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Visible Light Photocatalytic Performance of Bi,0;/TiO, Nanocomposite Particles
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Abstract: Visible-light photoactive Bi,0;/Ti0O, catalysts were prepared by sol-hydrothermal process. The as-prepared
samples were characterized by XRD, TEM, XPS, UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS), FTIR,
N, adsorption-desorption and ESR. Compounding with low amounts of Bi,O; could effectively inhibit the phase
transformation from anatase to rutile. UV-Vis DRS showed an extension of light absorption into the visible region.
ESR results indicated that the active species (-OH) was generated with visible illumination (A>420 nm). It was
found that the optimal dosage of bismuth was 2.0wt%. Proper amount of bismuth species compounded on the TiO,
surface could improve the anatase crystallinity, which could inhibit the recombination between photoelectrons and
holes, leading to enhanced photocatalytic quantum efficiency. Meanwhile, the enhanced visible-light activity was
tested by the photocatalytic degradation of 4-chlorophenol (4-CP). Furthermore, the generated intermediates were
identified using gas chromatograph-mass spectrometer and Bi,Os-photosensitization mechanism under visible light

illumination was proposed.
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Powdered titania have been proven to be excellent limits the absorption wavelength to less than 387 nm,
photocatalytic materials for degradation of organic which is only 3%~5% of the sunlight energy. Therefore,
pollutants under UV irradiation. However, the wide the development of visible-light photocatalysts is

band gap of TiO, (anatase of 3.2 €V, rutile of 3.0 eV) indispensable to be able to utilize the major portion of
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the solar spectrum and to realize indoor application of
photocatalysts.

Thus far, a lot of efforts have been devoted to
modify the photocatalyst®™. Among the studies, an
important strategy to extent the light absorption
property of TiO, is the formation of heterojunction
between TiO, and a sensitizer semiconductor with a

8 Tn the heterojunction structure, the

narrow bandgap
sensitizer is excited by visible light irradiation, and
some of the photogenerated electrons and holes will
then be transferred to TiO,. Bi,05;, with a direct band
gap 2.8 eV, thus will be able to absorb some portion of
visible light (A <440 nm) and decompose the organic

10 But alone, its photocatalytic activity is
p y y

pollutants!
very low, owing to the high electron-hole recombination
rate in Bi,O"". On the other hand, Bi,0; can act as an
effective  photosensitizer and form the coupled
semiconductor with TiO,. Rengaraj and Li" reported
that Bi**-Ti0, could improve the photocatalytic reduction
of nitrate in aqueous solution under UV illumination.
Jing et al.™ demonstrated that Bi,0s-compounded TiO,
could improve the photocatalytic decomposition of dyes
pollutant thodamine B (RhB). Bian et al." synthesized
active Bi,0;/TiO, visible photocatalyst with ordered
mesoporous structure and highly crystallized anatase by
evaporation-induced self-assembly method. However, to
the best of our knowledge, there has been no reports of
systematic studies on effects of the bismuth content on
the TiO, phase transformation and the photoinduced
charge properties by ESR technique, together with their
relationships with the enhanced photocatalytic activity
and degradation approach of 4-CP under visible-light
irradiation.

In the present work, we prepared Bi,05/Ti0, photo-
catalysts by sol-hydrothermal method with different
contents of bismuth. The prepared materials were
characterized by XRD, TEM, XPS, UV-Vis DRS, FTIR
and ESR spectroscopy. The enhanced photocatalytic
activity was tested in the degradation of 4-CP under
visible illumination, which was chosen as probe
molecule, due to its environmental importance as

priority toxic pollutant™. The promoting mechanism on

the activity from the high anatase crystallinity, the

optical response extent, the increasing surface OH
group density and the effective photosensitizating effect
of Bi,0; were examined. Meanwhile, by the examination
of the intermediates with GC-MS, the photocatalytic
mechanism and the possible approach of visible-light

degradation for 4-CP were also discussed.
1 Experimental

1.1 Reagents and materials

Titanium tetra-n-butoxide (Ti(O-Bu),) and bismuth
nitrate with analytical grade were obtained from Aldrich
Chemical Co. Glycolic acid, succinic acid, fumaric
acid, malic acid, 1,1,1,3,3,3-hexamethyldisilazane,
Chlorotrimethylsilane and anhydrous pyridine were
purchased from J&K chemical Ltd. 4-CP, hydroquinone
and all other chemicals were of analytical grade used
without further purification.
1.2 Photocatalysts preparation

The Bi,05/Ti0, samples with different percentages
of bismuth  (0.5%, 1%, 2%, 4% and 5%, (w/w)) were
prepared by sol-hydrothermal method, using Bi (NO;);
and Ti(O-Bu), as precursors. In a typical process, 10
mL of Ti(O-Bu), was dissolved in 10 mL of ethanol by
produce Ti(O-Bu),-C,H;OH
solution. Meanwhile, 10 mL of water, 2 mL of 16 mol +
L™ HNO; and the desired amount of Bi(NOs); were
added to another 40 mL of C,HsOH to form an ethanol-

nitric acid-water solution. Consequently, the Ti(O-Bu),-

stirring ~ vigorously  to

C,HsOH solution was slowly added dropwise to the
latter solution under vigorous stirring to carry out a
hydrolysis. The obtained semitransparent sol was
transferred to a 100 mL Teflon autoclave and kept at
140 C under authigenic pressure for 6 h for
hydrothermal treatment. Then, the autoclave was cooled
to room temperature and the precipitates obtained were
separated by centrifugation, washed thoroughly with
deionized water and ethanol, dried at 90 °C overnight,
and calcined in air at 500 °C for 2 h. A TiO, sample was
also prepared by the same procedure except without the
addition of the bismuth precursor.
1.3 Photocatalyst characterization

The crystallographic properties were investigated

by a Philips X’ Pert PRO X-ray diffractometer using
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Cu Ka radiation  (A=0.154 18 nm), in which an accele-
rating voltage of 40 kV and an emission current of 30
mA over the 26 range of 10°~90°. The settings for XRD
examination were as follows: divergence slit, 1 mm;
graphite monochromator; anti-scatter slit, 2 mm;
receiving slit, 0.15 mm; scintillator detector. The
particle size was estimated using the Scherrer equation.
The morphologies were observed by a transmission
(TEM, JEOL JEM-2010). N,
adsorption-desorption isotherms were collected at 77 K
by using Micromeritics ASAP 2020 Surface Area &

Pore Size Analyzer. IR spectrum was recorded as KBr

electron microscopy

pellets on Bruker Fourier transform infrared (FTIR)
spectrometer. The ultraviolet-visible diffuse reflectance
spectra (UV-Vis DRS) of the samples in the wavelength
range 250~750 nm were recorded using a spectrophoto-
(Hitachi U-3010), with BaSO, as a reference.
Surface electronic states were analyzed by X-ray
photoelectron spectroscopy  (XPS, Axis Ulira, Kratos
analytical Ltd.) with Al Ka X-ray source. All binding

meter

energies were calibrated by using the contaminant
carbon (Cls 284.6 V) as a reference. The electron spin
(ESR) signals of radicals trapped by 3.4-
Dihydro-2,2-dimethyl-2H-pyrrole 1-oxide (DMPO, CAS
No: [3317-61-1]) were detected at ambient temperature

resonance

on a Bruker (E 500) spectrometer. The irradiation
source was the same as used in the degradation of 4-CP.
The settings for the ESR spectrometer were as follows:
center field, 3480 G; sweep width, 100 G; microwave
frequency, 9.64 GHz; modulation frequency, 100 kHz;
power, 10.05 mW.
1.4 Photocatalytic reaction

The photocatalytic degradation of 4-CP was
carried out at 25 “C in an 75 mL self-designed glass
photochemical reactor containing 0.050 g of catalyst
and 50 mL of 1.0x10™* mol - L™ 4-CP aqueous solution.
Prior to photoreaction, the suspension was magnetically
stirred in dark for 30 min to establish an adsorption/
desorption equilibrium. The suspension was vertically
irradiated from the top by a 300 W Xenon lamp
(Changtuo Instrumental Corporation of Beijing) at
constant stirring speed. All the UV lights with

wavelength shorter than 420 nm were removed by a

glass filter (JB-420). At the given time intervals, the
analytical samples were taken from the suspension and
immediately centrifuged at 4 000 r +min~" for 10 min,
then filtrate through a 0.22 pwm Millipore filter to
remove particles. The filtrate was analyzed by HPLC for
the degree of 4-CP degradation.

The concentrations of 4-CP were measured by
HPLC using an Agilent 1200 HPLC with a diode-array
detector (G1315C) and a 1200 series binary pump. An
Intersil ODS-3C-18, 5 pm 4.6 X250 mm column was
used. Substances were routinely quantified from their
absorbance at 280 nm. The eluent was 60% aqueous
methanol and 40% phosphate buffer solution (0.1%, V/
V). GC-MS data were obtained on an Agilent 6890 gas
chromatograph using a 25 m 0.20 mmx0.33 pm DB-5
column, coupled with an Aglient 5985 mass spectro-
meter. The temperature program was as follows: at 50
°C, hold time=6.5 min; from 50 to 200 °C, rate=10 C -
min . The injector port was set for split operation at
250 °C. The samples after irradiation were filtered, and
the filtrate was then concentrated by a rotary evaporator
and freeze-dried overnight. The residue was finally
redissolved in 0.1 mL anhydrous pyridine, followed by
the addition of 0.1 mL hexamethyldisilazane and 0.05
mL of chlorotrimethylsilane!". The silylated sample was
further analyzed by GC-MS.

Total organic carbon was measured by a Tekmar
Dohrmann Apollo 9000 TOC analyzer. The concentra-
tion of the chloride ions produced was determined using
a chloride ion selective electrode. The K,HPO, was
used for the buffer solution and to adjust the ionic

strength.
2 Results and discussion

2.1 XRD, TEM and XPS characterization

XRD peaks at 26=25.28° and 26=27.40° are often
taken as the characteristic peaks of anatase (101) and
rutile (110) crystal phase, respectively. Fig.1 shows the
XRD patterns of pure TiO, and modified samples with
different bismuth contents. The percentage of anatase in
the samples can be estimated from the respective
integrated XRD peak intensities using the quality factor

ratio of anatase to rutile (1.265), and the crystal sizes
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can also be calculated using the Scherrer equation!”.
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Fig.I XRD patterns of the pure TiO, and Bi-modified
TiO, calcined at 773 K

From Fig.1, it can be seen that pure TiO, have
significant diffraction peaks representing the character-
istic of anatase phase around 26 of 25.2°, 37.9°, 47.8°,
53.8°, 55.0°, 62.1°, 62.7°, 68.8°, 70.3° and 75.1°,
respectively. However, about 19.6% of rutile was also
detected, implying that there is some phase transforma-
tion in the present experimental conditions. Compared
with pure TiO,, the modified TiO, with 0.5% or 1.0%
bismuth exhibits lower rutile characteristic peak. These
two samples contained about 12.4% and 5.5% rutile
phase. When the bismuth content increases to 2.0%, or
more than 2.0%, no rutile phase is detected in the
bismuth-compounded TiO, samples. These results
demonstrate that the surface-modification with Bi can
inhibit effectively the phase transformation from
anatase to rutile, which is favorable to the improvement
of the anatase crystallinity. The high crystallization
degree of anatase facilitates the rapid transfer of
photoelectrons from bulk to the surface, which could
effectively inhibit the recombination between photoele-
ctrons and holes, leading to enhanced photocatalytic
quantum  efficiency™. However, the crystallization
degree and sizes of Bi,0; /TiO, decrease slightly with

the increase of bismuth contents, as mainly evidenced

by the intensity and the full width at the half maximum
(FWHM) value of their characteristic XRD peaks. The
reason may be that the presence of bismuth disturbs the
crystallization process during calcination!".

TEM images of TiO, nanoparticles uncompounded
(A) and compounded with 2.0% Bi (B) are shown in Fig.
2. The dispersion of TiO, nanoparticles is markedly
improved by compounding Bi. It can be also seen that
the both samples display similar spherical form, with
the particle size of 20~25 nm and 10~15 nm, respecti-
vely, demonstrating that compounding Bi can inhibit
the growth of TiO, nanoparticles. Additionally, indivi-
dual particles sizes in Fig.2 are comparable with those
obtained by the Scherrer equation (Table 1), which
demonstrates the particles are mainly mono-disperse

and non-agglomerate.

100 nm
—

100 nm
—

Fig.2 TEM images of TiOs(A) and 2.0% Bi-compounded
Ti0, (B) powder
The XPS spectrum of 2.0% Bi-modified TiO, and
the high-resolution XPS spectrum of Bi4f are shown in
Fig.3. The peaks centered at 158.6 and 163.9 eV could
be assigned to Bidf7, and Bidfs, region™. The presence

of Bi,O; exerts no significant influence on the XPS
spectra in either the Ti2p or Ols orbitals. Moreover, the
XRD peaks of Bi-compounded TiO, do not shift much

compared with bare TiO,. These results demonstrate

Table 1 Crystallite size, anatase phase composition and apparent rate constants of the as prepared TiO, samples

Sample Pure TiO, 0.5% 1.0% 2.0% 4.0% 5.0%
Crystallite size, D / nm
Anatase (101) 22 17 14 12 10 9
Rutile (110) 23 18 15 — —
Anatase phase composition / % 80.4 87.6 94.5 100 100 100
Apparent rate constant, K,,, / min™ 0.000 1 0.009 0.001 7 0.003 1 0.002 8 0.002 6
Regression relative coefficient, R 0.984 0.990 0.986 0.992 0.984 0.986

Note: 0.5%, 1.0%, 2.0%, 4.0% and 5.0% represent the weight percentage of Bi-compounded TiO,, respectively.
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that the Bi,O; is present mainly as a separate phase,
which is ascribed to the larger size of Bi atom (103 pm)
than that of Ti atom (61 pm)".

)
S Bid,, AISBSEV

163.9 eV

Ti2p

Intensity (a.u)

154 156 158 160 162 164 166 168
Binding energy / ¢V

1 1 1 1 1
0 200 400 600 800 1000 1200
Binding energy / eV

Intensity (a.u.)
Ti2s

Inset: the high-resolution XPS spectrum of Bi4f

Fig.3  XPS spectrum of 2.0% Bi-compounded TiO,

2.2 Optical absorption properties of
photocatalysts

The surface hydroxyl groups on titania have been
recognized to play an important role on the
photocatalytic reaction. Fig.4 shows the FTIR spectra of
different TiO, samples diluted and pressed in KBr dics.
The strong and broad IR band of curve a and b between
400~850 c¢m™

vibration modes in crystal TiO,

correspond to the Ti-O stretching

21 With the increase in

bismuth content, the additional peak around 489 ¢m™
appears due to the vibrations from Bi-O bonds™, as
displayed in curve ¢, d, e and f. The IR peak at 1 630
em™ is ascribed to the bending vibration of O-H bonds
of adsorbed water strongly bound to the -catalyst

surface®?, The broad absorption peaks near 3 400 cm™

Transmittance (a.u.)

500 1000 1500 2000 2500 3000 3500
Wavenumber / cm™

(a) Pure TiO,, (b) 0.5% Bi-TiO,, (¢) 1.0% Bi-TiO,, (d) 2.0% Bi-
TiO,, (e) 4.0% Bi-TiO,, (f) 5.0% Bi-TiO,, respectively

Fig.4 FTIR spectra of the prepared photocatalysts

are attributed to the stretching mode of O-H bond,
which is related to water molecules and crystal surface
hydrogen bonding. Obviously, as the bismuth content of
modified TiO, samples increases, the amount of surface
hydroxyl gradually increases. The larger surface
hydroxyl group density will lead to the enhancement of
the photocatalytic activity. Because the larger surface
hydroxyl group can interact with photogenerated holes,
giving better charge transfer and inhibiting the
recombination of electron-hole pairs.

As shown in Fig.5, the UV-Vis DRS spectra
demonstrate that the pure TiO, displays no significant
absorbance in the visible region due to the big energy
gap (3.2 eV). With the introduction of Bi ions, the
absorption edge shifts towards longer wavelengths (400~
600 nm). The absorbance of Bi0;/TiO, has similar
intensity with the Bi content from 0.5%~2.0%. Mean-
while, further increase of the Bi content is bene-ficial to
the light absorbance. The absorbance of Bi,0; /TiO,
increases with Bi content, suggesting that the spectral
response in the visible region mainly results from Bi,0;
photosensitization. Briefly, the Bi,O5 photo sensitizer
(2.8 €V) could be easily

activated by visible lights and induce photoelec-trons

with narrow energy gap

and holes. The photo-holes in bismuth oxide could
easily transfer from the valence band (VB) of Bi,O; to
the neighboring VB of TiO,®. Thus, the Bi,0;-TiO,
heterojunctions formed in the composite TiO, could
effectively inhibit the recombination between photoele-
ctrons and holes, leading to the strong response in

visible area.

Intensity (a.u.)

1 1 1 1 1 1 1 1 1
250 300 350 400 450 500 550 600 650 700 750
Wavelength / nm

Fig.5 UV-Vis DRS spectra of the pure TiO, and
Bi-modified TiO, calcined at 773 K
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2.3 ESR signal analysis of DMPO--OH
Spin-trapping ESR technique was employed to
identify the possible short-lived reactive oxygen species
involved in the photocatalytic systems. For this study,
all the ESR spectra were recorded by the same
irradiation as used in the photocatalytic degradation
using DMPO as the radical trapping agent, and the ESR
signals at different irradiation time are shown in Fig.6.
It can be seen from Fig. 6, no ESR signals are
observed when the photocatalysis is performed in the
dark in the presence of catalyst and DMPO. Under

visible light illumination, it is evident that in the pure

TiO, system, no signal (1:2:2:1 signals) of the DMPO- -
OH radical adducts is observed during the degradation
(Fig.6A). Whereas, the generation of -OH
species is confirmed by ESR technique when irradiated
with visible light for the 2.0% Bi-TiO, system (Fig.
6B)®. The results may reveal why 2.0% Bi-TiO,
exhibits much higher activity than bare TiO,. Moreover,

process

the intensity of the peaks further increases with the
increase of irradiation time and reaches stable state in
15 min, therefore the intensity of DMPO--OH adduct
peak produced in 20 min irradiation is similar to that in

15 min irradiation.

(A) 20 mim (B) / N 20 min
15 mim A A 15 min
10 mim
Attt o s s gt A A e A O min,
WWWMW 5 min
*WA,_—__/\/W.J\,_,\_”\,M
2 mim 2 min
R e M e L WY e e P e W e
0 mim 0 min
P s AR gt WA s A Ay A
3440 3460 3480 3500 3520 3440 3460 3480 3500 3520
Magnetic field / G Magnetic field / G

Fig.6. DMPO spin-trapping ESR spectra of (A) pure TiO, and (B) 2.0% Bi modified-TiO, aqueous solutions

2.4 Photocatalytic degradation of 4-chlorophenol
In order to evaluate the photocatalytic activity of
the prepared catalysts and find out the optimum content
of Bi species, a set of experiments for 4-CP degradation
under visible-light irradiation was carried out in and the
results are shown in Fig.7A. The pure TiO, is rather
inefficient since it could not be activated by visible
lights due to a big energy band gap (3.2 eV).
Modification of TiO, with BiO; results in abrupt

increase of the photocatalytic activity owing to the

0.8

T8 0.5% TiO,
S o6l
S 0.6
(&) 1.0% TiO,
041 e s 5.0%TiO,
4.0% TiO,
2.0% TiO,
02 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9
Irradiation time / h
Fig.7

In(C,/C)

Bi,0;-photosensitization. It is found that pseudo-first-

order kinetics is obeyed for the photocatalytic
degradation of 4-CP. Therefore, the apparent first order
kinetic Eq.(1) is used to fit the experimental data in Fig.

TA.

1)

is the apparent rate constant, C is the

CO
In F =k apph
Where &

concentration of 4-CP remaining in the solution at

app

irradiation time of ¢, and Cj is the initial concentration

1.4
» ,2.0%TiO,
£ 4.0% TiO,
5.0%TiO,

12

1.0

0.8
1.0% TiO,
0.6
04 +— 0.5% TiO,

0.2

0.0

2 3
Irradiation time / h

4 5 6 7 8

(A) Photocatalytic kinetics of 4-CP degradation for pure TiO, and Bi-modified TiO,; (B) Variations in

In(Cy/C) as a function of irradiation time and linear fits of pure TiO, and Bi-compounded TiO,
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at t=0. The variation in In(C,/C) as a function of irradia-
tion time are given in Fig.7B. The calculated data are
given in Table 1.

The results of Fig.7B and Table 1 show that the
effectiveness of the catalyst is strongly dependent on
the amount of dopant ions. The 4-CP degradation
efficiency after 7 h follows the order: 2.0% Bi-TiO, >
4.0%Bi-Ti0, > 5.0%Bi-Ti0, > 1.0%Bi-Ti0, > 0.5%Bi-
TiO,. The experimental results are also related to BET
specific surface area of Bi-modified TiO,. For instance,
the BET specific surface area of 2.0% Bi-TiO, is 130
m*- g, which is much higher than 33 m*-g™ of bare
TiO,. The larger specific surface area provides larger
contact area and will lead to higher photo-degradation
efficiency. Among the Bi-compounded TiO,, 2.0% (wt)
Bi-TiO, catalyst exhibits the highest activity under
visible illumination. However, very high Bi content (>
2.0%) is harmful for the photocatalytic activity because
of the agglomeration of the Bi,0; particles. The high Bi
contents facilitates charge transport and reduces charge
recombination, the large nanoparticles may act as the
centers of electron-hole recombination and reduce
quantum efficiency'”.

2.5 Mineralization and dechlorination

From an application perspective, analysis of
degradation products is useful to estimate the efficiency
of the photocatalytic technique, and it also may help
reveal details of the chemical process taking place
during the degradation and mineralization. To identify
the intermediates of 4-CP degradation, GC-MS analysis
was used. The unfunctionalized degradation mixture is
not suitable for GC-MS analysis, so the mixtures were
silylated with TMS groups. The GC-MS results
demonstrate the hydroxylated intermediates, such as
and 4-

chlororesorcinol, were firstly generated during the

catechol, hydroquinone, 4-chlorocatechol
photodegradation of 4-CP. The primary products mainly
involves the addition of HO - to aromatic ring and
substitution of chlorine by HO - . Subsequently, under
the effect of HO - radicals, the hydroxylated intermedia-
tes were further oxidated and resulted in the formation

of a series of low molecular weight carboxylic acids

through the cleavage of benzene rings, which were also

analyzed by GC-MS. The aliphatic intermediates are

mainly  dicarboxylic  acids and  substitutional
dicarboxylic acids, such as oxalic acid, glycolic acid,
malonic acid, maleic acid, succinic acid, fumaric acid,
tartronic acid, malic acid and tartaric acid. In most
instances, these structural assignments were confirmed
with samples of authentic material that was processed
in the same way that showing the same chromatographic
and MS behavior. However, other reasonable pathways
also maybe exist to get to these compounds.

Meanwhile, during the photocatalytic degradation
of 4-CP, the attack of HO + to 4-CP may replace chlor-
ine atoms and produced organic dicarboxylic acids
before complete mineralization. To examine the extent

of 4-CP visible  light
illumination, both removal yield of TOC and the

of mineralization under
quantity of inorganic chloride ions released were
determined.

Temporal changes of TOC and variations in the
concentration of Cl~ are shown in Fig.8. The initial 4-
CP contains 13.9 mg-L™" of TOC. After the adsorption
of 4-CP on the 2.0% Bi-TiO, surface, the TOC values in
the supernatants drop to 12.6 mg-L™". The rate of TOC
reduction is remarkably slower than that of 4-CP. About
62% of TOC still remains after 13 h irradiation when
the release of Cl™ occurrs to a greater extent during the
of 4-CP. The extent of
dechlorination is ca. 76% (1.52x10~ mol - L.™"), which is
close to the theoretical quantity of about 1.60x10™ mol -

degradation maximum

L™ (the quantity of 4-CP degradation). It can be concl-
uded from this result that dechlorination of 4-CP is
completed but about half of 4-CP is mineralized into

20

1.0 i

ToC 16 g

0.8F T

2

o6t 4-CP 12 =

o 2

O o
H0.8

04+ cr §

£

02F 04 5

Q

=}

3
00 1 1 1 1 1 1 00

0 2 4 6 8 10 12
Irradiation time / min

Fig.8 Change in 4-CP concentration and TOC and the
formation of Cl” during the degradation of 4-CP
(2x10™ mol - L) in the presence of 2.0% Bi-TiO,
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CO, and H,0.
2.6 Cyclic experiments

Based on the above results, one could conclude
that 2.0% Bi modified-TiO, exhibit the highest activity
under visible irradiation. Besides the high activity, the
2.0% Bi-TiO, also displays strong durability. As shown
in Fig.9, only 3% decrease in activity is observed even
after being used repetitively for 8 times, which
demonstrates that this catalyst is quite stable during

liquid-phase photocatalytic degradation.
80

|

Degradation yield / %

Recycling times

Reaction condition: 50.0 mL solution of 1.0x10™* mol-L™" 4-CP, 1

g+ L7 catalyst, visible light illumination
Fig.9 Recycling tests of the 2.0% Bi-TiO, photocatalyst

2.7 Proposed mechanism and possible

degradation pathway

In the absence of Bi,O; the titania cannot be
directly excited by visible light. Modification of TiO,
with Bi,0; could prevent phase transition from anatase
to rutile and lead to the strong spectral response in
visible region, as indicated in Fig.1 and Fig.5. The
abrupt increase of the photocatalytic activity of 4-CP
degradation ascribes the Bi,O;-photosensitization.
Briefly, the Bi,O; photosensitizer with narrow energy
gap (2.8 eV) could be easily activated by visible light
and induce photoelectrons and holes. In the absence of
TiO,, these electrons and holes might recombine
rapidly, leading to the quenching of spectral response.

In Bi,05/TiO;, system, the heterojunctions formed
in the composite catalyst would promote the photo-
generated holes in bismuth oxide to be transferred to
the upper lying valence bands of titania, because the
valence band of Bi,O; is lower than that of titania (as

shown in Fig.10). The process is thermodynamically

feasible™!. Therefore, the recombination between photo-
electrons and holes could be effectively inhibited and
much more holes are captured to generate hydroxyl
radicals and/or further induce photocatalytic reactions.
Accordingly, the distinct difference of ESR signals
observed between the 2.0% Bi-modified TiO, and pure
TiO, dispersions is understandable. As a result, the
photocatalytic activity of Bi,0;/Ti0, composite photoca-
talyst enhances a lot compared to the pure TiO,. Based
on the identification of intermediate products, the
degradative process of 4-CP firstly undergoes the
hydroxylation or dechlorination reaction induced by
active hydroxyl radicals. After that, these hydroxylated
intermediates are oxidated and a series of dicarboxylic

acids or substitutional dicarboxylic acids are generated.

CB
o
CB—
A
Q HO or Org*
Visible light
U
VB T~
h
Bi,0, TiO,

Fig.10  Bi,0s5-photosensitizating mechanism of 2.0%

Bi-TiO, under visible light irradiation

3 Conclusions

Bi,0;/TiO, composite photocatalyst was synthesiz-
ed by the sol-hydrothermal method and characterized
by XRD, TEM, XPS, FTIR, UV-Vis DRS and ESR
techniques. The promoted activity of such Bi,0; /TiO,
mainly derives from the high anatase crystallinity, the
optical response extent and the strong photosensitizing
effect of Bi,Os. The enhanced photocatalytic activity of
the material was evaluated on the visible light
photodegradation of 4-CP. TOC analysis shows that the
mineralization of 4-CP over Bi,0;/Ti0O, photocatalyst is
feasible. The analyses of degradation intermediates by
GC-MS and the ESR signals reveal the possible
pathways during the 4-CP photodegradation.
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