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A highly efficient monoclinic BiVO4 photocatalyst (C-BVO) was synthesized by an aqueous method with
the assistance of cetyltrimethylammonium bromide (CTAB). The structure, morphology and photophys-
ical properties of the C-BVO were characterized by XRD, FE-SEM and diffuse reflectance spectroscopy,
respectively. The photocatalytic efficiencies were evaluated by the degradation of rhodamine B (RhB)
under visible-light irradiation, revealing that the degradation rate over the C-BVO was much higher than
that over the reference BiVO,4 prepared by aqueous method and over the one prepared by solid-state
N reaction. The efficiency of de-ethylation and that of the cleavage of conjugated chromophore structure
Monoclinic BiVO4 . . . .
Photocatalyst were investigated, respectively. The chemical oxygen demand (COD) values of the RhB were measured
CTAB after the photocatalytic degradation over the C-BVO and demonstrated a 53% decrease in COD. The effects
of CTAB on the synthesis of C-BVO were investigated, which revealed that CTAB not only changed the
reaction process via the formation of BiOBr as an intermediate, but also facilitated the transition from
BiOBr to BiVO,4. Comparison experiments were carried out and showed that the existence of impurity
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level makes significant contribution to the high photocatalytic efficiency of the C-BVO.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Organic dyes in textile and other industrial effluents have
become one type of the major environmental contaminants. As
many dyes are highly water-soluble, traditional treatment methods
including flocculation, activated carbon adsorption, and biologi-
cal treatment do not work efficiently [1]. Recently, photocatalysis
method has played an important role in the degradation of organic
dyes in wastewater [2,3]. Compared with other treatment, pho-
tocatalytic degradation has several advantages, such as the use of
environmentally friendly oxidant O,, complete mineralization, no
waste disposal problem, and a necessity of only mild tempera-
ture and pressure conditions [3,4]. Moreover, the photocatalytic
degradation is able to work out even at a much low concentra-
tion of organic dyes. Therefore, photocatalytic degradation is a
promising solution to organic dyes. Early studies on photocata-
lysts mainly focused on the Ultraviolet-driven TiO, photocatalyst
[5-7]. However, UV light takes up only ca. 4% of the solar energy
while visible-light ca. 43%. Hereby, visible-light-driven photocata-
lysts have been the new focus [8-10].

Since BiVO4 was found to be an active photocatalyst for O,
evolution from aqueous AgNO5 solution under visible-light irra-
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diation [11], more and more attention has been attracted to the
synthesis of visible-light-driven BiVO,4 photocatalyst. Among the
three crystalline phases of BiVQy, tetragonal zircon (z-t), tetrago-
nal scheelite (s-t) and monoclinic scheelite (s-m) structures [12],
it is found that the monoclinic scheelite BiVO4 (m-BiVO,4) exhibits
much higher photocatalytic activity than the other two tetrago-
nal phases [13,14]. Therefore, many methods have been employed
for the synthesis of m-BiVOy, such as solid-state reaction [15,16],
hydrothermal or solvothermal method [17-21], aqueous method
[22-24], ultrasound- or microwave-assisted route [25,26], metal-
organic decomposition [27,28], flame spray pyrolysis [29], and
solution combustion method [30]. Compared with other meth-
ods, aqueous method provides a milder environment for the
synthesis of monoclinic BiVO4 and the reaction parameters as
well as the properties of the products could be easily tuned.
To the best of our knowledge, however, the synthesis of BiVOy4
by aqueous method with the assistance of CTAB has not been
reported.

In the present study, highly efficient m-BiVO,4 photocatalyst was
synthesized by a CTAB-assisted aqueous method and rhodamine B
(RhB) was used as a model dye to evaluate its photocatalytic effi-
ciency under visible-light irradiation. Furthermore, the efficiencies
both in de-ethylation and cleavage of chromophore structure were
investigated, respectively. The 53% decrease of the COD values for
the RhB solutions after the irradiation confirmed the photocatalytic
degradation of RhB. The effects of CTAB addition on the products
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Table 1
List of the samples prepared in different conditions.
C-BVO C-BVO-cal NC-BVO SSR-BVO  AM-BVO
CTAB Y Y N Ref.[15]  Ref.[8],[23]
Calcination N Y N

were investigated. Possible reasons for the enhanced efficiencies of
m-BiVO,4 photocatalyst were discussed.

2. Experimental
2.1. Synthesis

All the reagents were of analytical purity from Shanghai Chem-
ical Company and used without further purification. In a typical
procedure, 2 mmol of NH4VO3; was first dissolved into 20 mL of
de-ionized water at 96°C and then the solution was cooled to
room temperature. The NH4VO3 solution was added dropwise into
a 250 mL flask containing 40 mL of CTAB solution (0.05M) in an
oil bath at 60 °C. Afterwards, 2 mmol of Bi(NOs3)3-5H,0 was added
into 20 mL of de-ionized water and stirred for about 10 min to form
a hydrolyzed white floccule. The floccule suspension was added
dropwise into the flask at 60 °C under stirring. After that, the flask
was connected with a condenser and heated in oil bath at 80°C for
12 h. The final product was centrifuged, washed with de-ionized
water and absolute ethanol for several times, and dried in air. The
as-prepared m-BiVOy, crystals were denoted as C-BVO. For compar-
ison, m-BiVOy4 crystals were also synthesized by solid-state reaction
(SSR-BVO) according to Ref. [15] and by aqueous method (AM-BVO)
as reported in Ref. [8] and [23]. The major samples prepared in our
experiment were denoted and listed in Table 1.

2.2. Characterization

The X-ray diffraction (XRD) patterns of the samples were
measured with a Rigaku D/Max-2200PC diffractometer using
monochromatized Cu Ka radiation (A =0.15418 nm) at a scanning
rate of 8°/min. The field emission scanning electron microscope
(FE-SEM) images were obtained on a JEOL JSM-6700F field emis-
sion scanning electron microscope. The diffuse reflectance spectra
(DRS) of the BiVO4 samples and the UV-vis absorption spectra of
the RhB solutions were obtained on a Hitachi U-3010 UV-vis spec-
trophotometer.

2.3. Photocatalytic efficiency

RhB shows a major absorption band centered at 553 nm which
is used to monitor the photocatalytic degradation of RhB. The
photocatalytic efficiencies of the BiVO4 were evaluated by the
degradation of RhB under visible-light irradiation. The visible-light
irradiation was provided by a 500 W Xenon lamp (Shanghai Yaming
Lighting Co. Ltd.) with a 420 nm cutoff filter. Each experiment was
performed at room temperature as follows: 0.1 g of BiVO4 photocat-
alyst was added into 100 mL of RhB solution with a concentration
of 10> M. Before illumination, the suspension was stirred in the
dark for 12 h to ensure adsorption/desorption equilibrium between
RhB and the photocatalyst. Then the suspension was stirred and
exposed to visible-light irradiation. At given time intervals, 2 mL of
the suspensions was taken out and centrifuged to remove the pho-
tocatalyst particles. The concentrations of the centrifuged RhB solu-
tions were monitored using a Hitachi U-3010 UV-vis spectropho-
tometer. Chemical oxygen demand (COD) measurements were car-
ried out by the dichromate titration method [31] on the RhB solu-
tions before and after 8 h of visible-light irradiation over 0.2 g of the
C-BVO. The initial concentration of the RhB solution is 2 x 104 M.

14 ® m-BiVO4
A BiOBr
a ° 18 20
(d .:0.\3 J ¢ oo & o % o
et °
=3
s
‘? II;\\ b4 [J Y L
g () N a J A %e o o Y on
2 >
= AN A
/o °
(a) (.E JLL .. P .. ° e 18 .o 20
T d T T T T T v T
10 20 30 40 50 60

20 (degree)

Fig. 1. XRD patterns of the C-BVO (a), the products prepared by CTAB-assisted aque-
ous method at 80°C for 3 h (b) and 6 h (c), and the C-BVO-cal (d). Inset: the widened
parts of XRD patterns near 19°, showing the characteristic split of monoclinic BiVOj,.

3. Results and discussion
3.1. Characterization of the C-BVO

Fig. 1a shows the XRD pattern of the C-BVO. All the diffraction
peaks can be indexed to m-BiVO4 which is identical to the stan-
dard (JCPDS no. 14-0688). Characteristic splitting of peaks at 18.5°,
35°, and 46° of 26 is observed for m-BiVOy. The sharp and narrow
diffraction peaks indicate a high crystallinity of the m-BiVO4. No
diffraction peaks of other phases are detected.

Fig. 2 shows the SEM images of the C-BVO. The shapes of the C-
BVO particles are nearly spherical. The sizes of these particles range
from 400 nm to 700 nm. Magnified image in Fig. 2b shows a rough
surface of the C-BVO particles.

The diffuse reflectance spectrum (DRS) of the C-BVO is shown
in Fig. 3a. It is obvious that the absorption edge of the DRS curve
possesses an elongated tail, which suggests the formation of surface
states and impurity levels [13].

3.2. Photocatalytic efficiency of the C-BVO

The characteristic absorption of RhB which lies at the wave-
length of 553 nm has been used to monitor the photocatalytic
degradation process. Fig. 4 represents the decrease of RhB (C/Cp)
as a function of irradiation time without photocatalyst and over
the C-BVO, AM-BVO and SSR-BVO. Here, C is the absorption of
RhB at the wavelength of 553 nm and Cy is the absorption of RhB
after the adsorption equilibrium on BiVO,4 photocatalysts before
irradiation. The photolysis of RhB under visible-light irradiation
is neglectable (Fig. 4d), as reported in Ref. [17]. RhB is almost
completely degraded after 20 min of irradiation over the C-BVO
under visible-light (Fig. 4a). However, only about 12.5% of RhB can
be degraded over the SSR-BVO and 85% over the AM-BVO after
120 min of irradiation (Fig. 4b and c). According to Ref. [32], the RhB
degradation over the photocatalysts is fitted for pseudo-first-order
kinetics and the reaction constant k, which was used to evaluate the
degradation rate, could be determined by the plots of In(C/Cy) vs
irradiation time (t). The determined k values for the C-BVO, AM-
BVO and SSR-BVO are 0.233(+0.008), 1.805(£0.079) x 102, and
8.268(+0.113) x 10~4min~!, respectively. Their linearly depen-
dent coefficients (R) are 0.998, 0.996 and 1.000, respectively,
indicating a good linear dependence relation. It is clear that the k
value for the C-BVO is about 12 times higher than that for the AM-
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Fig. 2. SEM images of the C-BVO. (a) panoramic view; (b) magnified view.
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Fig. 3. DRS spectra of the C-BVO (a) and C-BVO-cal (b).
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Fig. 4. Decrease of RhB (C/Co) (100 mL, 10~ M) as a function of irradiation time
over 0.1g of (a) C-BVO, (b) AM-BVO and (c) SSR-BVO, and (d) direct photolysis of
RhB (100 mL, 10~ M) under visible-light (\ >420 nm).

BVO and 281 times higher than that for the SSR-BVO, indicating a
high photocatalytic efficiency of the C-BVO.

As reported by Zhao et al. [33], two procedures are involved
in the degradation of RhB: the de-ethylation and the cleavage of
conjugated chromophore structure. The former one could be char-
acterized by the shift of the maximum absorption band (Amax) of
RhB while the latter one by the change in the absorption maxi-
mum (Amax /A% ,,) of RhB. Usually these two procedures take place
simultaneously in the presence of photocatalyst under irradiation.
As a result, it is a cooperative effect that results in the decrease of
absorbance at the wavelength of 553 nm with the irradiation time
prolonged.

To investigate the efficiencies of the de-ethylation and the cleav-
age of conjugated chromophore structure, here we analyzed the
changes in the maximum absorption bands and the absorption
maxima of the RhB solutions irradiated for different time. The
results are shown in Fig. 5. The C-BVO exhibits high photocat-
alytic efficiencies in both the de-ethylation and the cleavage of
conjugated chromophore structure of RhB. During the first 20 min
the de-ethylation proceeds in a stepwise manner with the color
of the suspension changing from initial red to light green-yellow,
as reported in the Ref. [32]. De-ethylation of the fully N, N, N/,
N'-tetraethylated rhodamine molecule (RhB) results in significant
hypsochromic shifts. The maximum absorption band of RhB is
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Fig.5. Changes of the maximum absorption band (Anax, dot line) and the absorption
maximum (Amax /A%,y solid line) of RhB as a function of irradiation time during the
photocatalytic degradation of RhB (100 mL, 10~> M) over the C-BVO (0.1 g, circle),
NC-BVO (0.1 g, square) and C-BVO-cal (0.1 g, triangle).
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Fig. 6. Cycling runs in photocatalytic degradation of RhB (100 mL, 10~ M) in the
presence of the C-BVO (0.1 g) under visible-light irradiation.

553 nm; of N, N, N'-triethylated rhodamine (TER), 539 nm; of N, N'-
diethylated rhodamine (DER), 522 nm; of N-ethylated rhodamine
(MER), 510 nm; and of rhodamine, 498 nm [34]. After 20 min of
irradiation, although the absorbance at the wavelength of 553 nm
decreases to zero, the maximum absorption band shifts to 500 nm
and the absorption maximum decreases to 0.15, suggesting the
existence of rhodamine and other rhodamine species mentioned
above. After 35 min of irradiation, the maximum absorption band
shifts to 498 nm while the absorption maximum remains 0.045,
revealing the completion of the de-ethylation process rather than
the cleavage of conjugated chromophore structure. Thereafter, the
maximum absorption band remains while the absorption max-
imum continues to decrease and reaches zero after 70 min of
irradiation, indicating the complete degradation of rhodamine.

The stability of the highly efficient C-BVO photocatalyst was
evaluated by recycled runs in the photocatalytic degradation of
RhB under visible-light irradiation (A >420nm). The decreases of
the absorption maximum of RhB are shown in Fig. 6. It is clear that
photocatalytic efficiency does not exhibit significant loss after five
recycles, indicating that the C-BVO has high stability and does not
suffer from photocorrosion during the photocatalytic degradation
of RhB.

As is known, chemical oxygen demand (COD) value reflects the
general concentration of organics in solution and has been widely
used to evaluate the degree of degradation or mineralization of
organic species during irradiation period [35]. The COD values
of the RhB solutions before and after 8 h of irradiation over the
SSR-BVO, AM-BVO and C-BVO were measured and the results are
represented in Fig. 7. The initial COD concentration of the RhB solu-
tion (100mL, 2 x 10~% M) is 74 mg/L. After 8 h of irradiation under
visible-light, the COD concentration of the RhB solution over the
C-BVO decreases ca. 53% to 35 mg/L. This is significantly lower than
that over the SSR-BVO (67 mg/L) and over the AM-BVO (56 mg/L),
confirming the higher photocatalytic degradation rate of the C-BVO
under visible-light.

3.3. Effects of CTAB on the BiVO, crystals and the photocatalytic
efficiency

To investigate the effects of CTAB on the product and the pho-
tocatalytic efficiency, BiVO4 crystals were also synthesized by a
non-CTAB aqueous method at 80°C for 12 h (denoted as NC-BVO)
and 24 h under otherwise identical conditions. The XRD patterns of
the products are shown in Fig. 8. There are two crystalline phases of
BiVO4 in NC-BVO: the m-BiVO4 as mentioned above and the BiVO,4
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Fig. 7. Chemical oxygen demand (COD) data for the RhB solutions (100 mL,
2 x 10-4 M) before and after 8 h of irradiation over 0.2 g of the SSR-BVO, AM-BVO
and C-BVO.

(z-t) crystals (JCPDS no. 14-0133) (Fig. 8a). Even when the temper-
ature is held for 24 h, the BiVOg4 (z-t) crystals still exist (Fig. 8b).
However, the intensity of the diffraction peaks decreases signif-
icantly and some diffraction peaks even disappear, which might
be attributed to the phase transition from BiVO, (z-t) to m-BiVO,
[22]. It was reported that the BiVO4 (z-t) crystals, with the band
gap energy of 2.9 eV, possessed an ultraviolet absorption band [13].
As a result, the existence of BiVO, (z-t) phase other than m-BiVOy4
phase will decrease the photocatalytic efficiency of the NC-BVO,
which was confirmed by the photocatalytic degradation of RhB over
the NC-BVO (Fig. 5). It can be seen that the maximum absorption
band does not shift to 498 nm until 120 min of irradiation and the
absorption maximum decreases to 0.03 rather than zero even after
160 min of irradiation, indicating the drop of photocatalytic effi-
ciencies in both the de-ethylation and the cleavage of conjugated
chromophore structure.

For further investigation, the intermediate, which appeared in
the synthesis of m-BiVO,4 photocatalyst by the CTAB-assisted aque-
ous method, was identified by XRD. The results are shown in Fig. 1.
When the temperature is held at 80 °C for 3 h, only BiOBr (JCPDS no.

[ .
A BiOBr @ m-BiVO4
. H BiVOy(z-t)
18
= |a
EAn
z
iz}
5
E
u
(J b ® Py (a)
v J J nd% o 2ole | oo
T T v T v T M T v I
10 20 30 40 50 60

20 (degree)

Fig. 8. XRD patterns of the NC-BVO (a), and the BiVO4 crystals prepared by aqueous
method at 80°C for 24 h without CTAB (b) and for 12 h with NaBr instead of CTAB
(c). Inset: magnified image of the diffraction peak near 19° in pattern (c), showing
the characteristic split of monoclinic BiVO,4.
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09-0393) is obtained (Fig. 1b). As the holding time increases from
3 hto 6h, the intensities of the diffraction peaks corresponding to
BiOBr decrease while the peaks corresponding to m-BiVO4 emerge
(Fig. 1c). When the holding time is prolonged to 12 h, the diffraction
peaks of BiOBr can not be found. Instead, there are only diffraction
peaks of m-BiVO4 crystal in the XRD pattern (Fig. 1a).

The above analysis reveals that CTAB has changed the reaction
process for the synthesis of m-BiVO4. When CTAB is not introduced
into the aqueous solution, BiVO,4 (z-t) and m-BiVO,4 are produced
simultaneously and the BiVO4 (z-t) gradually transforms into m-
BiVO,4 with the time prolonged. Relevant chemical reactions can be
formulated as follows:

Bi(NO3)3 +H,0 — BiONO; +2H* +2NO;3~ (1)

BiONO; + VO3~ — BiVOy4(z-t) + NO3~ (2-1)
BiONO; + VO3~ — m-BiVO4 + NO3~ (2-2)
BiVO4(z-t) — m-BiVO, 3)

When suitable quantity of CTAB is added into the solution, the
reactions take place in a different way:

Bi(NO3)3 + H,0 — BiONO;3 +2H* + 2NO3~ (4)
BiONOs + Br— — BiOBr + NO3~ (5)
BiOBr + VO3~ — m-BiVO, + Br~ (6)

In this process, m-BiVOy, is produced with the BiOBr as an inter-
mediate. As a result, pure m-BiVO,4 can be prepared by the aqueous
method at 80°C for 12 h with the assistance of CTAB.

It has been reported that the polar groups ionized from sur-
factant could interact with ions of opposite charge due to the
electrostatic force and form an active center to accelerate the nucle-
ation of crystals [36]. To investigate it in detail, NaBr, instead of
CTAB, was used as the Br~ source to assist the synthesis of m-BiVO,
crystals by the aqueous method at 80°C for 12 h. The XRD pattern
of the product is shown in Fig. 8c. It is clear that there are diffrac-
tion peaks of BiOBr in addition to that of m-BiVQy,, suggesting the
incompletion of reaction (6). However, when CTAB rather than NaBr
is involved in the synthesis, the CTA*, which is ionized from CTAB,
can bond with VO3~ and accelerate the transition from BiOBr to m-
BiVOj4. As a result, reaction (6) could complete when the aqueous
solution is held at 80°C for 12 h.

3.4. Reasons for the enhanced efficiency of the C-BVO
photocatalyst

The photocatalytic efficiencies of BiVO,4 crystals are influenced
by many factors, such as the crystal phase, size, crystallinity, sur-
face area, bond distortion, impurity level etc. When it comes to the
C-BVO crystals, the crystal phase should be an important factor that
enhances the photocatalytic efficiency. The BET surface areas of the
C-BVO, AM-BVO and SSR-BVO were measured to be 1.75m? g1,
3.13m2¢g ! and 0.26m? g1, respectively. As the C-BVO does not
show the largest surface area, it is reasonable to speculate that
the BET surface area does not play a leading role for the highest
photocatalytic efficiency of the C-BVO. Another factor may be the
existence of impurity level which could bring about the shift of
absorption edge to the long wavelength side by narrowing the band
gap of the C-BVO photocatalyst and thus expand the wave band that
the C-BVO could respond [37].

To further test the above proposition, the C-BVO was calcined
at 500°C for 3 h to eliminate the impurity level (denoted as C-BVO-
cal). The XRD patterns of the C-BVO and C-BVO-cal (Fig. 1c and d)
reveal that the C-BVO-cal has the same m-BiVO,4 phase as the C-
BVO. The BET surface area of the C-BVO-cal was measured to be
0.84m2 g~1. This is much smaller than that of the C-BVO, which

could respond for the decline of photocatalytic efficiency of the C-
BVO-cal. Diffuse reflectance spectrum of the C-BVO-cal in Fig. 3b
shows that the prolonged tail of the absorption edge of the C-BVO
crystals has disappeared after calcination. This indicates that the
impurity level in the C-BVO crystals is removed through calcina-
tion. Photocatalytic efficiency of the C-BVO-cal was also evaluated
by the degradation of RhB under visible-light irradiation with other
experimental conditions unchanged. The result is presented in
Fig. 5. It can be seen that after 60 min of irradiation the maximum
absorption band shifts from 553 nm to 498 nm and the absorption
maximum decreases by ca. 91-0.09%. It is obvious that the photo-
catalytic efficiency decreases significantly after the elimination of
impurity level by calcination. However, the origin of the impurity
level is to be investigated.

4. Conclusions

Monoclinic BiVO4 crystals with the size ranging from 400 nm
to 700 nm were synthesized by a CTAB-assisted aqueous method.
The given RhB solution (100 mL, 10~> M) was degraded in 20 min
over the C-BVO photocatalyst under visible-light irradiation, which
was much higher than that over the AM-BVO and over the SSR-
BVO. Moreover, the de-ethylation was completed in 35 min and the
cleavage of conjugated chromophore structure in 70 min. Photocat-
alytic degradation of RhB (100 mL, 2 x 10~4 M) over the C-BVO also
brought about a 53% decrease in COD after 8 h of irradiation under
visible-light. The addition of CTAB could not only change the reac-
tion process for the synthesis of m-BiVO,4 through the formation of
BiOBr as an intermediate, but also accelerate the transition from
BiOBr to m-BiVO,4. Impurity levels existed in the C-BVO crystals
expanded the wave band that the C-BVO could respond and thus
enhanced the photocatalytic efficiency remarkably.
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