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ABSTRACT

An ellipsoid-like BiVO, photocatalyst was fabricated with the assistance of ethylenediaminetetraacetic
acid (EDTA) in isopropanol-water mixed solvent. The as-prepared samples were character-
ized by Fourier transform infrared, X-ray diffractometry, scanning electron microscopy, UV-Vis,
photoluminescence spectra and alternating current impedance spectroscopy. The results indicated that
the morphology and size of the samples could be remarkably influenced by the addition of EDTA, and
the crystal structures would remain unchanged. The morphology evolution process of BiVO, was dis-
cussed. Meanwhile, the photocatalytic activities were evaluated by the degradation of doxycycline with
visible light. Due to the effective separation of photoinduced electron-hole pairs and the improvement
of electron mobility, BiVO, synthesized with 1.0 g EDTA exhibited the best photocatalytic performance.
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1. Introduction

As an important kind of tetracycline antibiotics, dox-
ycycline (DC) is frequently detected in water bodies and
sediments around the world [1,2]. The residues of it in the
soil, plants and foods converge into water bodies by the bio-
degradation and rain scouring [3], then migrate from water
to plants, animals and humans. DC could affect organisms,
change microbial activities and give rise to resistance of
bacteria to antibiotics [4-6]. Biodegradation and adsorp-
tion are the traditional treatments of DC. For biodegrada-
tion, DC could adhere to microbial cells to slow its growth,
so the treatment effect is not satisfactory. For adsorption,
the post-treatment process of adsorbent is too complex to
carry out. Compared with traditional treatments, photoca-
talysis technology is more effective for the degradation of
DC. In recent years, semiconductor-based photocatalysts
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have received widespread attentions in virtue of their wide
applications in wastewater treatment and sustainable energy
resource such as solar cells [7-9]. What’s more, photocatalytic
oxidation has become an effective environmental restoration
technique applied to remove DC from water [10,11]. TiO, is
the most studied and used photocatalytic material due to its
superior properties, such as nontoxicity, chemical durabil-
ity and oxidization resistance [12]. Nevertheless, the wide
band gap (3.2 eV) is a limiting factor of TiO,, which means
merely a small ultraviolet fraction of sun light can be utilized
[13]. Therefore, the visible-light-driven photocatalysts are
demanded.

BiVO, is an important Ti-free and narrower band gap
(2.4 eV) photocatalyst for its unique properties: ferroelastic-
ity [14], ionic conductivity [15], photocatalytic activities for
water splitting [16,17] and degradation of harmful pollutants
[18-20]. Up till now, BiVO, with various morphologies have
been reported, such as star-like [21], flower-like [22], spher-
ical [23], nanosheet [24], nanorod [25], etc. For the present,
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the synthesis of BiVO, with controllable morphology and
great photocatalytic activity is much desired. Recently, BiVO,
with 3D architecture morphology has gradually been in a hot
research. Therefore, many surfactant agents play an import-
ant role in the synthesis route. Zhu et al. [26] fabricated
BiVO, hollow microspheres in the presence of ethylenedi-
aminetetraacetic acid (EDTA) by a microwave hydrothermal
method. Zhu et al. [27] used Tween-80 as a surfactant agent
for the preparation of decahedral BiVO, through a microwave
hydrothermal method. Lu et al. [28] prepared dumbbell-like
BiVO, hierarchical nanostructures with the assistance of PVP
via a simple hydrothermal route.

In this paper, ellipsoid-like BiVO, were synthesized
successfully by a hydrothermal method, in which
isopropanol/water mixture was solvent and EDTA was the
chelating agent. The effect of EDTA on the morphology evo-
lution was researched by adjusting the amount of it. Then,
the absorption spectra, photoluminescence (PL) spectra and
alternating current (AC) impedance spectroscopy of different
samples were systematically investigated. Furthermore, dif-
ferent samples exhibited different photocatalytic degradation
of DC with visible light, and the properties of synthetic mate-
rials were also dependent on the different amounts of EDTA.

2. Materials and methods
2.1. Fabrication of BiVO, microspheres

Typically, 5 mmol Bi(NO,),-5H,0 was dissolved in 30 mL
isopropanol, and 5 mmol NH,VO, with desired amount of
(0, 0.8, 1.0 and 1.2 g) EDTA was dissolved in 10 mL distilled
water. The two kinds of above solution were mixed with
stirring and sonicating for 30 min. Then, the mixture was
poured into a 100 mL Teflon-lined stainless-steel autoclave
and heated at 160°C for 16 h. Finally, the autoclave was nat-
urally cooled to room temperature. The obtained samples
were cleaned by distilled water and absolute ethanol for sev-
eral times, and then dried in the vacuum drying oven at 80°C.
The samples were named as BiVO,-0, BiVO,-0.8, BiVO,-1.0
and BiVO,-1.2, respectively.

2.2. Characterization of BiVO, samples

Fourier transform infrared spectroscopy (FTIR)
spectrometer (PerkinElmer, Spectrum Two, USA) was applied
to obtain FTIR spectra. The crystalline structures were exam-
ined using X-ray diffraction (D/max-yB) with Cu Ka radia-
tion (A = 41.5418 A). The morphologies were analyzed by
field emission scanning electron microscopy (SEM; Hitachi,
S-4800). In the wavelength range of 200-700 nm, UV-3600
spectrophotometer (Shimadzu Corporation, Japan) was uti-
lized to complete the absorption spectrum using BaSO, as
the reference. The PL spectra were tested on F4500 (Hitachi,
Japan) PL detector at the excitation wavelength of 205 nm with
photomultiplier tube voltage of 500 V. The AC impedance
spectroscopy was measured in a multichannel potentiostat
(VMP3, Biologic, France) using a standard three-compartment
cell. 0.01 M Na,SO, was used as electrolyte and Pt wire and cal-
omel electrode were used as counter electrode and reference
electrode, respectively. N, adsorption-desorption isotherms
were measured at 77 K and the Brunner-Emmet-Teller (BET)

method was used to calculate the surface area and pore size
by a JW-BK122F (Beijing JWGB, China).

2.3. Photocatalytic activity measurement

First of all, 50 mL of 20 mg/L DC solution was used to
dissolve 20 mg of the samples. Then, the mixture placed in the
photochemical reaction instrument was stirred magnetically
for 30 min, which was for reaching adsorption—desorption
equilibrium of DC with the catalyst. Afterwards, along with
continuous magnetic stirring, the solution was completely
irradiated by 300 W Xenon lamps with a cut-off filter of
420 nm to precede photocatalytic reaction. After that, the tar-
get solution was taken out and separated by centrifugation
to remove the samples at different time intervals. Finally, a
UV-vis spectrophotometer (Shimadzu UV2450) was used to
test the adsorption UV—vis spectra and the dates are recorded.

3. Results and discussion
3.1. FTIR

FTIR spectra of the as-prepared BiVO, samples are shown
in Fig. 1. The bending vibration band of Bi-O at 616 cm™ and
the symmetric stretching vibration band of VO43‘ at 472 cm™
were observed in all samples. Additionally, the asymmetric
stretching vibrations of V-O at 833 cm™ were also observed
[29,30]. The additional band at 1,645 cm™ of sample BiVO,-0
was attributed to O-H bending vibrations of water which
might come from KBr kept too long in the air and became
damp [30]. The high sensitive FTIR spectra revealed that the
product was pure [31].

3.2. XRD analysis

The structure of as-prepared BiVO, samples was evalu-
ated by X-ray diffractometry (XRD) analysis. XRD patterns
of BiVO,-0, BiVO,-0.8, BiVO,-1.0 and BiVO,-1.2 are presented
in Fig. 2(a). All the characteristic peaks of the products were
in accord with the standard cards JCPDS No. 14-0688 and
there were no traces of other phases. It indicated that all the
samples were monoclinic BiVO, [32]. Furthermore, it was
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Fig. 1. FTIR spectra of different samples.
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Fig. 2. XRD patterns of different BiVO, samples: (a) before
irradiation and (b) after irradiation.

observed that no significant difference between the XRD pat-
terns of different BiVO, samples, which revealed the crystal-
line phase of different BiVO, samples remained unchanged
up with the increasing amounts of EDTA. To check the chem-
ical stability of the materials, all the samples used methanol/
acetic acid (95:5, v/v) solution eluent under ultrasonic bath
for 15 min after the photocatalysis. XRD analysis for differ-
ent BiVO, before and after irradiation is shown in Fig. 2(b).
BiVO, spinel structure remained intact on all after irradiation
catalysts and no significant peak-shift was detected which
suggested as-prepared BiVO, had chemical stability.

3.3. SEM

The morphologies and microstructures of the BiVO, sam-
ples synthesized with different EDTA amounts were char-
acterized by SEM as shown in Fig. 3. It could be obviously
seen that the morphology of the BiVO, sample varied from
irregular nanoparticles to ellipsoid-like with increased EDTA
concentration, reflecting the increased oriented growth. First
of all, the BiVO, samples in the absence of EDTA were irreg-
ular nanoparticles with the sizes ranging from 100 to 300 nm,
and there was a slight agglomeration between nanoparticles
(Fig. 3(a)). However, with the increasing amount of EDTA,

the BiVO, samples gradually evolved into ellipsoid, which
are shown in Figs. 3(b)—(d). When the amount of EDTA was
0.8 g, the BiVO, samples were irregular spheres consist of
nanoparticles (Fig. 3(b)). Hence, it was possible to say that the
low EDTA concentration used in the synthesis of materials
was not possible to be absorbed by BiVO, primary nanoparti-
cles in aqueous solution because the concentration employed
was below the amounts of BiVO,. With the addition of 1.0 g
EDTA, BiVO, exhibited a uniform morphology of ellip-
soid-like aggregates, of which average length and diameter
were 1 um and 400 nm, respectively (Fig. 3(c)). In addition,
Fig. 3(c) also clearly reveals surface structures of the samples,
it can be seen that the surfaces were rather rough and with
a few of small holes. And the average size of the holes was
around 100 nm. A further increase to 1.2 g, BiVO, exhibited
a bigger ellipsoidal sphere, from which it was seen that the
length was around 1.2 pm and the diameter was around
600 nm (Fig. 3(d)). It was found that the ellipsoid-like BiVO,
was more obvious. The previous micropores disappeared in
the surface which was due to concentration employed to sat-
isfy the absorption of BiVO,. It was concluded that the mor-
phology and microstructure of BiVO, could be controlled
by simply adjusting the amount of EDTA. The experimental
results demonstrated that the concentration of EDTA was a
vital factor in the synthesis of ellipsoid-like BiVO,. The BET
results included BET surface areas, pore volume and diame-
ter are summarized in Table 1.

It is necessary to discuss the probable growth process of
ellipsoid-like BiVO, in the light of the characterization results.
First, the alcoholization and hydrolyzation of Bi(NO,), took
place in isopropanol-water mixed solvent, of which the pro-
duction was bismuth oxide hydroxide nitrate complex [33].
Then, Bi** was released by the dissociation of the complex.
Afterwards, the released Bi* combined with VO to get
BiVO, primary nanoparticles quickly. Furthermore, EDTA
molecules were absorbed by BiVO, primary nanoparticles
gradually, and the surface energy and the growth rate of
the adsorbed crystal faces all had a significant reduction.
Subsequently, the BiVO, primary nanoparticles absorbed
EDTA molecules and self-assembled in an oriented way to
grow into ellipsoid-like samples. As for the holes, the infer-
ence of the formation mechanism was as follows. During
the hydrothermal process, EDTA was unstable at high tem-
peratures and decomposed into NO, CO,, H,O, etc, and
the gas molecules congregated to form small microbubbles.
Therefore, the microbubbles were the key to the holes. The
exact formation mechanism needs to be further investigated.
The possible formation mechanism of ellipsoid-like BiVO, is
shown in Fig. 4.

3.4. UV-vis

Fig. 5 shows the UV-vis diffuse reflectance spectra of
the obtained by BiVO, samples, which reflected the excel-
lent absorption performance products had from ultraviolet
to visible light area. What’s more, it also revealed that the
absorption edge was of approximately 520 nm. The band gap
transition of the samples was the reason for the visible-light
absorption, which was displayed from the steep shape of each
spectrum. The band gap was determined from the equation
of ahv = A(hv — Eg)”/2 [26]. In terms of BiVO,, it was a direct
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Fig. 3. SEM images of different samples: (a) BiVO,-0; (b) BiVO,-0.8; (c) BiVO,-1.0; and (d) BiVO,-1.2.

Table 1
BET surface area, pore volume, pore volume of different BiVO,
samples

Sample BET surface Pore volume  Pore diameter
area (m*g™) (ecm?®g™) (nm)

BiVO,-0 0.646 - -

BiVO,-0.8 1.88 0.0029 14.3

BiVO,-1.0 2.07 0.0034 16.6

BiVO,-1.2 1.95 0.0032 16.2
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Fig. 4. Possible formation mechanism of ellipsoid-like BiVO,.

band gap material, so that the value of n is 1 [34]. The band
gaps of samples BiVO,-0, BiVO,-0.8, BiVO,-1.0 and BiVO,-1.2
were reckoned to be 2.42, 2.38, 2.33 and 2.40 eV, respectively.
The band gap of sample BiVO,-1.0 was relatively narrow
compared with other samples which might be attributed to
changes of morphologies, microstructures, crystalline phase
and crystal structure which were affected by concentration
of EDTA.

3.5. PL characteristics

Fig. 6 shows the PL spectra of samples BiVO,-0
and BiVO,-1.0. The PL emission maximum of BiVO,-0

and BiVO,-1.0 were both around 536 nm, which corre-
sponded to the green light region. It is obvious that the PL
emission intensity of BiVO,-1.0 was lower than the BiVO,-0.
Normally, PL emission intensity of a semiconductor is pro-
portional to the occasion of the recombination of photoin-
duced electron-hole pairs. It suggests that the BiVO,-1.0
sample reduced the electron-hole recombination probability
which facilitated the migration of electrons more effectively
than BiVO,-0 sample did.

3.6. AC impedance

AC impedance spectroscopy analysis is important
electrochemical evidence to verify the improvement of pho-
tocatalytic performance. Fig. 7 shows Nyquist plots of sam-
ples BiVO,-0 and BiVO,-1.0. The semicircle of BiVO,-1.0 is
smaller than that of BiVO,-0, which reveals a decrease in the
solid-state interface layer resistance and the charge-transfer
resistance on the surface [35]. It means the conductivity of
BiVO,-1.0 was improved which increased electron mobility.
It was concluded that the enhancement of photocatalytic
activity of BiVO,-1.0 was due to the improvement of the elec-
tron mobility of BiVO, prepared with EDTA.

3.7. Photocatalytic performance

To further examine the application of as-prepared BiVO,
samples in the removal of water contaminants, the aque-
ous solution of DC was taken as an example. Fig. 8 includes
the photocatalytic degradation of DC under visible light
illumination. Among four samples, the sample BiVO,-1.0
exhibited the highest photocatalytic activity, and 88.15%
of DC was degraded with irradiation for 120 min. While
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Fig. 6. PL spectra of BiVO,-0 and BiVO,-1.0 samples.

the degradation of DC in the presence of blank, BiVO,-0,
BiVO,-0.8 and BiVO,-1.2 was 17.28%, 65.02%, 81.97% and
73.39%, respectively. The degradation rate (DR) of BiVO,-
0.8 was about 20% higher than that of BiVO,-0, indicating
ellipsoid-like BiVO, can greatly enhance the photocatalytic
activity. The performance of ellipsoid-like BiVO, was higher
than oxidative Fenton process [36] and other oxidation
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Fig. 8. The photocatalytic degradation (a) and TOC removal
(b) of DC on different BiVO, samples.

processes results [37,38]. However, our materials required
longer reaction times to achieve equilibrium compared with
catalytic Fenton system. Some reasons were proposed to
account for the high photocatalytic activity of ellipsoid-like
BiVO,. First, as PL characteristics results, ellipsoid-like
BiVO, reduced the electron-hole recombination probability
and facilitated the migration of electrons more effectively,



C. Lu et al. / Desalination and Water Treatment 104 (2018) 250-256

which resulted in the higher photocatalysis capability.
Second, the improvement of conductivity of ellipsoid-like
BiVO, increased electron mobility. It was concluded that
the enhancement of photocatalytic activity was due to the
improvement of the electron mobility of ellipsoid-like BiVO,
prepared with EDTA. Third, as previous results, the band gap
energy of ellipsoid-like BiVO, narrowed from 2.42 to 2.33 eV,
which enhanced the oxidation-reduction ability of photo-
generated carriers and the photocatalytic degradation of DC.

Total organic carbon (TOC) analysis is an effective method
which can be used to further demonstrate mineralization of
organic pollutants, especially the properties of the photocat-
alysts. Fig. 8(b) shows the degradation of the organic carbon
contents with different samples, the removal rates of TOC of
blank, BiVO,-0, BiVO,-0.8, BiVO,-1.0 and BiVO,-1.2 samples
were 15.42%, 61.77%, 75.87%, 83.54% and 69.72%, respec-
tively. TOC contents of different samples decreased in the
same order as that of the photocatalytic degradation curves
(Fig. 8(a)) could also be found out from Fig. 8(b). However,
the removal rates of TOC were lower than that of the DR.
This result was reasonable due to the degradation data were
detected after centrifugation. TOC removal and the degra-
dation curves with similar trends indicated that photodeg-
radation experiments had successfully eliminated the effect
of physical adsorption and the photocatalytic activities of
different photocatalysts were correctly evaluated. Moreover,
wide environmental applications, such as the mineralization,
would be implemented by BiVO,, since the reduced TOC
contents suggested.

4, Conclusions

In summary, a facile EDTA-assisted solvothermal method
had been conducted to synthesize ellipsoid-like BiVO,. The
morphology and structure of different BiVO, samples were
recognized by FTIR, XRD and SEM. The porous samples pre-
pared with 1.0 g EDTA exhibited the best morphology and
photocatalytic degradation of DC. In addition, several analy-
ses such as the UV-vis diffuse reflectance spectra, PL spectra
and AC impedance spectroscopy were conducted to explain
improvement of photocatalytic activity which was due to the
effective separation of photoinduced electron-hole pairs and
the improvement of electron mobility.
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