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Abstract: Fe-doped BiVO, with hierarchical flower-like structure was prepared via a hydrothermal method using sodium dodecyl
benzene sulfonate (SDBS) as structure directing agent. X-ray diffraction (XRD), scanning electron microscope (SEM), transmission
electron microscope (TEM), high resolution transmission electron microscope (HRTEM), X-ray photoelectron spectroscopy (XPS)
and UV-Vis were applied for characterization of the as-prepared samples. The formation mechanism of flower-like structure was
proposed based on the evolution of morphology as a function of hydrothermal time. Fe-doped into substitutional sites of BiVO,
effectively improved the migration and separation of photogenerated carrier and enhanced the utilization of visible light. Flower-like
Fe-doped BiVO, showed much higher visible-light-driven photocatalytic efficiency for degradation of methyl blue compared with
the pristine BiVO,. And the sample with a Fe/Bi mole ratio of 2.5% showed the highest photocatalytic efficiency.

Key words: BiVO,; hydrothermal method; Fe doping; photocatalysis

1 Introduction

In past decades, semiconductor photocatalysis has
received a great deal of attention due to its potential for
environmental pollution treatment [1]. Titanium dioxide
(TiO,) is considered as one of the most promising
photocatalysts due to its high activity, low cost,
nontoxicity, and chemical stability in aqueous solution.
However, TiO, can only utilize the UV lights due to its
wide band gap (3.2 eV), which limits its industrial
application [2]. In order to effectively make use of the
sunlight, it is important to find the semiconductors with
high visible light photocatalytic activities.

In recent years, some Bi-based oxides, such as
Bi,0; [3], Bi,WOg [4], Bi,0,COs [5], and BiVO, [6,7]
have gained wide attention because of their visible-light-
driven photocatalytic abilities. BiVO, is a binary
complex oxide, which mainly exists in three crystalline
phases: monoclinic scheelite structure, tetragonal zircon
structure, and tetragonal scheelite structure [8].
Monoclinic BiVO, (m-BiVOy,) is widely accepted as a
promising visible-light-driven photocatalyst due to its

narrow band gap of 2.4 eV [6—8]. However, the high
electron-hole recombination decreases its quantum yield
and photocatalytic activity [9]. Moreover, the light
response range of BiVO, still needs to be further
broadened. The previous work revealed that larger
distortions of BiOg octahedron and VO~ tetrahedron
in m-BiVO, led to a larger inner potential and more
overlap of Bi 6s and O 2p orbitals in the valence band [8],
respectively, which could accelerate the migration of
carriers and facilitate the separation of photogenerated
electrons and holes, leading to higher quantum yield.
Doping with impurity metal ions has been proved to be
an effective strategy to enlarge the distortions of BiOg
octahedrons and VO]~ tetrahedrons, as a part of Bi*" or
V" ions in m-BiVO, are substituted by impurity ions
with different ionic radius [10]. It is also an effective
way to expand the light absorption range of m-BiVO, by
creating impurity levels in the forbidden band [11]. Fe**
has been widely used for semiconductor oxide doping
due to its half-filled electronic configuration [12].
However, to the best of our knowledge, there are few
reports on the synthesis and properties of Fe-doped
BiVO,4[13].
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It was reported that the activities of photocatalysts
are not only related to their crystal structures and
phase compositions, but also affected by their
morphologies [14—19]. Photocatalysts with special
morphologies, such as hierarchical flower-like structures
assembled by two-dimensional (2D) nanosheets, possess
larger specific surface areas and open porous structures,
which can effectively improve the light absorption and
facilitate the contact of catalysts and substrates [20].
However, by far, no reports have been made on Fe-doped
BiVO, with hierarchical flower-like structures.

Hydrothermal method has been widely used in the
synthesis of photocatalytic materials because of its
facility to synthesize inorganic materials with perfect
crystal structures and regular shapes in an
environmentally friendly way [21-24]. In the present
work, Fe-doped BiVO, with hierarchical flower-like
structures was prepared via a sodium dodecyl benzene
sulfonate (SDBS) assisted hydrothermal method. The
photocatalytic properties of the as-prepared samples
were assessed by photodegradation of methyl blue (MB).

2 Experimental

2.1 Synthesis of Fe-doped BiVO,

All reagents were of analytical reagent grades and
used without further purification. Distilled water was
used in all experiments. In a typical synthesis, 0.001 mol
of Bi(NO;);'5H,O0 and a certain amount of
Fe(NO3);-9H,0 (Fe/Bi mole ratios were controlled at 0,
1%, 2.5%, 5%, and 7.5%) were dissolved in 25 mL of
glacial acetic acid, while 0.001 mol of Na;VO, 12H,0
was dissolved in 55 mL of distilled water under constant
stirring. The obtained solutions were then mixed together,
followed by the adding of 5 g of CO(NH,),and 0.5 g of
SDBS. After being stirred for 30 min, the suspension was
transferred into a 100 mL Teflon-lined autoclave
stainless steel autoclave. The autoclave was heated at
160 °C for 15 h, and then cooled to room temperature
naturally. The product was collected, washed with
distilled water and absolute alcohol three times,
respectively, and finally dried at 80 °C for 20 h to obtain
Fe-doped BiVO,.

2.2 Characterization

X-ray diffraction ( XRD ) analysis was conducted
on a Rigaku D/Max 2500 powder diffractometer with
Cu K, radiation (1=1.5406 A). Scanning -electron
microscopy (SEM) imaging was performed on a FEI
SIRION 200 field emission scanning electron
microscope. Transmission electron microscopy (TEM)
and high resolution transmission electron microscopy
study (HRTEM) were carried out on a Philips Tecnai 20
G2 S-TWIN electron microscope. X-ray photoelectron

spectroscopy (XPS) analysis was proceeded on a
K-Alpha 1063 electron spectrometer from Thermo Fisher
Scientific using 72W Al K, radiation. Raman spectra of
the samples were obtained with RFS100/S FT-Raman
apparatus from Bruker. UV-Vis diffuse reflectance
spectra (UV-vis) were measured with a Specord 200 UV
spectrophotometry. The BET surface areas of the
samples were analyzed by a Micromeritics ASAP2020
equipment.

2.3 Photocatalytic experiments

The photocatalytic activities of the samples were
evaluated by photodegradation of MB under visible light
irradiation. A 125 W Xe lamp with a 410 nm cut-off filter
was used as the light source. 0.1 g of photocatalyst was
suspended in 100 mL of MB aqueous solution (20 mg/L).
The mixture was magnetic stirred in the dark for 30 min
before irradiation to allow the system to reach an
adsorption/desorption equilibrium. The photocatalytic
system was magnetically stirred during the course of
illumination. At given time intervals, 5 mL suspensions
were sampled and centrifuged to remove the
photocatalyst powders. The concentration of MB
solution was evaluated by an UNICO UV-2100
spectrophotometer at 660 nm.

3 Results and discussion

Figure 1(a) shows the XRD patterns of the
as-prepared Fe-doped BiVO, with different Fe doping
levels. When the Fe/Bi mole ratios were controlled at 0,
1.0%, 2.5%, and 5.0%, the characteristic diffraction
peaks of each XRD pattern can be readily indexed to a
pure monoclinic scheelite structure (JCPD No. 14—-0688).
No peaks of any other phases or impurities, such as
BiFeO; or Fe,0;, were detected. With increasing the
Fe/Bi mole ratio to 7.5%, a characteristic diffraction peak
at 26=24.5° appears, which is assigned to tetragonal
BiVO, (JCPDS No. 75-1866), suggesting that a relative
high Fe/Bi mole ratio may lead to a phase transition from
monoclinic to tetragonal. It was reported that monoclinic
scheelite BiVO, is a thermodynamically stable phase
compared with tetragonal BiVO,, so hydrothermal
reaction usually generates m-BiVO, [25]. However, if a
relatively high concentration of impurity ions enters the
crystal lattice in the process of BiVO, crystallization, it
will cause the crystal lattice distortion, resulting in the
phase transition from monoclinic to tetragonal. Figure
1(b) exhibits the magnified view of (121) and (040)
diffraction peaks of all the samples, which show gradual
shifts of peaks toward lower angles with increasing Fe
doping level and the maximum shifting of 0.15° for the
(121) peak is reached at 7.5% doping. The peak shift
may be ascribed to the lattice expansion due to the slight
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portion of Fe atom incorporation, and indicates that Fe
may have a certain influence on the d (121) and d (040)
spacing of the monoclinic BiVO,. Considering that the
ionic radius of Fe** (0.064 nm) is much smaller than that
of Bi*" (0.103 nm) but close to that of V°* (0.054 nm),
the lattice expansion is much more likely to be resulted
from the substitution of V°* by Fe’". These XRD results
indicate that Fe’* has been well inserted into V" sites of
the host BiVO, lattice without forming any segregated
impurity phase.

The chemical states of Fe-doped BiVO, with a
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Fe/Bi mole ratio of 5.0% were revealed through XPS
analysis. Figure 2 shows the high-resolution XPS spectra
of Bi 4f, V 2p, Fe 2p, and O s, respectively. Two strong
peaks located at 163.8 and 158.5 eV, are assigned to Bi
415, and Bi 4f;), (Fig. 2(a)), respectively, which confirms
that the bismuth species in the BiVOy is Bi’" cations [11].
Two peaks at approximately 523.6 and 516.1 eV are
found in the V 2p XPS spectrum (Fig. 2(b)), which
correspond to the characteristic spin-orbit splitting of
V 2pypand V 2p;,; signals, respectively, indicating the
presence of V>" in the sample [11]. The characteristic
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Fig. 1 XRD patterns of as-prepared samples with different Fe doping contents (a) and magnified peaks of (121) and (040) planes of

as-prepared samples (b)
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Fig. 2 High-resolution XPS spectra of Bi 4f (a), V 2p (b), Fe 2p (c), and O 1s (d) for Fe-doped BiVO, with Fe/Bi mole ratio of 5.0%
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spin-orbit splitting of Fe 2py, and Fe 2ps, signals is
observed at about 724.4 and 710.1 eV (Fig. 2(c)),
respectively, indicating that the iron species in the
sample are Fe'" cations [12]. It is interesting that the
asymmetric O 1s peak of Fe-doped BiVO, can be fitted
by two peaks at binding energies of 529.4 and 531.3 eV
(Fig. 2(d)), which are normally assigned as the low
binding energy component (LBEC) and the high binding
energy component (HBEC), indicating two different
kinds of O species in the sample [11]. The LBEC can be
attributed to the lattice oxygen (Oy,), while the HBEC is
resulted from the chemisorbed oxygen (O,4s) caused by
the surface chemisorbed species such as hydroxyl and
H,O, respectively. It was reported that the HBEC
component develops with the increase of oxygen
vacancies in the sample [11]. Higher HBEC suggests
more oxygen vacancies. The calculated ratio of O,y to
Oy 18 0.39, indicating the presence of plenty of oxygen
deficiencies in the Fe-doped BiVO,. The extrinsic
oxygen deficiency in Fe-doped BiVO, may be ascribed
to the charge compensation due to the substitution of V>*
by Fe*" with a lower valence state. The presence of
oxygen vacancies was reported to be beneficial for the
enhancement in photocatalytic performance of BiVO, by
promoting the separation of charge carriers.

The Raman spectra of pure BiVO, and Fe-doped
BiVO, with a Fe/Bi mole ratio of 2.5% are presented in
Fig. 3. Raman bands around 210, 325, 368, 819 cm 'are
observed for both samples, which are attributed to the
external mode of BiVO,, the asymmetric deformation
mode of the VO, tetrahedron, the symmetric
deformation mode of the VO, tetrahedron, and the
stretching mode of V—O band, respectively [8,26]. It is
noteworthy that the stretching mode of the shorter V—O
at 819 cm' for pure BiVO, is shifted to a higher
frequency of 827 cm™' for Fe-doped BiVO,, suggesting
that Fe-doped BiVO, possesses stronger symmetry
constraint and the distortion of VO] tetrahedron in
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368 cm’! k

2.5% Fe
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200 300 400 500 600 700 800 900 1000
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Fig. 3 Raman spectra of pure BiVO, and Fe-doped BiVO, with
Fe/Bi mole ratio of 2.5%

Fe-doped BiVO, is larger than that in pure BiVO, [8]. As
revealed in the previous works, the electronic structure of
BiVO, was affected by distortion of the VO?[
tetrahedron in the local structure of BiVO,. The larger
distortion leads to more overlap of the Bi 6s and O 2p
orbitals in the valence band of monoclinic BiVO,, which
is beneficial for the migration of photogenerated
holes [8]. Fe-doped BiVO,possesses larger distortion of
the local structure compared with pure BiVO,, indicating
that Fe doping may promote the migration of
photogenerated holes and thus improve the separation of
photogenerated electrons and holes in BiVO,[8].

Figures 4(a)—(c) show the SEM images of pure
BiVO, and the Fe-doped BiVO, with Fe/Bi mole ratios
of 2.5% and 5.0%, respectively. Obviously, all the
samples possess similar 3D hierarchical flower-like
structures although the Fe/Bi mole ratio varies.
Moreover, these 3D hierarchical flower-like structures
are actually formed by the interlacing of nanosheets with
a thickness less than 50 nm. The nanosheets assemble
helically and loosely to form open porous structures,
which may result in large surface area and high light
harvest. The BET surface areas of the pure BiVO, and
the Fe-doped BiVO, with Fe/Bi mole ratios of 2.5% and
5.0% were tested to be 32.8, 33.2, 32.5 m*/g, respectively.
The open porous structures also facilitate the entry of
reactants and the release of products. Moreover, the
thinness of the nanosheets leads to a relatively large
distortion of the unit cell due to the large surface strain,
which may also promote the migration of photogenerated
carriers [21]. It should be noted that the 3D hierarchical
flower-like structures of Fe-doped BiVO, were obtained
in the presence of SDBS. Figure 4(d) shows the SEM
image of the pure BiVO, prepared in the absence of
SDBS, which is composed of agglomerated particles
with diameters of 300—600 nm. These results indicate
that SDBS is the key factor for the formation of
hierarchical flower-like structures of Fe-doped BiVO,.
The BET surface area of the pure BiVO, prepared in the
absence of SDBS was tested to be 4.28 m%/g.

The microstructure of Fe-doped BiVO, with a Fe/Bi
mole ratio of 2.5% was further investigated by TEM and
HRTEM. As shown in Fig. 5(a), the sample consists of
hierarchical flower-like structures with diameters of
1.5-2 pm, which is in consistence with the SEM result.
The lattice spacing of 0.46 nm in the HRTEM image
(Fig. 5(b)) corresponding to the marked area in Fig. 5(a)
is assigned to the interplanar spacing of (011) plane of
monoclinic BiVO,. It can be deduced that the lateral
surfaces and the top surfaces of BiVO, nanosheets are
enclosed by their (011) and (100) planes, respectively.

To explore the formation mechanism of the
hierarchical flower-like structures of Fe-doped BiVO,,
TEM observations of the sample with a Fe/Bi mole ratio
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']
Fig. 4 SEM images of Fe-doped BiVO, with Fe/Bi mole ratios of 0 (a), 2.5% (b), and 5.0% (c) prepared in the presence of SDBS and

pure BiVO, prepared in the absence of SDBS (d)

Fig. 5 TEM (a) and HRTEM (b) images of Fe-doped BiVO, with Fe/Bi mole ratio of 2.5%

of 2.5% at different hydrothermal reaction stages (2 h,
5 h and 15 h) were carried out. As shown in Fig. 6, the
product obtained after 2 h of hydrothermal treatment
consists of nanoplates with an average diameter of 20 nm
(Fig. 6(a)). After 5 h of hydrothermal reaction,
nanosheets with diameters of 400—-600 nm appeared
(Fig. 6(b)). As the reaction time was further prolonged to
15 h, well-defined hierarchical flower-like structures
were formed (Fig. 6(c)).

On the basis of above TEM and HRTEM results, it
can be concluded that the hierarchical flower-like
structures of Fe-doped BiVO, are actually formed via a
hierarchical assembly process. At the initial stage of

hydrothermal treatment, BiVO, crystalline nuclei are
formed and grow into nanoplates. Then these nanoplates
further grow into 2D nanosheets, which later self
assemble into hierarchical flower-like structures by
oriented attachment. SDBS is a surfactant usually used to
prepare nanoparticles with anisotropic shapes due to its
selective adsorption on the facets of nuclei. In the present
case, SDBS should have stronger interactions with (100)
planes of BiVO, nuclei, resulting in the growth of 2D
nanosheets. Moreover, due to strong adsorption of SDBS
on the planes, the formed nanosheets do not pile up along
the [100] direction due to the hindrance effects of SDBS
on their top surfaces, but oriented assemble in an
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edge-to-edge way and curl up by a certain title angle due
to the large lattice tension of nanosheets, forming
flower-like structures [20,27,28].

The UV-Vis diffuse reflectance spectra of pure
BiVO, and Fe-doped BiVO, with Fe/Bi mole ratio of
2.5% are presented in Fig. 7(a). Each sample shows
strong absorption in the visible range in addition to the
UV range. The absorption edge of pure BiVO,4occurred
at about 525 nm, while the absorption range of Fe-doped
BiVO, is broadened to 549 nm. The bandgaps of both
samples are estimated from the formula ahv:A(hv—Eg)”/ 2
where a, v, E, and 4 are absorption coefficient, light
frequency, band gap and a constant, respectively. For
BiVO,, the value of n is 1 [22]. Figure 7(b) shows the
plots of (ahv)? versus photon energy (hv), from which we
can estimate the energy of the bandgap of the samples.
The estimated £, of pure BiVO, and Fe-doped BiVO,
with a Fe/Bi mole ratio of 2.5% are 2.36 ¢V and 2.26 €V,
respectively. The bandgap energy decreases with doping
Fe ions in BiVOy, indicating that Fe-doping may enhance
the absorption of BiVO, in the visible light zone and
improve the visible light photocatalytic activity of
BiVO,.
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The photodegradation efficiencies of MB as a
function of irradiation time by the samples prepared in
the presence and absence of SDBS, as well as without
photocatalyst, are presented in Fig. 8. It can be seen that
all the samples show visible-light-responsive
photocatalytic activities, since the concentrations of MB
reduce faster in the presence of those samples than
photolysis. It should be noted that the samples prepared
in the presence of SDBS show higher photocatalytic
activities than that prepared in the absence of SDBS.
Generally, the overall photocatalytic activity of a
semiconductor is primarily decided by surface area,
photoabsorption ability, and the separation and
transporting rate of photogenerated electrons and holes in
the catalysts [29]. The higher photocatalytic activities of
the sample prepared in the presence of SDBS compared
with that prepared in the absence SDBS may be
attributed to its unique morphology. The hierarchical
flower-like structure composed of nanosheets results in
larger surface areas and higher light harvest [22].
Moreover, the thinness and the distortion of the unit cell
for the nanosheets facilitate the migration of
photogenerated electrons and holes from inside to the

o o pdoa.” gt
100 nm " s L S5

Fig. 6 TEM images of Fe-doped BiVO, with Fe/Bi mole ratio of 2.5% obtained at different hydrothermal reaction stages: (a) 2 h;

(b)5h; (c)15h
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Fig. 7 UV-Vis diffuse reflectance spectra of pure BiVO, and Fe-doped BiVO, with Fe/Bi mole ratio of 2.5% (a) and plots of (a/kv)*

vs photon energy (Av) (b)
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Fig. 8 Photocatalytic efficiencies of BiVO, samples prepared in

the presence and absence of SDBS

surface, retarding the recombination of photogenerated
electrons and holes [21]. All these may improve the
quantum yield and the photocatalytic activity of
hierarchical flower-like BiVO,.

Figure 9 shows the photocatalytic efficiencies of the
hierarchical flower-like Fe-doped BiVO, with different
Fe/Bi mole ratios. The sample with a Fe/Bi mole ratio of
2.5% shows the highest photocatalytic efficiency,
indicating that the photocatalytic activity first increases
with increasing the Fe doping content then reaches an
optimum level. Further increasing the amount of Fe
beyond this level slows down MB photodegradation. The
enhanced photocatalytic acvitities of the Fe-doped
BiVO, samples may be attributed to the following
reasons. Firstly, Fe doping reduces the bandgap energy of
BiVO,. The visible light response range of BiVO, is
widened, and the utilization of visible light is improved.
Secondly, the substitution of V>* by Fe** results in lattice
distortion and enlarges the distortion of the local
structure due to the different ionic radii of V3" and Fe**,
which improve the migration and separation of
photogenerated carriers, leading to a higher quantum
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Fig. 9 Photocatalytic efficiencies of flower-like Fe-doped
BiVO, samples with different Fe/Bi ratios

yield. Thirdly, XPS results reveal that Fe doping creates
many oxygen vacancies, which act as electron trappers to
retard the recombination of photogenerated electrons and
holes, further improving the quantum efficiency of
BiVO, [11]. The harmful effect of excess doping content
of Fe may be attributed to the fact that further increasing
the amount of Fe beyond optimum level may result in the
enrichment of iron. The enriched iron may act as
recombination centers for electrons and holes, decreasing
the quantum yield of BiVO, [12].

4 Conclusions

1) Fe-doped BiVO, with hierarchical flower-like
structures was prepared by a SDBS assisted
hydrothermal method.

2) SEM, TEM and HRTEM results showed that the
hierarchical flower-like structures of Fe-doped BiVO,
were actually formed by the interlacing of nanosheets
with a thickness less than 50 nm. The time-dependent
experiments indicated that the selective adsorption of
SDBS on the (100) facet of m-BiVO, played a key role
in the formation and oriented assembly of nansheets.

3) Flower-like Fe doping BiVO, showed much
higher visible-light-driven photocatalytic efficiency for
degradation of MB compared with pure BiVO,. And the
sample with Fe/Bi mole ratio of 2.5% showed the highest
photocatalytic efficiency.

4) Fe doping creates oxygen vacancies and enlarges
the distortion of the local structure of BiVO,, improving
the quantum yield of BiVO,. The large surface area and
porous structure were also responsible for the enhanced
photocatalytic activity of Fe-doped flower-like BiVO,.
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