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ABSTRACT

Ag VO, (AVO)/Bi,WO, (BWO) composites with different AVO/BWO molar ratios were synthe-
sized using a single-step hydrothermal method. The photocatalytic performance of the synthesized
photocatalysts in the degradation of C.I. Reactive Red 2 (RR2) under visible light (Vis.) irradiation
was evaluated. The AVO/BWO composites were characterized by X-ray diffraction analysis, scan-
ning electron microscopy, transmission electron microscopy, ultraviolet-visible (UV-Vis) spectros-
copy, photoluminescence spectroscopy, Brunauer-Emmett-Teller analysis and X-ray photoelectron
spectroscopy. Scavenger experiments were performed to determine the photocatalytic mechanism.
The AVO/BWO composites exhibited much greater photocatalytic efficiency than pure AVO and
BWO; moreover, AVO/BWO molar ratio of 1/3 (AB3) yielded the best photo-activity. AB3 exhib-
ited the greatest photocatalytic performance, with RR2 removal efficiencies of 82% and 92% under
Vis. and solar irradiations, respectively. The RR2 photodegradation rate constant of AB3 was
0.0894 min™, which was about 13.5 and 16.9 times those of AVO and BWO under Vis. irradiation,
respectively. The excellent photo-activity of AB3 is attributable to improved light absorption across
the entire spectrum, its large specific surface area, the separation of photo-generated electron-hole
pairs, and a synergetic interaction between AVO and BWO. Additionally, the photo-stability of AB3
was greater than that of AVO. The scavenger experimental results suggested that photocatalytic

RR2 degradation over AB3 was mainly governed by direct photo-generated hole oxidation.
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1. Introduction

The various methods for removing organic pollutants
from wastewater include adsorption [1], microwave catal-
ysis [2] and photocatalysis [3,4]. Adsorption is an effective
and cheap method for removing pollutants from wastewa-
ter, but they only change their phase from solute to solid:
they do not degrade them. Microwave-induced catalytic
oxidation is favorable owing to its short reaction time, low
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energy consumption and excellent degradation perfor-
mance [2]. However, the required microwave equipment
and consumed energy are expensive. Photocatalysis has
the advantage of high oxidation efficiency. However, pho-
tocatalysis consumes energy and the generated intermedi-
ates may be more toxic than the parent compound. The low
reagent utilization, high cost, secondary pollution and other
disadvantages limit the application of these methods.
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Semiconductor photocatalysis is a cost-effective, renew-
able, and environmentally friendly technique for solar
energy utilization and environmental remediation. Recently,
attention has been increasingly focused on the use of pho-
tocatalysts for environmental purification and energy
conservation. Researchers have devoted much effort to the
fabrication of visible light (Vis.)-driven photocatalysts for
use in the treatment of wastewater. The ideal photocatalyst
should have a low band gap, high dispersibility, non-toxicity,
resistance to photo-corrosion, and outstanding photo-activ-
ity in the degradation of pollutants under Vis. illumination.

Silver vanadate (Ag,VO,, AVO), which was first syn-
thesized by Konta et al. [5], exhibits photo-activity in
the evolution of O, from H,0O under Vis. irradiation and
has therefore attracted considerable attention. However,
AVO suffers from serious photo-corrosion and the
recombination of photo-generated electrons (e”) and
holes (h') during photocatalysis. Combining AVO with
low-cost semiconductors can reduce the cost of the pre-
pared photocatalysts. In recent years, heterostructural
composites of pairs of semiconductors have been recog-
nized as promising in the development of highly effi-
cient photocatalytic materials. The different band gap
potentials in heterostructures can induce irreversible
charge carrier separation and transfer at the interface,
weakening recombination and promoting efficient
electron-hole separation, increasing photo-activity [6,7].

Bismuth tungstate (Bi,WO,, BWO) is one of the sim-
plest members of the Aurivillius oxide family and is a Vis.-
responsive photocatalytic material; however, the rapid
recombination of photo-generated electron-hole pairs seri-
ously limits its efficiency of energy conversion. To increase
the utilization rate of Vis. and to promote the separation
of photo-induced e~ and h', the design of a heterojunction
structure by coupling BWO with other photocatalyst with
matching band potentials is feasible. The conduction band
(CB) potential of BWO (0.275 eV) [8] exceeds that of AVO
(0.25 eV) [9], and the valence band (VB) potential of BWO
(3.125 eV) [8] exceeds that of AVO (2.05 eV) [9]. Accordingly,
BWO is an ideal candidate to hybridize with AVO to
form a staggered band gap type heterojunction, provid-
ing efficient separation and migration of photo-generated
carriers and thus high photo-activity.

AVO can be combined with bismuth-based oxides
such as BiPO, [10], BiOCI [11], BWO [12,13], BiOBr [14],
BiOI [15], BiOIO, [16], Bi,O, [17], BiVO, [18,19] and Bi,O,/
BiVO, [20], forming heterojunctions, which improve pho-
tocatalytic performance by reducing the probability of
recombination of the photo-generated e~ and h*. Various
methods have been used to prepare heterojunction mate-
rials; they include the hydrothermal process, sonochem-
ical method, solvothermal process, solid-state reaction
method, co-precipitation, sol-gel method, microwave syn-
thesis and chemical deposition. Li et al. [12] and Zhang
and Ma [13] synthesized AVO/BWO composites by grow-
ing AVO particles in situ onto BWO nanosheets by chem-
ical deposition. Their heterojunction with an AVO/BWO
molar ratio of 0.15/1 exhibited the highest photo-activity,
which was 6.7 or 1.7 times greater than that of pure BWO
or AVO [12]. Zhang and Ma [13] found that an AVO/BWO
heterojunction with the optimal BWO/AVO mass ratio

of 10% exhibited the highest photo-activity. Researchers
have not yet used a single-step hydrothermal method
to synthesize AVO/BWO composites with various AVO/
BWO molar ratios and compared the photo-activities of
such prepared AVO/BWO composites under Vis. irradia-
tion. Their photo-activity is evaluated by using them in
the photodegradation of C.I. Reactive Red 2 (RR2). The
goals of the present study are (i) to synthesize AVO/BWO
composites with different AVO/BWO molar ratios by the
single-step hydrothermal method; (ii) to measure the sur-
face characteristics and compare the photo-activity of the
prepared AVO/BWO composites, (iii) to compare the pho-
to-activity of AVO/BWO composite through single-step
and two-step hydrothermal methods; (iv) to determine
the reusability and the active reaction species of AVO/
BWO composites at the optimal AVO/BWO molar ratio,
and (v) to propose a mechanism of photo-activity of the
AVO/BWO composites.

2. Materials and methods
2.1. Materials

All reagents were analytical-grade and used as received
without further purification. Deionized water (DW) was
used throughout this study. Silver nitrate (AgNO,) and RR2
(C,H,,CL,NNa,O,S)) were obtained from Sigma-Aldrich
(USA). Sodium orthovanadate (Na,VO,) was obtained from
Alfa Aesar (USA). Bismuth(Ill) nitrate (Bi(NO,),"5H,0),
sodium tungstate (Na,WO,2H,O), trisodium citrate
(Na,C,H.O,2H,0, TCD), NaOH, HNO,, disodium ethylene-
diamine tetraacetate (C,;H ,N,O,Na,2H,0, EDTA-2Na)
and potassium chromate (K,CrO,) were all purchased from
Katayama (Japan). Isopropanol (IPA) was purchased from
J.T. Baker (USA).

2.2. Procedures for synthesizing photocatalysts
2.2.1. Synthesis of AVO

A 2.5485 g mass of AgNO, and 1.0217 g of Na,VO, were
dissolved in 60 mL DW to yield solutions A and B, respec-
tively. Solutions A, B and 0.4456 g TCD were mixed and
adjusted to pH 7 by adding 10 M NaOH or HNO, and stir-
ring (600 rpm) for 30 min. The adjusted mixture was sealed
in a 200 mL Teflon-lined stainless autoclave and maintained
at 393 K for 6 h; it was then left to cool naturally to room
temperature. The precipitates thus obtained were collected
by filtration and washed using 50 mL 95% ethanol and
100 mL DW to remove any residual impurities. The samples
were finally dried in air at 333 K for 24 h to yield AVO.

2.2.2. Synthesis of BWO

A 3.881 g mass of Bi(NO,),5H,0 was dissolved in
60 mL HNO, (2 M) to yield solution C. A 1.319 g mass of
Na,WO,-2H,O was dissolved in 60 mL NaOH (2 M) to yield
solution D. Solutions C and D were mixed and adjusted to
pH 7 by adding 10 M NaOH or HNO, and stirring (600 rpm)
for 30 min. The adjusted mixture was sealed in a 200 mL
Teflon-lined stainless autoclave and maintained at 433 K
for 12 h. The subsequent procedures and conditions that



226 C.-H. Wu, S.-R. Jhu / Desalination and Water Treatment 276 (2022) 224-236

were used to generate BWO were the same as those used to
generate AVO.

2.2.3. Synthesis of AVO/BWO composites

Five AVO/BWO molar ratios (1/1, 1/2, 1/3, 1/4 and 2/1)
were used in the syntheses, yielding AB1, AB2, AB3, AB4
and AB5. The AB1-AB5 composites were prepared by the
single-step hydrothermal process. The details of the prepa-
ration of AB1 are as follows. A 1.2743 g mass of AgNO,
and 0.5109 g of Na,VO, were dissolved in 30 mL DW to
yield solutions E and F, respectively. Solutions E, F and
0.4456 g TCD were mixed and adjusted to pH 7 by adding
10 M NaOH or HNO, and stirring (600 rpm) for 30 min,
yielding the solution of AVO precursors. A 2.4254 g mass
of Bi(NO,),’5H,0 was dissolved in 30 mL HNO, (2 M) to
yield solution G. A 0.8247 g mass of Na,WO,-2H,0 was dis-
solved in 30 mL NaOH (2 M) to yield solution H. Solutions
G and H were mixed and adjusted to pH 7 by adding
10 M NaOH or HNQO, and stirring (600 rpm) for 30 min,
yielding the solution of BWO precursors. The solutions
of AVO and BWO precursors were mixed and adjusted to
pH 7 with stirring (600 rpm) for 30 min. This mixture was
sealed in a 200 mL Teflon-lined stainless autoclave and
maintained at 393 K for 6 h. The subsequent procedures
and conditions that were used to generate AB1 were the
same as those used to generate AVO. To synthesize AB6,
the prepared BWO particles (7.8503 g) were added to the
solution of AVO precursors to obtain an AVO/BWO molar
ratio of 1/3. The subsequent procedures and conditions that
were used to generate AB6 were the same as those used to
generate AB1.

2.3. Analyses of surface characteristics

The crystalline structures of the photocatalysts were
analyzed using X-ray diffraction (XRD) with Cu-Ka radia-
tion (Bruker D8 SSS, Germany) over a 20 range of 20°-80°.
The accelerating voltage and the applied current were set
to 40 kV and 40 mA, respectively. The morphologies and
microstructures of the samples were observed using scan-
ning electron microscopy (SEM, JEOL 6330 TF, Japan) and
transmission electron microscopy (TEM, JEOL 3010, Japan),
respectively. The band gaps were calculated from the diffuse
reflectance UV-Vis. spectra of the photocatalysts, obtained
using a UV-Vis spectrophotometer (JASCO-V670, Japan).
The photoluminescence (PL) spectra were obtained using an
excitation wavelength of 400 nm on a Hitachi F-4500 fluo-
rescence spectrophotometer (Japan). N, adsorption-desorp-
tion isotherms were obtained at 77 K using a Micrometrics
ASAP 2020 surface area analyzer (USA). The Brunauer—
Emmett-Teller (BET) method was used to calculate the spe-
cific surface areas from adsorption data. X-ray photoelectron
spectroscopy (XPS) measurements were made at room tem-
perature using a PHI 5000 Versal Probe X-ray photoelectron
spectrometer (USA). The binding energies were calibrated
against C 1s at 284.6 eV. The leaching of Ag from the pho-
tocatalysts was measured after the photocatalytic reaction
by inductively coupled plasma optical emission spectrom-
etry (ICP-OES, Perkin-Elmer OPTIMA 5300DV, USA). The
concentrations of RR2 were evaluated by measuring the

absorbance of solutions at a wavelength of 538 nm using a
UV-vis spectrophotometer (Hitachi U5100, Japan).

2.4. Experiments to evaluate photo-activity

The photocatalyst dosage, RR2 concentration and tem-
perature in all of the experiments to evaluate photo-activ-
ity were 0.5 g/L, 20 mg/L and 298 K, respectively. The solu-
tion pH was 3 in all experiments except those conducted
to determine the effects of pH. Photocatalysis experiments
were performed in a 3 L glass reactor. A 400 W Xe lamp
(200 nm < wavelength < 700 nm, UniVex BT-580, Taiwan)
was used to provide ultraviolent (UV) radiation with an
intensity of 30.3 mW/cm?. The light source was a xenon
lamp. A quartz plate that was filled with 2 M NaNO, solu-
tion was placed on top of the reactor to cut the UV and
to provide visible light [21]. Adsorption experiments were
conducted in darkness. To detect the active species that
were responsible for the photocatalytic reactivity, trapping
experiments were performed. In a process similar to that
used in the photocatalysis experiment, scavengers K,CrO,,
EDTA-2Na and IPA were introduced into the RR2 solution
before the photocatalyst was added; these were scaven-
gers of superoxide anion radicals (O,™*) [22], h* [6,23] and
hydroxyl radicals (HO") [6,23], respectively. The reaction
medium was stirred continuously at 300 rpm and aerated
with air to maintain a suspension. Following sampling
at known intervals, solids were separated by filtration
through a 0.22 um filter (Millipore, USA). To examine the
stability and reusability of BA3, three cycles of photodeg-
radation on RR2 were conducted. After each run, the pho-
tocatalyst was recycled after washing and drying at 333 K
for 24 h for use in the subsequent run. The photocatalytic
experiments were performed in triplicate and mean values
were reported.

3. Results and discussion
3.1. Determinations of surface properties of photocatalysts

The structures of the crystal phases of the photocatalysts
were determined using XRD, and the results are shown in
Fig. 1. For AVO, 20 values of 30.8° and 32.3° correspond to
the lattice planes of (-1 2 1) and (1 2 1), respectively. The
observed pattern indicates that the prepared AVO has a
monoclinic structure, corresponding to the JCPDS standard
of 43-0542, and no trace of any other phase is detected. The
diffraction peaks with 20 values of 28.3°, 32.7°, 47.1° and
56.0° correspond to the (1 3 1), (06 0), (20 2) and (1 3 3)
planes of the BWO orthorhombic crystalline phase (JCPDS
39-0256). For AB1-AB4, the intensities of the diffraction peak
at 30.8° from AVO decreases as the mole fraction of AVO
decreases. All of the peaks from AVO/BWO composites are
assigned to AVO or BWO, and no other peak is observed,
revealing that AVO and BWO were successfully composited.
Additionally, the diffraction peaks of BWO and AB6 had
the same 20 values. For AB1-AB5, only AVO was identified
from the XRD patterns; moreover, for AB6, only BWO was
identified. The synthesis temperatures of AVO, BWO and
AVO/BWO composites were 393, 433 and 393 K, respectively.
The BWO in AB1-AB5 might have retained an amorphous,
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Fig. 1. XRD patterns of synthesized photocatalysts.

poorly crystallized structure under 393 K. Hence, BWO was
not identified in AB1-AB5. AB6 was synthesized by a two-
step hydrothermal method. BWO solids were firstly gener-
ated by a hydrothermal method and then the precursors of
AVO were added to synthesize AB6, also by a hydrothermal
method. Since the molar ratio of AVO/BWO was 1/3; hence,
only BWO was identified in AB6.

Fig. 2 presents the surface morphologies of the synthe-
sized photocatalysts, imaged using SEM. The AVO (Fig. 2a)
comprised mainly irregular particles, while the BWO (Fig.
2b) and AB6 (Fig. 2h) exhibited thin flat crystals. AB1-AB5
(Fig. 2c—g) all comprised sponge-like microspheres that
were formed by the aggregations of irregular particles and

thin flat crystals. All synthesized photocatalysts exhibited
significant agglomeration. Fig. 3a—d show the TEM images
of AVO, BWO, AB3 and AB6, respectively. AVO particles
had average diameters of 50-150 nm (Fig. 3a) and BWO
flat crystals had a mean width of 50-100 nm (Fig. 3b).
Fig. 3c and d show that irregular AVO particles and BWO
flats mixed with each other and formed good interfaces.
These results show that the AB3 and AB6 nanocompos-
ites had good crystalline structures with numerous AVO
nanoparticles distributed on top of BWO nanoplates.

The equation E, = 1,240/A relates the band gap E,
(eV) to the incident wavelength A (nm). The band gaps
of AVO, BWO, AB1, AB2, AB3, AB4, AB5 and AB6 were
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Fig. 2. SEM image of photocatalyst (a) AVO, (b) BWO, (c) AB1, (d) AB2, (e) AB3, (f) AB4, (g) AB5, and (h) AB6.
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Fig. 3. TEM image of photocatalyst (a) AVO, (b) BWO, (c) AB3, and (d) AB6.

thus estimated tobe 1.5, 2.8, 1.7, 1.9, 2.0, 2.0, 1.7 and 2.7 eV,
respectively (Table 1). The band gap energies of AVO/
BWO composites slightly exceeded that of AVO and were
lower than that of BWO. The BET surface areas of AVO,
BWO, AB1, AB2, AB3, AB4, AB5 and AB6 were 0.056, 12.93,
37.83, 35.78, 36.68, 39.64, 28.69 and 13.68 m?/g, respec-
tively (Table 1). The combination of BWO nanosheets and
AVO nanoparticles considerably increased the BET sur-
face area. The increase in BET surface area increased the
adsorption of organic pollutants, favoring further photo-
catalytic degradation.

Fig. 4a plots the N, adsorption-desorption curve of
AB3. Chen et al. [24] indicated that a type I N, adsorp-
tion—desorption curve, suggesting that the photocatalyst
is a typical microporous material. AB3 exhibited a type III
isotherm, consistent with a non-porous or macroporous
solid material (Fig. 4a). The deviation of the curve from

the X-axis at low pressure indicated that the force between
nitrogen and AB3 was weak [25]. AB3 exhibited type III
N, adsorption-desorption hysteresis loops of H,, which is
considered to be associated with the slit pores that were
formed by the accumulation of flake particles [26]. Fig. 4b
shows the pore diameter distribution of AB3; the pore size
AB3 was approximately 90 nm. This study suggests that
AB3 is expressed as a macroporous material, owing to its
sponge-like structure.

PL spectra are widely used to elucidate the migration,
transfer and recombination processes of photo-generated
electron-hole pairs in photocatalysts. Fig. 5 shows the PL
spectra of all synthesized photocatalysts. A higher intensity
of PL corresponds to a greater probability of recombination
of electron-hole pair becomes. All of the samples exhibited
a strong emission peak that was centered at approximately
430 nm. BWO yielded the highest peak intensity, while AVO
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Table 1

Surface characteristics and pseudo-first-order rate constants of photocatalysts ([RR2] = 20 mg/L, [photocatalyst] = 0.5 g/L, pH = 3)

Photocatalysts BET (m?g) Band gap (eV) k (min™) R?
AVO 0.056 15 0.0066 0.959
(0.0229)" (0.998)
BWO 12.93 2.8 0.0053 0.809
AB1 37.83 1.7 0.0188 0.962
AB2 35.78 1.9 0.0425 0.998
AB3 36.68 2.0 0.0894 0.998
(0.1355)° (0.976)"
(0.0103) (0.931)
AB4 39.64 2.0 0.0666 0.995
AB5 28.69 1.7 0.0106 0.968
AB6 13.68 2.7 0.0162 0.981

()" solar irradiation at pH 3;

(- at pH 11.

yielded a slightly lower peak intensity. AB1-AB5 had lower
peak intensities than AVO and BWO (Fig. 5), indicating that
the formation of AVO/BWO composite inhibited the recom-
bination of photo-excited e~ and h'.

The valance and surface chemical compositions of
AB3 were examined using XPS, and the results are shown
in Fig. 6. Ag 3d
373 eV, respectively (Fig. 6a), confirming that the Ag species

and Ag 3d,, peaks appeared at 367 and

5/2
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Fig. 5. PL spectra of synthesized photocatalysts.

was Ag* [13-15,18,27]. The Bi 4lf5/2 and Bi 4f7/2 peaks at 163.3
and 157.9 eV, respectively (Fig. 6b), were consistent with
Bi** [18,28-30]. The W 4f , and W 4f , peaks at 36.1 and
34.0 eV, respectively (Fig. 6c), revealed the presence of W
[13,31]. Fig. 6d shows the V 2p,, and V 2p,, peaks at 522
and 515.3 eV, respectively, confirming that V was present
as V° [16,18,32]. The O 1s peaks at 528.9, 529.0, 530.0, 530.6
and 531.9 eV correspond to Ag-O [33], Bi-O [34], V-O [35],
W-0O [6] and —-OH [35-37] bonds (Fig. 6e). The theoretical
atomic molar ratio of Ag—O/Bi-O in AB3 is 1:2. The Ag-O/
Bi-O area ratio of AB3 was determined by quantitative
analysis to be 1:2.01 (Fig. 6e), which is almost the same as
the dose of BWO that was added to AVO.

3.2. Evaluation of photo-activity of synthesized photocatalysts

The photo-activity of the prepared samples was eval-
uated by the removal of RR2 aqueous solution under Vis.
irradiation. Fig. 7 plots the concentrations of RR2 that
were removed using all prepared photocatalysts. The effi-
ciencies of removal of RR2 after 60 min of adsorption by
all photocatalysts were all less than 16% (Fig. 7a). RR2 was
not effectively removed by adsorption. The removal effi-
ciencies of RR2 after 20 min of Vis. irradiation using AB1,
AB2, AB3, AB4, AB5 and AB6 were 36%, 58%, 82%, 72%,
24% and 32%, respectively, which were much higher than
those obtained using pristine AVO (17%) and BWO (12%)
(Fig. 7b). Evidently, the highest RR2 removal percentage
was found at AVO/BWO = 1/3. To compare the photocat-
alytic degradation efficiencies of the photocatalysts, their
kinetic behaviors in RR2 photodegradation were investi-
gated. The photodegradation of RR2 closely fitted the fol-
lowing pseudo-first-order equation [Eq. (1)] [8,9,17,20].

CO —
ln(c) =k, @

where C; and C represent the initial and residual concentra-
tions of RR2 solution; ¢ is the reaction time (min), and k is
the reaction rate constant (min™).

A highly linear relationship was observed between
In(C,/C) and irradiation time (Table 1). The k values of all
AVO/BWO composites greatly exceeded those of AVO
(0.0066 min!) and BWO (0.0053 min™). The k values fol-
lowed the trend AB3 > AB4 > AB2 > AB1 > AB6 > AB5
(Table 1). AB3 exhibited the best performance. Apparently,
the introduction of too little or too much BWO did not con-
tribute to the efficient separation of charge carriers, result-
ing in an unsatisfactory activity, as in previous studies [12].
Hu and Hu [38] and Chen et al. [39] suggested that when
the amount of dopant exceeds its optimal value, it may
provide recombination centers for the photo-generated e~
and h*, reducing the thickness of the space-charge layer
on the surface of each photocatalyst particle, and thereby
reducing the absorption of photons.

The photocatalytic performance of photocatalysts is
affected by the following factors; surface area (adsorp-
tion activity), crystal phase, electronic properties (includ-
ing band gap, band edge potential and charge carrier
mobility), and others. The AVO/BWO composites exhibit
much greater activity than pure AVO and BWO in the deg-
radation of RR2 under Vis. irradiation. The first reason for
this finding was that the greater surface area of AVO/BWO
composites induced the adsorption of a higher percentage
of RR2 molecules, inducing higher photo-activity because
the local concentration of RR2 on the surface of the AVO/
BWO composites was higher. The second reason was the
formation of heterojunctions between AVO and BWO.
The photo-generated charges can be transferred through
the formed heterojunctions much more quickly. Therefore,
the recombination rate of photo-generated electron-hole
pairs was reduced, and more radicals formed, favoring the
degradation of RR2. Li et al. [12] and Zhang and Ma [13]
also suggested that the enhanced photo-activity is attribut-
able to the formation of AVO/BWO heterojunctions, which
facilitate the separation and migration of photo-generated
carriers.

Fig. 8 plots the effects of pH and solar irradiation on the
removal of RR2 by AVO and AB3. After 20 min reaction, the
RR2 removal percentages at pH 3 and pH 11 for AVO under
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Fig. 6. XPS spectra of AB3 (a) Ag 3d, (b) Bi 4f, (c) W 4f, (d) V 2p, and (d) O 1s.

Vis. irradiation were 17% and 7%, respectively, whereas those
for AB3 were 82% and 25%, respectively. The RR2 photodeg-
radation performance at pH 3 exceeded that at pH 11 owing
to the change in electrostatic attraction or repulsion between
RR2 and AB3. RR2 is an anionic dye so the electrostatic attrac-
tion between RR2 molecules and AB3 was much greater

at pH 3. Furthermore, at a high pH value, the negatively
charged AB3 surface prevented the sorption of hydroxide
ions, reducing the formation of HO* and the photo-activity.
At pH 3, the k values of AVO and AB3 under solar irradiation
were 0.0229 and 0.1355 min™, respectively, which were about
3.47 and 1.52 times those under Vis. irradiation, respectively.
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AB3 was found herein to be effectively photo-excited by solar
irradiation to degrade RR2.

From a practical perspective, photocatalytic materials
with good stability are essential. To evaluate their stabil-
ity, a recycling test of RR2 photodegradation over AB3 was
performed. After 60 min Vis. irradiation, the removal per-
centages of RR2 by AB3 in the first, second and third runs
were 95%, 90% and 79%, respectively (Fig. 9). The AB3 was
examined before and after RR2 photodegradation using
the XRD technique to observe its structural change. Fig.
10 plots the XRD patterns of fresh and used AB3. Some
changes in the positions and intensities of the diffraction
peaks between the fresh and used AB3 are observed. The
phase composition of AB3 after the photocatalytic exper-
iment remains largely unchanged from that before the
experiment, except for the formation of a little Ag. The Ag®
in the Ag-based photocatalysts is easily reduced by pho-
to-generated e under light irradiation [40]. A peak at 38.1°
((1 1 1) plane of Ag (JCPDS 65-2871)) was obtained from
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0.8
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Fig. 9. Comparisons of cyclic photodegradation of RR2 in
Vis./AB3 system ([RR2] =20 mg/L, pH =3, [AB3] = 0.5 g/L).

the used AB3 (Fig. 10). Additionally, the intensity of the
signal from the (1 1 1) plane of Ag increased with the num-
ber of uses. After 60 min of Vis. irradiation, the concentra-
tions of Ag* that had leached from AB3 after runs 1, 2 and
3 were 11.7, 0.212 and 0.176 mg/L, which were lower than
those of that leached from AVO (194 mg/L). Hence, the
photocatalytic stability of AB3 exceeded that of AVO. The
Ag" ions that leached from AB3 composite were reduced to
metallic Ag on the surface of the used AB3. Consequently,
the photo-corrosion of the photocatalyst might have
been responsible for the slight decline in photo-activity
[13,40]. Dai et al. [41] indicated that the silver ions (Ag")
of AVO are gradually reduced to silver (Ag) during pho-
tocatalytic degradation. Excessive Ag blocks the active
sites of AVO, reducing its photocatalytic performance.

Fig. 11 presents the results of radical-capture experi-
ments. When IPA (scavenger of HO®) was used, the RR2
removal percentage was 90% after 60 min of reaction, which
is close to that (95%) achieved without a scavenger, indicating
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that HO" is not involved in the photodegradation of RR2.
However, adding EDTA-2Na (scavenger of h*) or Cr(VI)
(scavenger of O;") markedly reduced the RR2 removal per-
centage to 56% or 79%, respectively. The effect of EDTA-2Na
exceeds those of other scavengers, suggesting that h* is the
main active species. Hence the contribution of the reactive
species follows the order h* > O;* > HO". Li et al. [12] and
Zhang and Ma [13] found that h* and O;* had critical roles in
the photocatalytic process of AVO/BWO composites.

3.3. Mechanism of enhanced photo-activity in AB3 heterojunction

The efficient separation of photo-generated electron-
hole pairs is well known to be important in photocatalysis.
The VB and CB edge potentials of each photocatalyst at the
point of zero charge were calculated using Egs. (2) and (3)
[42-45]:

Eey=X-E,—05E, )
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Fig. 12. Energy band diagram and possible charge-separation
process of Vis./AB3 system.

where X is the absolute electronegativity of the photo-
catalyst, given by the geometric mean of the absolute
electronegativities of the constituent atoms. The absolute
electronegativity is defined as the arithmetic mean of the
atomic electron affinity and the first ionization energy.
The X values for AVO and BWO are 5.65 [12] and 6.36 eV
[46], respectively. E, is the energy of free electrons on the
hydrogen scale (4.5 eV) and E_, and E , are the CB and VB
edge potentials, respectively [44]. The E_, values of AVO
and BWO are determined to be 0.40 and 0.46 eV, respec-
tively, relative to the NHE level. The E,, values of AVO
and BWO are determined to be 1.90 and 3.26 eV, respec-
tively. Under Vis. irradiation, both AVO and BWO absorb
Vis. photons to generate photo-generated e~ in the CB and
h* in the VB. The difference between CB and VB potentials
establishes a potential difference across the interface of
the two photocatalysts, forming a heterojunction. Fig. 12
shows the energy band diagram and possible charge-sep-
aration process of AB3. Photo-excited e~ flowed from the
CB of AVO to BWO owing to its more positive potential
(0.46 eV). Meanwhile, h* flowed from the VB of BWO to
AVO. Therefore, the useful e in the CB of BWO and the
h* in the VB of AVO were all used. Hence, the recombina-
tion of the photo-generated electron-hole pairs was effec-
tively inhibited; their lifetimes were prolonged, and so
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the photo-activity of the AB3 heterojunction was greatly
improved. The CB edge potential of BWO was more pos-
itive than that of O,/O;* (-0.33 V/NHE) [32]; therefore, the
photo-induced e~ may not be trapped by the absorbed O,,
generating O7°. Since the potentials of HO*/OH~ (2.4 eV, vs.
NHE) [47] and HO*/H,O (2.7 eV, vs. NHE) [32] are more
positive than the VB of AVO (1.9 eV, vs. NHE), the h* on the
VB of AVO cannot react with OH~and H,O to form HO* and
directly participate in the photodegradation of RR2. The
AB3 more efficiently generated photo-generated electron—
hole pairs and promoted the separation of photo-generated
electron-hole pairs owing to the synergy of the AVO and
BWO.

4. Conclusions

In the present investigation, the hydrothermal method
was used to prepare a series of AVO/BWO composites
with various AVO/BWO molar ratios, which were charac-
terized using XRD, SEM, TEM, UV-Vis., BET, PL, and XPS
techniques. Among the prepared composites, the AVO/
BWO composite with the AVO/BWO molar ratio of 1/3
exhibited the best photo-activity and an excessive amount
of AVO reduced photo-activity. The RR2 photodegrada-
tion rate constants in Vis./AB3 and solar/AB3 systems were
0.0894 and 0.1355 min™, respectively. The AB3 heterojunc-
tion exhibited remarkably greater photo-activity than pure
AVO and BWO owing to its higher light harvesting effi-
ciency and the induction of efficient photo-generated elec-
tron-hole separation by the suitably matching conduction
and valence band levels of AVO and BWO. The recycling
experiments revealed that AB3 had reasonable stability.
The experimental results revealed that h* was the major
active species of AB3 in the photodegradation of RR2.
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