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BiVO4 crystals with monoclinic-phase and controllable morphologies were synthesized by NaF-

mediated hydrothermal processes using Bi(NO3)3 and V2O5 as precursors. The NaF added as a

structural controller not only affected the crystal evolution processes of BiVO4 crystals, but also

enabled the in situ surface fluorination of the as-synthesized BiVO4 crystals. Interestingly, the

photocatalytic oxidation reactions of RhB occurred in a stepwise manner over fluorinated BiVO4

photocatalyst, that is, a faster de-ethylation process (conversion of RhB into rhodamine) followed by a

relatively slower mineralization process, involving the destruction of the conjugated structure in

rhodamine. Surface fluorination favored the RhB adsorption and hole transfer between RhB molecules

and BiVO4 photocatalyst, thus progressively enhancing the initial direct hole transfer mediated de-

ethylation process. In contrast, surface fluorination exerts compromised effects on the $O2
� mediated

mineralization process, enhancing surface RhB adsorption versus retarding electron transfer from

BiVO4 photocatalyst to O2 giving rise to $O2
�, and consequently, moderate surface fluorine coverage is

required to balance the aforementioned conflicting effects and achieve the higher mineralization rate.

The present study not only demonstrates that the photocatalytic efficiency can be modified by tuning

photogenerated active species and photocatalytic reaction processes, but also provides new insights into

the fluorination effects on the semiconductor photocatalysis.
1. Introduction

Semiconductor photocatalysis has great potential in the fields of

solar energy conversion and environmental protection.1–3 It is

vital to design and exploit highly efficient photocatalysts for

practical applications. In the past decades, various strategies

were developed to improve the photocatalytic activity, selectivity

and durability.2–4 For example, by extending the light-response

range of wide band gap semiconductors (e.g., anatase TiO2: ca.

3.2 eV) and exploiting novel visible light (400–700 nm, over 40%

of the total sunlight) active photocatalysts (especially mixed

oxide compounds), sunlight can be used more efficiently and the

overall efficiency based on the solar radiation can be improved.2–4

By modulating the charge diffusion and transfer dynamics, the

photoexcited holes and electrons can be well separated to restrict

charge recombination, and thus the photogenerated charge

carriers can be used more efficiently, favoring higher quantum

efficiencies.2–4 Nevertheless, the photocatalytic efficiencies of
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most currently available visible light active photocatalysts are

still far from satisfying. In this regard, novel approaches to

improve photocatalytic reactivity are highly desirable. It is

expected that the photocatalytic performance can be greatly

modified by controlling the photocatalytic redox reaction

processes and mechanism. In fact, it has been demonstrated that

tandem catalysis, involving one-pot sequential transformation of

the substrate via two (or more) mechanistically distinct reaction

processes, is effective in increasing the efficiency of chemical

reactions.5 However, up to now, tandem photocatalysis has not

well investigated yet to tune the photoinduced redox reactions.

In the past decades, bismuth vanadate (BiVO4) has been

recognized as a strong photocatalyst for water oxidation and

pollutant decomposition under visible light irradiation.6–11 The

photocatalytic performance of BiVO4 is affected by a variety of

structural characteristics. Notably, the photocatalytic properties

of BiVO4 are strongly related to its crystal phase.6,8 BiVO4

mainly exists in three phases, monoclinic sheelite, tetragonal

zircon and tetragonal sheelite.6 Normally, the photocatalytic

activity of monoclinic phase is much higher than that of the other

two phases.6,8 In addition, the surface structure of BiVO4 plays

an important role to its photocatalytic activities as the photo-

catalytic reactions normally take place on the surface.7,9

Recently, great progress was achieved in controlling the surface

atomic structures of BiVO4 and understanding the facet-depen-

dent performance.9 In particular, it was indicated that BiVO4
J. Mater. Chem., 2012, 22, 17759–17767 | 17759
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sheets with exposed {040} facets showed greatly enhanced

activity in the visible-light photocatalytic degradation of organic

contaminants and photocatalytic oxidation of water for O2

generation.9 Rational synthesis of BiVO4 crystals with control-

lable surface and phase structures by novel synthetic procedures

is not only necessary to study the relations between the structures

and the photocatalytic properties but also a feasible approach for

developing highly visible-light-active photocatalysts. Recently, it

was demonstrated that fluorination of semiconductor photo-

catalysts can be employed to modify significantly the bulk and

surface characteristics and thus the photocatalytic processes

(mechanism) and kinetics.4,12–18 Significantly, the in situ fluori-

nation (participation of fluoride in the crystallization processes

of a photocatalyst) is not only effective for surface or bulk

incorporation of fluorine as the post-fluorination (exposure of

pre-crystallized photocatalyst to fluorine-containing atmo-

sphere), but is also highly flexible in controlling the crystal

modification in terms of phase, size, crystallinity, shape and

exposed crystal facets.4 Notably, intensive studies on the versatile

fluorination effects were mainly focused on titania-based pho-

tocatalysts, in contrast, few efforts have been devoted to

understanding the effects of fluorination on other non-TiO2

photocatalysts.16–18 In this study, we investigate the effects of

fluoride as an additive on the crystal evolution of BiVO4 crystals

during synthesis process and the combined effects of fluorination

on the photocatalytic oxidation reactions on BiVO4 photo-

catalyst. Significantly, it is demonstrated that fluoride not only

favors the selective formation of monoclinic phase BiVO4 crys-

tals with higher crystallinity and specific crystal orientation, but

also enables the surface fluorination of BiVO4 crystals, which

together contribute to the superior photocatalytic reactivity and

unique tandem photocatalytic reaction process of as-obtained

fluorinated BiVO4 photocatalyst for photoinduced oxidation of

Rhodamine B (RhB) molecules in aqueous solution.
2. Experimental

2.1 Synthesis

All chemicals are of analytical grade, and used as received

without further purification. Fluorinated BiVO4 crystals were

prepared by a simple fluoride mediated hydrothermal process. In

a typical synthesis, Bi(NO3)3$5H2O and V2O5 with a molar ratio

of 2 were dispersed into 150 mL aqueous solution of NaF under

vigorous stirring. The molar ratio of F to Bi added in the

synthesis system is 3. The pH value was adjusted to about 6.

After stirring for another 15 min, the slurry solution was trans-

ferred into a 200 mL autoclave with a Teflon liner, which was

then maintained at 180 �C for 24 h. Then, the reactor was cooled

to room-temperature naturally in air. The yellow precipitate was

collected and washed with distilled water for more than three

times. The obtained samples are denoted as BV-F3. As control

experiments, pristine BiVO4 crystals were also synthesized

without NaF by a similar procedure, the sample is denoted as

BV. In addition, in order to further understand the effects of

excessive NaF, fluorinated BiVO4 crystals were also produced by

a similar procedure with the designed molar ratio of F to Bi equal

to 6 in the synthesis system, and the sample is denoted BV-F6. All

samples were dried at 80 �C for 6 h for characterization.
17760 | J. Mater. Chem., 2012, 22, 17759–17767
2.2 Characterization

Powder X-ray diffraction (XRD) patterns were obtained on a D/

Max-RB X-ray diffractometer (Rigaku, Japan) with Cu Ka

radiation (l ¼ 0.15418 nm) at a scan rate (2q) of 0.05 s�1. The

accelerating voltage and the applied current were 40 kV and

80 mA, respectively. The Brunauer–Emmett–Teller (BET)

specific surface areas (SBET) and porous structures of the samples

were analyzed by a Micromeritics ASAP 2020 nitrogen adsorp-

tion apparatus (USA). All of the samples were degassed at 180 �C
before nitrogen adsorption measurements. The SBET was deter-

mined by a multipoint BET method using the adsorption data in

the relative pressure (P/P0) range of 0.05–0.3. The desorption

isotherm was used to determine the pore size distribution via the

Barret–Joyner–Halender (BTH) method, assuming a cylindrical

pore modal.19 Scanning electron microscopy (SEM) was per-

formed with a JSM-5610LV microscope (JEOL, Japan) at an

accelerating voltage of 20 kV. Raman spectra were recorded at

room temperature using a micro-Raman spectrometer

(Renishaw InVia) in the backscattering geometry with a 514.5

nm or 633 nm laser as excitation source. X-ray photoelectron

spectroscopy (XPS) measurements were done with K-Alpha-

surface Analysis (Thermon Scientific) using X-Ray Mono-

chromatisation. UV-visible diffuse reflectance spectra were

obtained for the dry-pressed disk samples with a UV-Visible

spectrophotometer (UV-2550, Shimadzu, Japan). BaSO4 was

used as a reflectance standard in a UV-visible diffuse reflectance

experiment.
2.3 Measurement of photocatalytic reactivity

The photocatalytic reactivity of the as-prepared samples was

estimated by photocatalytic oxidation of Rhodamine B (RhB)

aqueous solution at ambient temperature. Experimental details

were as follows: 0.1 g of the sample was dispersed into a 20 mL

RhB aqueous solution with a concentration of 1 � 10�5 mol L�1

in a 90 mm culture dish. After dye adsorption equilibrium, a

350 W xenon lamp with a 420 nm cutoff filter positioned 25 cm

above the dish was used as a visible-light source to trigger the

photocatalytic reaction. The integrated visible-light intensity

striking on the surface of the reaction mixture measured by using

a visible-light radiometer (Model: FZ-A, China) was 75 mW

cm�2 with the wavelength range of 420–1000 nm. The concen-

tration of RhB was monitored by a UV-2550 UV-visible spec-

trophotometer (Shimadzu, Japan).
3. Results

3.1 XRD results

The phase structure of BiVO4 is of great importance for its

photocatalytic activity. XRD was used to investigate the changes

of phase structures of the pristine and fluorinated BiVO4

samples. Fig. 1 shows the XRD patterns of as-prepared fluori-

nated versus pristine BiVO4 samples. As shown in Fig. 1a,

although the monoclinic phase BiVO4 (JCPDS no. 14-0688)6,8,20

is dominant in the pristine BiVO4 sample prepared without NaF,

there is also a small amount of other impurity phases coexisted in

the pristine BiVO4 sample. For example, as marked with star (*)

in Fig. 1a, the minor diffraction peak located at 2q ¼ 24.4� is
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 XRD patterns of as-prepared fluorinated (b and c) versus pristine

BiVO4 (a) samples: (a) BV; (b): BV-F3, (c) BV-F6.

Fig. 2 SEM images of as-prepared fluorinated (b) versus pristine BiVO4

(a) samples: (a) BV; (b): BV-F3.
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appeared, which is characteristic of tetragonal phase BiVO4

(corresponding to the (200) face of tetragonal phase BiVO4).
6,8,20

The present result is consistent with previous studies using V2O5

as precursor.20 In contrast, when NaF is added into the synthesis

system, pure monoclinic phase BiVO4 is obtained (Fig. 1(b) and

(c)). Compared with the tetragonal phase, the Bi–O polyhedron

in the monoclinic phase BiVO4 is more distorted, which is

supposed to be important for a higher photocatalytic activity of

monoclinic phase BiVO4.
6 Incidentally, in our previous studies, it

was also disclosed that fluoride affects the phase formation of

TiO2, favoring the selective formation of anatase-phase TiO2 (a

metastable phase of TiO2).
4,14 Why would NaF affect the phase

formation of BiVO4 crystals? The reaction processes in the

present synthesis system with NaF can be resumed as follows:

V2O5 + F� / VO3
� + VO2F (1)

VO2F + H2O / VO3
� + F� + 2H+ (2)

Bi(NO3)3 + H2O / 2HNO3 + BiONO3 (3)

BiONO3 + VO3
� / BiVO4 + NO3

� (4)

It is known that F� ions can enhance the dissolution and

reaction of V2O5 by nucleophilic substitution (eqn (1) and (2)).21

In this regard, the addition of NaF in the reaction system may

affect the reaction processes and dynamics in the synthesis

process of BiVO4. In addition, considering that the surface Bi–

OH groups on BiVO4 crystals should be at least partially

protonated giving rise to Bi–OH2
+ in the present synthesis

system, the F� ions may adsorb on the surface of BiVO4 and

affect the crystal evolution by certain steric hindrance.

On the other hand, the crystal orientation of as-prepared

BiVO4 crystals is also influenced by the NaF, as evidenced by the

variation in relative intensity of characteristic diffraction

peaks. Typically, the relative intensity of the (040) vs. (011) peak

(I040/I011) of monoclinic phase BiVO4 decreases significantly for

fluorinated BiVO4 samples as compared with that for the pristine

BiVO4 sample. The I040/I011 are 1.46, 1.24 and 0.81 for BV, BV-

F3 and BV-F6, respectively. This result suggests that added NaF

facilitates the fast crystal growth of monoclinic phase BiVO4

along [040] direction along with the promoted elimination of

(040) facet.9
This journal is ª The Royal Society of Chemistry 2012
3.2 SEM images

BiVO4 crystals with various morphologies have been synthesized

by controlling the synthesis methods and experimental condi-

tions.6–10,20,22,23 To investigate the effects of NaF added in the

synthesis system on the morphology evolution of BiVO4 samples,

SEM images (Fig. 2) was used to characterize the BiVO4 samples

synthesized in the absence versus presence of NaF.Without NaF,

backbone-like particles assembled from arrayed nanoshuttles are

prepared together with some ill-shaped nanoparticles and their

aggregates (Fig. 2a). Typically, those pristine BiVO4 particles

have sharp tips. Similar results were also reported else-

where.20,22,23 In contrast, in the presence of NaF, the as-prepared

fluorinated BiVO4 particles are composed of larger polyhedra

with well-defined facets and some underdeveloped smaller ones

(Fig. 3b). The time-dependent evolution experiments of sample

BV-F3 basically supported the dissolution-recrystallization

mechanism, as shown in Fig. S1 (ESI†), amorphous BiVO4

aggregates gradually evolved into increasingly larger BiVO4

polyhedra. It is proposed that the NaF added in the synthesis

system affects both the nucleation dynamics (reaction processes)

and the surface chemistry of BiVO4 nuclei, directing the crystal

evolution and the morphological expression of the final fluori-

nated BiVO4 crystals.
3.3 BET results

The porous structure and BET surface areas of fluorinated and

pristine BiVO4 crystals are investigated based on the nitrogen

sorption measurement. Fig. 3 shows the nitrogen sorption

isotherms for fluorinated versus pristine BiVO4. The isotherms

for both samples are of type IV (BDDT classification) with a

typical hysteresis loop, associated with capillary condensation of

gases within mesopores (2–50 nm).19 The specific surface areas of

fluorinated and pristine BiVO4 are 1.8 and 3.5 m2 g�1, respec-

tively. A smaller specific surface area of fluorinated BiVO4 than

the pristine BiVO4 suggests the grain growth of BiVO4 growth is

promoted by NaF. Such a result is similar to the phenomenon

observed in fluoride-mediated growth of anatase TiO2 crys-

tals.4,14 The corresponding pore size distribution curves are

shown in the inset of Fig. 3. Overall, the pore volume is quite

small. This is not surprising taking account the micrometer scale

of the BiVO4 crystal size. The formation of pores is due to the

intra-agglomeration and inter-agglomeration of the BiVO4

particles.24 As NaF facilitates the crystal growth and dispersion

of BiVO4 crystal, the intra-agglomerated pores are largely elim-

inated for fluorinated BiVO4 crystals relative to the pristine ones.
J. Mater. Chem., 2012, 22, 17759–17767 | 17761
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Fig. 3 N2 sorption curves and the corresponding pore size distribution

(inset) of as-prepared fluorinated (b) versus pristine BiVO4 (a) samples:

(a) BV; (b): BV-F3.
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3.4 XPS analysis

The surface chemical states of as-prepared products are investi-

gated using XPS. Fig. 4 shows the high resolution XPS spectra of

Bi 4f, V 2p, O 1s and F 1s detected in the fluorinated BiVO4

crystals (Fig. 4b) in comparison with pristine BiVO4 crystals

(Fig. 4a). Basically, there is no appreciable shift in the peak

position for the characteristic Bi 4f5/2 and Bi 4f7/2 signals, V 2p1/2
and V 2p3/2 signals, and O 1s peak (Fig. 4), suggesting the

incorporated fluorine for as-prepared fluorinated BiVO4 crystals

is mainly adsorbed on the surface of BiVO4 crystals, which is

further confirmed by the lower binding energy of F 1s (�682 eV).

It was reported that the fluorine ions in the interstitial lattice of

ZnWO4 corresponded to the binding energy of ca. 684 eV, which

is much smaller than the binding energy (688 eV) corresponding

to lattice doped F in TiO2.
18 It is not surprising that the present

binding energy corresponding to adsorbed fluorine on the

surface of BiVO4 crystals is smaller than that reported for

adsorbed fluorine on TiO2 surface.

3.5 Raman spectra

The local structures of as-prepared fluorinated and pristine

BiVO4 crystals were studied by Raman spectroscopy. Raman

spectra of BiVO4 synthesized with and without NaF are shown in

Fig. 5. Notably, the Raman spectra excited by 514.5 nm (Fig. 5A)
Fig. 4 High resolution XPS spectra of Bi 4f, V 2p, O 1s and F 1s detected

in the as-prepared fluorinated (b) versus pristine BiVO4 (a) samples: (a)

BV; (b): BV-F3.

17762 | J. Mater. Chem., 2012, 22, 17759–17767
and 632.8 nm (Fig. 5B) lasers are largely different. In particular,

two Raman bands located at ca. 639 and 705 cm�1 were detected

using 632.8 nm laser in addition to the four typical Raman bands

located at 209, 325, 367 and 827 cm�1 that were also recorded

using 514.5 nm laser. These six Raman bands are all the typical

vibrational bands of BiVO4.
7,23 Specifically, the 209 cm�1 band is

related to the external mode (rotation/translation) of BiVO4; the

Raman bands at 325 and 367 cm�1 are assigned to the asym-

metric and symmetric deformation modes of the VO4
3� tetra-

hedron, respectively; the Raman band at 639 cm�1 was

assignable to the asymmetric stretching vibration of the V–O

bond; and the Raman bands at 705 and 827 cm�1 are attributed

to the stretching modes of two different types of V–O bonds. In

addition to the presence of new Raman peaks, there are also

obvious variations in the peak intensities using a 632.8 nm laser

instead of a 514.5 nm laser. It is well-known that the penetration

depth of the 632.8 nm laser into BiVO4 crystal is different from

that of the 514.5 nm laser. The difference in the Raman spectra

excited by the two different lasers suggests that the local structure

near the surface layer is different from that in the bulk.7 Signif-

icantly, the peak position of Raman bands of BiVO4 crystals are

not affected too much by surface fluorination, further confirming

that the incorporated fluorine are not entered into the lattice of

BiVO4 crystals. Otherwise, variations in the width and the rela-

tive intensity of those Raman bands were observed, especially

when 632.8 nm laser was used as excitation light, suggesting that

the surface local structures were different from each other.7 The

fluoride induced variation in surface chemistry and crystal shape

should be responsible for the aforementioned variation in

Raman intensities.
3.6 UV-vis diffuse reflectance spectra

The UV-visible diffuse reflectance spectra of fluorinated and

pristine BiVO4 samples are shown in Fig. 6. Both samples are

yellow and show strong absorption in the visible light region up

to �525 nm in addition to that in the UV light region. The steep

shape of the spectrum indicates that the visible light adsorption is

not due to the transition from the impurity level but to the band-

gap transition.8 It is observed that the absorption edge for the

fluorinated BiVO4 samples exhibited slight red shift relative to

the pristine BiVO4 samples. As the incorporated fluorine are

dominantly adsorbed on the surface of fluorinated BiVO4
Fig. 5 Raman spectra excited by 514.5 nm (A) and 632.8 nm (B) lasers

for as-prepared fluorinated (b) versus pristine BiVO4 (a) samples: (a) BV;

(b): BV-F3.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Normalized UV-vis diffuse reflectance spectra of as-prepared

fluorinated (b) versus pristine BiVO4 (a) samples: (a) BV; (b): BV-F3. The

inset shows the corresponding plots of (Ahn)2 vs. hn for the band gap

energies.

Fig. 7 (A and B) Temporal UV-visible spectral changes of RhB aqueous

solution during the photocatalytic degradation reactions over pristine (A)

and fluorinated (B) BiVO4 crystals; The time interval is 30 min; (C) the

change in wavelength of maximum absorption (lmax) and the decrease in

the maximum absorption (A/A0) for as-prepared fluorinated (b and c)

versus pristine BiVO4 (a) samples: (a) BV, (b) BV-F3, (c) BV-F6.
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crystals (XPS results), the aforementioned red-shift in absorption

edge is possibly related to the phase and shape variation. The

shape-dependent optical absorption of BiVO4 crystals was

previously presented by Yu et al.10 In addition, the phase tran-

sition of BiVO4 crystals from tetragonal phase to monoclinic

phase gives rise to narrower band gap and wider absorption

band.6 The band gap energies for fluorinated and pristine BiVO4

crystals, estimated from the plots of (Ahn)2 vs. hn (inset in Fig. 6),

are 2.46 and 2.50 eV, respectively.

3.7 Photocatalytic activity

The RhB dye contains two N-ethyl groups at each side of the

xanthene ring, which is stable in aqueous solution under visible

light irradiation. In the presence of pristine or fluorinated BiVO4,

RhB underwent pronounced photocatalytic degradation upon

visible light irradiation (Fig. 7). The temporal UV-visible spectral

changes of RhB aqueous solution during the photocatalytic

degradation reactions over pristine and fluorinated BiVO4 crys-

tals are shown in Fig. 7A and B, respectively. Significantly, as for

both pristine and fluorinated BiVO4 samples, the wavelength

corresponding to the maximal absorbance (lmax) shifts gradually

from the initial 552 nm towards shorter wavelength and finally

reach at 496 nm, along with a gradual decrease in the maximal

absorbance during photocatalytic reactions of the RhB solution,

which are further quantitatively demonstrated in Fig. 7C. The

blue shift of lmax is frequently observed in oxidizing RhB using

BiVO4 and other multi-metal oxide as photocatalyst,8,10,25 which

is associated with the stepwise removal of the N-ethyl group

during degradation of RhB (i.e., N,N,N0,N0-tetra-ethylated
rhodamine) molecule.10,12,13,16,17,25–27 Specifically, the character-

istic lmax of RhB and the de-ethylated rhodamine species are

552 nm (RhB), 539 nm (N,N,N0-tri-ethylated rhodamine),

522 nm (N,N0-di-ethylated rhodamine), 510 nm (N-ethylated

rhodamine) and 498 nm (rhodamine), respectively.26 Notably,

rhodamine (lmax ¼ 498 nm) is the completely de-ethylated

product of RhB, and further degradation is related to the

decomposition of the conjugated structure (that is, the cleavage

of the chromophoric ring) of rhodamine, accompanying with the

progressive decrease in peak intensity of lmax (498 nm) but

without the blue shift of lmax any more.

The degradation rate of RhB could be reflected either by

estimating the blue shift in wavelength of maximum absorption
This journal is ª The Royal Society of Chemistry 2012
(Fig. 8A) or by analyzing the temporal decrease in maximal

absorption (Fig. 8B).13,27 The degree of de-ethylation can be

represented by the blue shift in wavelength of maximum

absorption: Dlmax ¼ 552 � lmax.
13 Fig. 8A shows the degree of

de-ethylation (Dlmax) during photocatalytic oxidation of RhB on

pristine or fluorinated BiVO4 samples. Significantly, as for all

BiVO4 samples, the de-ethylation occurs dominantly in the early

stage, at the end of this stage, there is a leap in Dlmax, and then

Dlmax is very limited (Fig. 8A), indicating that the de-ethylation

process is almost terminated during the later stage. In this regard,

the overall photocatalytic RhB oxidation process can be divided

into two distinctive stages at the watershed. The first stage is

related to the de-ethylation process of RhB, in which the lmax

shifts progressively from 552 nm towards 496 nm upon visible

light irradiations; while the second stage is associated with the
J. Mater. Chem., 2012, 22, 17759–17767 | 17763
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Fig. 8 (A) The degree of de-ethylation is reflected by the blue shift in

wavelength of maximum absorption (Dlmax); (B) the two stages with

different oxidation rates during photocatalytic oxidation of RhB. The

rate of de-ethylation process is calculated from the temporal spectral

decrease of peaks located at wavelength of 552 nm (characteristic peak of

RhB), while the rate of mineralization process is calculated from the

temporal spectral decrease of peaks located at wavelength of 496 nm

(characteristic peak of rhodamine). The samples in A and B are corre-

sponding to (a): BV, (b) BV-F3, (c) BV-F6.

Scheme 1 The possible pathways of the photocatalytic oxidation of RhB

over fluorinated BiVO4 photocatalysts: (A) direct semiconductor exci-

tation (SE), and (B) indirect dye sensitization (DS). Rh denotes rhoda-

mine, which is the completely de-ethylated product of RhB (that is,

N,N,N0,N0-tetra-ethylated rhodamine) molecule.
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mineralization process of rhodamine, in which the intensity of

the peak centered at 496 nm decreases gradually upon further

visible light irradiation, related to a decomposition of the

conjugated structure of rhodamine to small molecules.16 Such a

tandem two-step oxidation process of RhB is further demon-

strated clearly in Fig. 8B. It is indicated that, during the photo-

catalytic oxidation process of RhB over all the BiVO4 samples,

there are two photocatalytic oxidation stages with different rates

(Fig. 8B). Moreover, the time corresponding to the division of

distinctive photocatalytic oxidation dynamics is the same as that

reflected in Fig. 8A. Generally, the rate of the de-ethylation

process is higher than that of the following mineralization

process. In brief, the degradation of RhB over BiVO4 samples

can be separated into two consecutive but different steps, that is,

a faster de-ethylation process of RhB followed by a relatively

slower mineralization process of rhodamine. Admittedly, during

initial dominant de-ethylation process of RhB, the slow miner-

alization process of rhodamine shall also occur competitively.

Provided that the conjugated ring structure is not destroyed, the

peak intensity at lmax for the completely de-ethylated rhodamine

species should be ca. 70% of that for RhB (fully tetra-ethylated

rhodamine species), due to their different molar extinction

coefficients.26 In fact, the peak intensity at 498 nm at the end of

the aforementioned de-ethylation process is 40–50% of the initial

peak intensity at 552 nm (Fig. 7).
17764 | J. Mater. Chem., 2012, 22, 17759–17767
The surface fluorination exerts considerable influence on both

the de-ethylation process and the following mineralization

process. The reaction time required for the completion of the de-

ethylation process is greatly reduced upon surface fluorination

(Fig. 8A), which is consistent with the higher rate of the de-

ethylation process for the fluorinated BiVO4 samples (Fig. 8B).

Moreover, it seems that fluorinated BiVO4 samples synthesized

with higher NaF dosage result in higher rate of de-ethylation

process. The positive effects of surface fluorination on the pho-

tocatalytic de-ethylation process of RhB molecules were also

reported using other fluorinated photocatalysts.4,13,16 On the

other hand, the effects of fluorination on the mineralization

process are nonlinearly dependent on the NaF dosage used for

synthesizing fluorinated BiVO4 samples. Fluorinated BiVO4

sample synthesized with moderate NaF dosage (BV-F3) facili-

tates the mineralization process, but fluorinated BiVO4 sample

synthesized with excess NaF dosage (BV-F6) retards the miner-

alization process. At a glance, excess NaF in the synthesis system

not only eliminates the highly active (040) facet, but also reduces

the specific surface areas, which impair the photocatalytic

activity.9
4. Discussion

It is well-established that the visible-light photocatalytic degra-

dation of dyes in the presence of visible-light responsive semi-

conductor photocatalysts probably initiates through two

distinctive photochemical pathways, namely, direct semi-

conductor excitation (SE) and indirect dye sensitization (DS).25,26

BiVO4 is able to absorb visible light up to 525 nm (Fig. 6), which

is attributed to the transition of the electrons from the VB (the

hybrid orbitals of O 2p and Bi 6s) to the CB (the V 3d orbital) of

the BiVO4 photocatalyst (Scheme 1).2,6,25 In this regard, direct

SE-initiated photocatalytic reactions shall take place over BiVO4

photocatalyst under visible-light irradiation. Moreover, it is

indicated that the photocatalytic mechanism for as-synthesized

BiVO4 photocatalyst is basically the same under light irradiation

when excitation wavelength is within the light response range of

200–500 nm (Fig. S2†). In fact, it has been reported that BiVO4

showed high visible light activity for photocatalytic O2 evolution
This journal is ª The Royal Society of Chemistry 2012
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and could also be used as active visible light photocatalyst in

degrading colorless organic pollutant, e.g., phenol, under visible

light irradiation.6–11 Therefore, it is reasonable that BiVO4 is a

visible light active photocatalyst for direct SE-initiated photo-

catalytic oxidation removal of dye pollutant RhB. The direct SE-

initiated photocatalytic oxidation of organic compounds RhB

over BiVO4 photocatalyst mainly involves the following three

processes (Scheme 1):25 (1) the light absorption of the BiVO4

photocatalyst and the generation of photogenerated electron (e�)
and hole (h+); (2) the bulk diffusion and surface transfer of e� and

h+, and (3) surface oxidation reactionsmediated by the h+ or their

derivative active species ($O2
�). Notably, the $OH radicals is not

the main active species triggering the photochemical processes

over Bi-containing oxides, including BiVO4.
25 This is under-

standable taking account of the inferior oxidation ability of

photogenerated holes in VB level (a hybridization of the Bi 6s and

O 2p levels) of Bi-containing oxides (Bi2O4/BiO
+, +1.59 eV, vs.

SHE), relative to the redox potential of forming $OH radicals

($OH/OH�, +1.99 eV, vs. SHE).25This is supported by the control

experiments using different scavengers (Fig. S3†). On the other

hand, RhB dyes themselves absorb the visible light in the range of

420–600 nm (Fig. 7). In particular, RhB was the main species

absorbing light when irradiation wavelength l > 525 nm. There-

fore, when l > 525 nm, the RhB photodegradation should be

mainly attributed to the indirect DS-initiated photocatalytic

oxidation mechanism. The indirect DS-initiated photocatalytic

oxidation of dye pollutant RhB over BiVO4 photocatalyst mainly

involves the following four processes (Scheme 1):25 (1) upon

visible light irradiation, the photogenerated electrons were

transferred to the excited state (RhB*) of theRhBdyeowing to the

intramolecular p–p* transition (eqn (5)); (2) the photogenerated

electrons of RhB* were immediately injected into the CB (V 3d

level) of BiVO4, leaving RhB dye cation radicals ($RhB+) (eqn

(6)); (3) the photogenerated electrons in the CB of BiVO4 were

then captured by O2, giving rise to active species $O2
� (eqn (7));

and (4) the succeeding reactions between RhB dye cation radicals

$RhB+ and active species_O2
� can lead to the oxidation of the dyes

(eqn (8)). Typically, in these indirect DS-initiated processes,

degradation of dyes does not involve any VB hole. The afore-

mentioned indirect DS-initiated processes can be resumed as

follows:
RhB / RhB* (hn) (5)

BiVO4 + RhB* / $RhB+ + BiVO4 (e) (6)

BiVO4 (e) + O2 / BiVO4 + $O2
� (7)

$RhB+ + O2/$O2
� / intermediate product (8)

Overall, both the direct SE-initiated processes and the indirect

DS-initiated processes would work concurrently in the present

study (Scheme 1). In the present case, as indicated in Fig. S4†, the

efficiency for indirect DS-initiated process is very low, which is

normal due to much slower interfacial electron transfer from

RhB* to CB of BiVO4, and the direct SE-initiated processes are

the predominant mechanism accounting for the RhB

photodegradation.
This journal is ª The Royal Society of Chemistry 2012
As mentioned earlier, the hybridization of the Bi 6s and O 2p

levels reduce the oxidizing power of h+ in VB of BiVO4 photo-

catalyst to excite the production of active species $OH radicals.

The failed production of $OH radicals with strong oxidizing

power over BiVO4 photocatalyst upon visible-light irradiation

may be responsible for the tandem photocatalytic processes

observed in the present study (Fig. 7 and 8). Normally, the direct

hole transfer mediated anoxic oxidation can only destroy the

chromophoric structure of the RhB, but the complete dye

mineralization cannot be achieved,15 as a result, de-ethylated

intermediates (denoted as Rh in Scheme 1) are produced at the

first stage. Recently, Hu et al. also pointed out that the direct hole

transfer mediated oxidation leads to the de-ethylation of RhB.16

In this regard, the major active species responsible for the

mineralization of RhB is the $O2
� radical (Fig. S3†).16 As

mentioned above, the $O2
� could be produced via both direct SE-

initiated processes and the indirect DS-initiated processes

(Scheme 1).25 On the one hand, RhB (as a photo-sensitizer) is

excited by visible light; the excited dye then injects an electron into

the CB of the BiVO4 via electron transfer to generate a conduction

electron that is scavenged by the adsorbed O2 on the surface of

BiVO4 to form $O2
�. On the other hand, when BiVO4 absorbs

light, the formation of $O2
� could be achieved by the photo-

generated electron reacting directly with O2 adsorbed on the

surface of the BiVO4. Consequently, the mineralization processes

of RhB are possibly proceeded via two different pathways (see

reaction (2) and (20) in Scheme 1). Unfortunately, the formation

rate of $O2
� is normally much slower than the production of $OH

radicals,1 and worse, the mobility and oxidation ability of $O2
� is

supposed to be weaker than $OH radicals, which together lead to

the slower mineralization process of RhB. As a consequence, the

de-ethylation and mineralization process of RhB can be well

separated, especially when de-ethylation process (see reaction (1)

in Scheme 1) can be selectively enhanced as observed in the present

study using fluorinated BiVO4 photocatalyst. The question is

whether tandem photocatalysis is advantageous over traditional

photocatalysis? In the present study, the oxidation reactions of

RhB occurring over fluorinated BiVO4 photocatalyst are a typical

tandem photocatalytic reactions, and shows superior photo-

catalytic efficiency especially when fluorinated BiVO4 photo-

catalyst is synthesized with moderate NaF dosage. A stepwise

reaction mode in tandem photocatalysis, involving direct hole

transfer mediated anoxic oxidation (de-ethylation process) and

the following indirect electron transfer (that is, electron-derived

$O2
�) mediated oxic oxidation (mineralization process), possibly

retards the back reactions and the charge recombination. It is

expected that the photogeneratedh+ and e� separately take part in

the tandem photochemical redox reactions not only in different

reaction times (h+ prior to e�) but also in different reaction sites

(terminal O-sites versus terminal Ti-sites), and thus can be used

more efficiently.

Why would fluoride affect both the de-ethylation and the

mineralization process of RhB so much? This is because

the surface fluorination influences both the dye adsorption and

the interfacial charge transfer. On the one hand, surface fluori-

nation affects not only the adsorption capacity, but also signifi-

cantly affects the adsorption sites and modes of molecules.4

Surface fluorination shall reduce the surface charges of BiVO4

photocatalysts and favors the surface adsorption of positively
J. Mater. Chem., 2012, 22, 17759–17767 | 17765
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charged RhB molecules, which has been well demonstrated in

studying surface fluorination of the most semiconductor photo-

catalysts.4,12,13,16 In addition, both the working functional group

and the interaction force driving the adsorption of RhB on

BiVO4 may be varied after surface fluorination,12 it was supposed

that RhB was preferentially anchored on pure BiVO4 through the

carboxylic (–COOH) group, while its attachment was switched to

the cationic moiety (–NEt2 group) on the surface fluorinated

BiVO4. The enhanced RhB adsorption capacity and intensity,

not only facilitated the direct SE-initiated photocatalytic oxida-

tion of RhB via direct hole transfer-mediated anoxic oxidation,

but also favored the indirect DS-initiated oxidation of RhB via

electron-ejection for excited RhB to CB of fluorinated BiVO4.

This is understandable, because the efficient interfacial charge

transfer between the RhB molecule and BiVO4 photocatalyst in

both processes necessitates the intimate contact between them.

On the other hand, due to surface fluorination, surface electron

storage is enhanced and the charge recombination is inhibited,

which results in opposite influence on the hole versus electron

transfer dynamics.4 As for the hole transfer, the enhanced surface

electron storage and inhibited charge recombination is beneficial

for the charge separation and prolonged lifetime of hole,

consequently, the hole transfer is enhanced and thus the direct

hole transfer mediated de-ethylation of RhB is promoted. In

contrast, the enhanced surface electron storage restricted the

interfacial electron transfer to O2 giving rise to $O2
�, and

consequently, the $O2
� mediated mineralization process is

somewhat retarded. Overall, the surface fluorination effects are

positive for the photocatalytic de-ethylation process. In contrast,

the surface fluorination effects on the $O2
� mediated minerali-

zation process are dependent on the surface fluorine coverage.

Positively, the surface fluorination favors the surface RhB

adsorption and electron-ejection for excited RhB to CB of

fluorinated BiVO4, being beneficial for the $O2
� production.

Negatively, surface fluorination enhances the surface electron

storage, restricting the interfacial electron transfer to O2 giving

rise to $O2
�. In this regard, the optimal moderate surface fluorine

coverage shall be required to balance the conflicting effects of

surface fluorination effects on the $O2
� mediated mineralization

process.

It should also be pointed out that, in addition to the factors

mentioned above, fluorination may have a complex influence on

the surface properties of synthesized BiVO4 crystals, such as the

flat-band potential, the specific surface area, and the exposed

facets. These factors can in turn influence the adsorption prop-

erties and the charge transfer dynamics, and thus the photo-

catalytic properties. For example, the added NaF in the synthesis

system affects the crystallization process of BiVO4 crystals,

eliminating the highly photoactive (040) facets with excess NaF,

which may be another factor accounting for the retarded

mineralization process of RhB. All those factors need further

investigations.
5. Conclusions

Monoclinic-phase BiVO4 crystals with controllable morphol-

ogies were synthesized by NaF-mediated hydrothermal processes

using Bi(NO3)3 and V2O5 as precursors. The NaF added as a

structural controller not only facilitated the crystal evolution of
17766 | J. Mater. Chem., 2012, 22, 17759–17767
BiVO4 crystals with higher degree of crystallinity, lower specific

surface area, and less exposed (040) facets, but also enabled the

in situ surface fluorination the as-synthesized BiVO4 crystals.

Interestingly, the photocatalytic oxidation reactions of RhB

occurring over fluorinated BiVO4 photocatalyst is a typical

tandem photocatalytic reaction, that is, a faster direct hole

transfer mediated de-ethylation process and a subsequent rela-

tively slower $O2
� mediated mineralization process. Surface

fluorination favored RhB adsorption and the hole transfer

between RhB molecules and BiVO4 photocatalyst, thus

progressively enhancing the initial direct hole transfer mediated

de-ethylation process. In contrast, surface fluorination exerts

compromised effects on the $O2
� mediated mineralization

process, enhancing surface RhB adsorption versus retarding

electron transfer from BiVO4 photocatalyst to O2 giving rise to

$O2
�, and consequently, moderate surface fluorine coverage

shall be required to balance the aforementioned conflicting

effects and achieve the higher mineralization rate. The present

tandem photocatalytic processes are possibly with higher effi-

ciency over the conventional photocatalytic processes, which

shall inspire new ideas in designing highly efficient photocatalysts

and shall be worthy of further investigation.
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