube. The highest H 2 production achieved by BTNT2 pho-

ocatalyst should reflect a combined effect of several factors such

s: (1) quantum confinement by photogenerated electrons (due to

 favourable structure of TiO 2 nanotube for the delocalization of

lectrons along the uni-directional axis), (2) the efficient separation

f electrons, and (3) proton reductions at Bi (3 + x ) + sites. Thus the

ighly efficient photocatalytic activity of BTNT2 is ascribed to the

ollowing factors: (i) efficient solar light absorption, (ii) fast charge

arrier transfer due to nanotube morphology, (iii) efficient separa-

ion and fast reduction of protons to H 2 by Bi (3 + x ) + centers, (iv)

he effective adsorption of reactants involved in charge carrier uti-

ization and the desorption of products. 

To evaluate the sustainability of the photocatalysts, the photo-

atalytic activity of the BTNT2 sample was studied for extended

eriods of time (up to 20 h), as shown in Fig. 6 (c). It can be ob-

erved from the data that the activity increased linearly up to 5 h,

nd increased slowly after 10 h of reaction. The decrease in the rate

f hydrogen production with time (after 10 h) may be due to the

ressure developed by the produced hydrogen during the course of

he reaction. This is also evidenced by the color change of the solu-

ion from light yellow to a thick black color (not shown) during the

rack of the reaction. After several hours, the volume of the reactor

ecame insufficient to accommodate the amount of H 2 generated

rom the water splitting. Thus, with the increased partial pressure

f H 2 in the reactor, further dissolution of H 2 took place in the so-

ution phase. As the number of active sites on the surface of the

hotocatalysts was reduced, the rate of H 2 evolution was also re-

arded [36] . To confirm this, the recycling activity of the BTNT2

atalysts was assessed. When the produced gases were evacuated

nd purged with N 2 at five-hour intervals, the activity of the cat-

lyst was retained and for up to 25 h ( Fig. 6 d). This confirms that

he catalyst is sustainable for longer periods of time, provided that

he evolved gasses are removed or evacuated at regular intervals. 

.3. Structure activity correlation 

The photocatalytic mechanism of Bi –TiO 2 catalysts and the role

f Bi in the system are shown in Fig. 7 . In Bi-deposited TiO 2 cata-

ysts, bismuth deposition created the Bi (3 + x ) + species and impurity

nergy levels both above and below the valance and conduction

ands of TiO 2 , which resulted in a reduction in band-gap energy,

s shown in Fig. 7 . Under photo irradiation, Bi –TiO 2 can produce

lectron-hole pairs; and the electrons are expected to be trapped

y the higher oxidation state of the bismuth (Bi (3 + x ) + ), which is

onverted to the Bi 3 + species; this aids in the separation of the

lectron-hole pairs. The decrease in the recombination of charge

arriers is consistent with the obtained photoluminescence spec-

ra results. After electron-hole separation, the excited electrons are

rapped by the Bi (3 + x ) + species and can be transferred to the pro-

ons in the reaction media, thus leading to the production of hy-

rogen. In light of XRD, XPS, and photoluminescence spectra, it can

e concluded that the Bi (3 + x ) + works efficiently as a charge sepa-

ation center and is responsible for higher activity. It is clear that

t intermediate loading of Bi–TiO , Bi is present as Bi (3 + x ) + , which
2 



396 P.A.K. Reddy et al. / Journal of Energy Chemistry 26 (2017) 390–397 

Fig. 6. Photocatalytic activity of Bi-(wt%)-deposited TiO 2 for hydrogen production under solar light irradiation with (a) BT and (b) BTNT photocatalysts; (c) Time on stream 

activity of the BTNT2 catalyst; (d) Recycling studies of the BTNT2 photocatalyst. (For interpretation of the references to color in this figure, the reader is referred to the web 

version of this article.) 

Fig. 7. Plausible photocatalytic excitations in Bi-deposited TiO 2 nanotubes. 
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unctions effectively as a charge separation center, playing a major

ole in reducing the recombination of electron-hole pairs. 

. Conclusions 

The present study describes the preparation of Bi-deposited

iO 2 photocatalysts and discusses the role of highly-dispersed

iO X species on the photo-catalytic production of hydrogen from

lycerol aqueous solution under solar light irradiation. 2 wt% Bi-

eposited TiO 2 was determined to be an efficient catalyst for the

roduction of hydrogen. It was observed that the morphology of

ismuth-deposited TiO 2 has a strong influence on photocatalytic

ctivity. The higher activity of nanotube (BTNT2) catalysts com-

ared to nanoparticle (BT2) catalysts was primarily due to im-

roved charge transfer and charge mobility in the former. This

tudy demonstrates the strong interaction of Bi species with the

iO 2 surface at lower loadings. Thus, the highly interactive Bi

pecies exist in an oxidation state higher than + 3. The presence of

reatly dispersed Bi (3 + x ) + species was expected to play a vital role

n reducing the recombination of electron and hole pairs. Overall,

he high photocatalytic activity of bismuth-deposited TiO 2 photo-

atalysts was attained via the synergistic effect of stronger absorp-

ion in the visible light region and lower electron-hole recombina-

ion. 
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