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Abstract

Monoclinic structure Agz;VO,4 was prepared by precipitation method and evaluated for the decolorization of azodye acid red B (ARB)
under visible light irradiation (4>420nm). The Agz;VO, prepared in the excess vanadium or silver exhibited higher visible-light-driven
activity than the sample prepared in a stoichiometric ratio. X-ray diffraction and UV-vis diffuse reflectance measurements indicated that
the excess vanadium or silver in the preparation increased the crystallinity and absorbance in visible light region, resulting in an increase
in the photocatalytic efficiency. Furthermore, the activity of the Ag;VO, was increased by 3.8 times when a NiO was loaded. It was due
to the formation of a short-circuited microphotoelectrochemical cell on the surface of NiO/Ag;VO,, enhancing the separation of
photogenerated electron—hole pairs, which was proved by ESR studies.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Photocatalysis is a promising technology for the treat-
ment of contaminants, especially for the removal of
organic compounds with solar energy [1]. To date, titanium
dioxide (TiO,) has undoubtedly been proven to be the most
excellent photocatalyst for the oxidative decomposition of
many organic compounds under UV irradiation [2-4].
However, the fast recombination rate of photogenerated
electron—hole pairs hinders the commercialization of this
technology [5,6]. Furthermore, TiO, only active under UV
irradiation limits its application [7]. Numerous studies have
attempted to develop visible-light-driven photocatalysts in
order to utilize solar energy and indoor light efficiently
[8-12]. There are usually two ways [I13] to exploit
photocatalysts responsive to visible light irradiation: One
way is to generate intermediate energy levels in UV-active
photocatalysts by doping other elements. However, this
way is not so effective because dopants will serve as sites
for electron—hole recombination to decrease photocatalytic
activity. Another way is to develop new materials with
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photocatalytic activity under visible light irradiation. Since
Zou et al. [14] reported water splitting for H, and O,
evolution in a stoichiometric amount over the NiO,/
Ing9Nig ; TaO4 photocatalyst under visible light irradia-
tion, many new visible-light-driven catalysts have also been
reported [13,15-22]. However, only a few [13,20-22] have
been investigated with the aim to eliminate organic
pollutants in water so far. The photocatalytic decomposi-
tion of organic contaminants requires that the valence
band (VB) of the photocatalyst must meet the potential
level of oxidizing the organic contaminants. Otherwise the
photocatalyst would have no visible-light-driven activity
for the eliminating organics even if it has absorbance in
visible light region. Konta et al. [23] prepared silver
vanadates (a-AgVOs;, -AgVO;, AgsV,0,; and AgzVOy)
by precipitation and solid-state reactions and further
investigated the photocatalytic activity for O, evolution.
All silver vanadates showed intense absorption bands in
the visible light region. However, among them, only
Ag3;VO, possessed a photocatalytic activity for O, evolu-
tion from an aqueous silver nitrate solution under visible
light irradiation. Holes photogenerated in Ag;VO, can
migrate to the reaction sites on the surface more easily than
those of other silver vanadates, and oxidize H,O to form
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O,. It indicated that its VB is more positive than the O,/
H,O potential level (1.23V vs. SHE, pH = 0). So, the
photocatalyst with a strong oxidizing potential can be
postulated and expected to be good candidate to decom-
pose organic compounds [24].

In the present work, Ag;VO, was synthesized via
precipitation reaction. Most of the azodyes are known to
inhibit biological treatment of wastewater from the textile
or dyeing industry [25]. ARB, a widely used anionic
monoazo-dye, was selected as model chemical to evaluate
the activity and properties of the catalyst. Moreover, the
photocatalytic activity of AgsVO, was evaluated by the
photodegradation of ARB under visible light irradiation.
Effects of the ratio of starting materials and NiO loading
on the photocatalytic activity of AgsVO, were investigated.

2. Experimental
2.1. Materials

Spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
was purchased from the Sigma Chemical Co. Azodye acid
red B (ARB) was kindly supplied by the Shanghai
Chemical Co. and were used without further purification.
All other chemicals were analytical grade reagents without
further purification. Deionized and doubly distilled water
was used throughout this study.

2.2. Preparation

NaOH and V,05 powders in mole ratio 6:1 were put into
a beaker with 20mL distilled water, and magnetically
stirred. Subsequently, the solution of AgNO; was added.
Yellow precipitates appeared immediately. The chemical
equation is shown as follows:

V,05 + 60H™ — 2VO,3~ + 3H,0,

3Ag+ + VO437 — Agz;VO,.

In our experiments, the ratio of sliver to vanadium in the
precursor solution varied from silver-rich (Ag/V = 6:1 for
sample S1) to stoichiometric (Ag/V = 3:1 for sample S2),
and vanadium-rich (Ag/V =3:2 for sample S3). The
precipitate was aged at room temperature for 24 h, washed
with deionized water. The obtained sample was dried at
70 °C and then calcined at 380 °C for 4 h.

Subsequently, a NiO cocatalyst was loaded by an
impregnation method from an aqueous solution of
Ni(NO3), in a similar manner as described elsewhere [26].
AgiVO, (0.5g) powder and appropriate amount of
Ni(NO3), aqueous solution were put into a porcelain
crucible. Water was evaporated at 70 °C. The suspension
was stirred using a glass rod during the evaporation. The
dried powder was calcined at 300 °C for 1h in air using a
muffle furnace. The weight percent of Ni was calculated by
the ratio of the dosage of Ni*" to the total amount of the

dosage of AgiVO, and NiO (Ni’* was expected to
be NiO).

2.3. Characterization

Purity and crystallinity of the as-prepared sample was
obtained by powder X-ray diffraction (XRD) with a
Scintag-XDS-2000  diffractometer using CuKa (4=
1.5418 A) radiation. The XRD data were collected in a
scan mode with a step length of 0.05 and a preset time of
60 s/step. The accelerating voltage and the applied current
were 40kV and 10mA, respectively. Morphologies and
structures of the prepared samples were observed using a
Hitachi S-3000N scanning electron microscopy (SEM).
UV-vis diffuse reflectance spectra (UV-vis DRS) of the
samples were measured by using a Hitachi UV-3010
spectrophotometer. BaSO,; was used as a reference
standard, and the spectra were recorded in the range
200-800 nm. Electron spin resonance (ESR) spectra were
obtained using a Bruker model ESP 300 E -electron
paramagnetic resonance spectrometer equipped with a
quanta-Ray Nd:YAG laser system as the irradiation light
source (4 =532nm). The settings were center field,
3480.00 G; microwave frequency, 9.79 GHz; and power,
5.05mW. Total organic carbon of the solution was
analyzed with the Phoenix 8000 TOC analyzer.

2.4. Photocatalytic experiments

The photocatalytic activities of the synthesized powders
were evaluated by photocatalytic decomposition of ARB in
Ag3VO, aqueous suspension under visible light irradiation.
The light source for photocatalysis was a 350-W Xe arc
lamp (Shanghai Photoelectron Device Ltd.). Light passed
through a water filter and a UV cutoff filter (A>420nm)
and then was focused onto a 100-mL beaker. The average
light intensity was 2.5mW/cm?. The reaction temperature
was maintained at 25 °C. In a typical experiment, aqueous
suspensions of ARB (60mL, 30mg/L) and 100mg of
catalyst powders were placed in the beaker. Prior to
irradiation, the suspensions were magnetically stirred in
dark for 30 min to establish adsorption/desorption equili-
brium between the dye and the surface of the catalyst under
room air equilibrated conditions. At given irradiation time
intervals, 3-mL aliquots were collected, centrifuged, and
then filtered through a Millipore filter (pore size 0.22 um)
to remove the catalyst particulates for analysis. The
filtrates were monitored by measuring the absorbance at
A=514nm with a 752N UV-vis spectrophotometer
(Shanghai Precision & Scientific Instrument Co. Ltd.,
China) to determine ARB concentration and to follow its
kinetics of decolorization with time of irradiation.

Gas chromatography/mass spectroscopy (GC-MS) ana-
lysis was carried out on an Agilent 6890GC/5973MSD with
a DB-5 MS capillary column. Sample was prepared by the
following procedure. After irradiation 8 h, the ARB-NiO/
Ag;VO, suspensions were filtered to remove catalyst
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particles. Water was removed by freeze-dried method. The
final residue was trimethylsilylated with 0.2 mL of anhy-
drous pyridine, 0.1 mL of hexamethyldisilazane, and
0.05mL of chlorotrimethylsilane at room temperature.
The mixture was shaken vigorously for about 1 min and
was then allowed to stand for 5min at room temperature.
Precipitate was separated by centrifugation prior to
chromatographic analysis. The temperature program of
the column was as follows: at 80 °C, hold time = 20 min;
from 80 °C to 280 °C, rate = 3.5 °C/min.

3. Results and discussion
3.1. Characterization

XRD is used to investigate the phase structures of the as-
prepared powders. Fig. 1 shows the XRD patterns of
samples prepared at different ratios of silver to vanadium
in the starting material. Clearly, three samples prepared
under different conditions showed similar peaks of the
XRD patterns, which were readily indexed to a monoclinic
phase Ag;VO, (JCPDS no.43-0542). The refined cell
parameters of the monoclinic phases are listed in Table 1.
However, the diffraction peaks intensities of the sample
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Fig. 1. XRD patterns of samples prepared (a) in a stoichiometric ratio, (b)
in the presence of excess silver, and (c) in the presence of excess vanadium.

Table 1

prepared in the excess silver (S1) and prepared in the excess
vanadium (S3) are stronger than the ones in the stoichio-
metric ratio (S2), indicating the increase of the crystallinity
of AgzVO, prepared under the excess silver and vanadium
conditions. In addition, the XRD patterns of samples
prepared in excess silver or stoichiometric ratio showed a
small amount of impurity at 32.99°, assigned to Ag,O
(JCPDS no. 41-1104).

Figs. 2a—c shows the SEM photographs of Ag;VO,
prepared under different conditions. No noticeable differ-
ence in crystal shape among the three samples was
observed. The particles of Agz;VO, were all irregular
rugged shape. However, the particle in stoichiometric ratio
is bigger than the others. Fig. 3 shows the UV—vis diffuse
reflectance spectra of the three samples. They absorbed in
UV and visible light region. The difference in absorption
edge wavelength for Agz;VO, clearly indicates that three
samples have different band gap. To have a quantitative
estimate of the band gap energies, the absorption onsets of
the samples were determined by linear extrapolation from
the infection point of the curve to the baseline [27]. The
absorption edge of the Agz;VO, in S1 is about 580 nm, the
band gap is estimated to be 2.14eV, while the edge of the
absorption of the both samples in S2 and S3 is shifted to
approximately 600 nm, corresponding to a band gap energy
of 2.06¢V.

3.2. Photocatalytic activity of Ag;V O, under visible light
irradiation

Fig. 4 shows the photocatalytic activity of as-prepared
Ag;VO, with different ratio of silver to vanadium in the
starting material under visible light irradiation. The activity
of S1 was similar with S3, and the activity of S2 is lowest.
The decoloration ratio reached 73.29%, 43.19%, 71.28%
for S1, S2 and S3, respectively, in 100 min irradiation. In
contrast, ARB is not degraded under visible irradiation in
the absence of photocatalyst. Moreover, ARB degradation
over TiO, was also performed under the same conditions.
The ARB was hardly degraded by self-photosensitization
process of dyes over TiO, under visible light irradiation.
The results implied that the transformation of photoelec-
trons from the excited state of ARB to the CB of the
catalyst could be ignored under these experimental

Lattice constant, particle size and band gap of Ag;VO, samples at different Ag/V ratios

Samples Ag/V (mole ratio) Lattice constant® Particle size® (um) Band gap°® (eV)
a b ¢

S1 6:1 8.612 6.630 6.438 18.41 2.14

S2 3:1 8.603 6.627 6.435 34.28 2.06

S3 32 8.614 6.628 6.439 13.80 2.06

#Calculated by least-squares refinement of powder XRD date.
®Calculated by SEM images.
“Calculated using the absorption edge of the UV-vis DRS.
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Fig. 2. Morphologies of Ag;VO, prepared (a) in the presence of excess
silver, (b) in a stoichiometric ratio, and (c) in the presence of excess
vanadium.

conditions. The photocatalytic process was the predomi-
nant process for the degradation of ARB under all the
experimental conditions. Furthermore, ARB had almost
same adsorption (about 5%) on the three samples,
indicating that difference of photodegradation of ARB
was not due to the adsorption of dyes on the surface of
photocatalysts. The photocatalytic activity greatly de-
pended on the morphology and structure of AgzVOj.
Generally, the rate of the photocatalytic reaction is
proportional to (I,¢)" (n =1 for low light intensity and
nz% for high light intensity), where [, is the photo
numbers absorbed by photocatalyst per second and ¢ is the
efficiency of the band gap transition [28]. The enhancement
of the photoreactivity with excess silver and vanadium can
be partly explained in terms of an increase in I,¢ resulting

1.6

Absorbance(a.u.)
o =
o] [\

<
IS

0.0 1 ] ] ] 1
300 400 500 600 700 800

Wavelength(nm)
Fig. 3. UV-vis diffuse reflectance spectra of samples (a) in the presence of

excess silver, (b) in a stoichiometric ratio, and (c) in the presence of excess
vanadium.
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Fig. 4. Temporal course of the photodegradation of ARB in aqueous
dispersions containing 0.1 g of catalysts under visible light irradiation.

from intensity absorbance in the visible region of
420-580 nm, which could increase the number of photo-
generated electrons and holes to participate in the
photocatalytic reaction. Moreover, the well-crystallinity
of Ag;VO, prepared in the excess silver or vanadium
favored the separation of electron—hole pair. In addition,
Ag>0O on the surface of the catalyst mainly act as electron
traps, enhancing the electron—hole separation, leading the
higher photocatalytic activity. Therefore, the sample
prepared in the excess silver showed higher activity. As
for the sample in stoichiometric ratio, due to the bigger
particles size and lower crystallinity, the recombination of
the photogenerated electron and hole was still predomi-
nant, resulting in the lower photocatalytic activity.

The stability of a photocatalyst is important to its
application. Therefore, after the aqueous suspension of S3
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Fig. 5. XRD patterns of AgzVO, in excess vanadium (a) fresh and (b)
after UV and visible irradiation.
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Fig. 6. The degradation of ARB under visible light with different
catalysts: (a) fresh Ag;VO,4 and (b) Ag;VO, after UV and visible light
irradiation.

was irradiated by UV and visible light, the dried Agz;VO,
sample was characterized by XRD (Fig. 5). The crystal
structure of the Agz;VO, photocatalyst was not changed
before and after irradiation. The catalyst’s activity was
maintained effectively after irradiated by UV and visible
light irradiation (Fig. 6). This result implies that Agz;VOy, is
stable in aqueous solution and under irradiation.

3.3. Effects of cocatalysts on the photocatalytic activity

In order to enhance the photocatalytic activities, the
AgszVO, prepared in excess vanadium was chosen to load a
NiO cocatalyst by impregnation method. In Ag;VOy4 or
NiO/Ag3z VO, system, the plot of In(Cy/C) vs. time results in
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Fig. 7. The reaction constant k£ as a function of Ni content in NiO/
Ag3VO, prepared in the presence of excess vanadium. The inset shows
first-order plots for the photocatalytic degradation of ARB using Ag;VO,
and Ni 1.5wt%/Ag;VOy,.

a straight line (inset of Fig. 7), which indicated that the
decolorization of ARB in the Ag;VO, or NiO/Ag;VOy,
system followed the pseudo-first-order kinetics. Fig. 7
shows the reaction constant k as a function of Ni content in
NiO/Agz;VO, for the degradation of ARB under visible
light irradiation. With the loading amount of NiO
increasing, the reaction constant of ARB increased and
reached a certain value at Ni 1.5 wt%, in which the reaction
constant was increased by 3.8 times. And then the
degradation rate decreased when the amount of NiO was
further increased. The results indicated that the loading
amount of NiO existed optimum value. The appropriate
NiO loading amount trapped the larger number of
photoexcited electrons, resulting in the increase in the
photocatalytic activity. The excess NiO would be recombi-
nation center decreasing the photocatalytic activity. On the
other hand, in this experiment, it was found that NiO did
not show any activity for the ARB degradation under
visible light irradiation. So, the excess NiO particles might
cause the decrease in the light absorption capability of the
catalyst and accordingly lower the photoexcitation to
generate the active electrons [29]. Fig. 8 shows the
durability of the optimum catalyst Ni 1.5wt%/Ag;VOy
(NiO/AgzVO,) for the degradation of ARB under visible
light. Catalyst was easily recycled by simple filtration
without any treatment in these experiments. The photo-
catalytic activity did not decrease significantly in the
degraded ARB after five successive cycles under visible
irradiation. The results demonstrated that NiO/AgzVOy, is
an effective and stable catalyst.

Fig. 9 shows the UV/vis spectral changes of ARB
solution recorded for NiO/Ag;VO, as a function of
irradiation time. The ARB characteristic band centered at
514 nm was decreased promptly upon light irradiation, and
decolorized completely after 100min of irradiation, in-
dicating that at least the chromophoric structure of the dye
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Fig. 8. Cycling runs in the photodegradation of ARB in the presence of
NiO/Ag;VO, under visible light irradiation.
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Fig. 9. The UV/vis spectral changes of ARB solution recorded for NiO/
Ag;VO, as a function of irradiation time. The inset shows the changes of
concentration of ARB and the removal of TOC in the system of NiO/
AgzVO,.

was destroyed, and other intermediates were formed.
However, TOC measurements showed almost no change
in the total organic content before and after photooxida-
tion (inset plot in Fig. 9), indicating that the process is a
selective oxidation rather than a mineralization. The
oxidation products of ARB in the photocatalytic reaction
were identified by GC-MS. The identified products
included phthalic acid, acetic acid. The highly selective
photooxidation of the catalyst for different dyes would be
shown in another paper.

3.4. The role mechanism of cocatalysts

To illustrate the role mechanism of NiO in enhancing the
activity of AgzVOy,, the optimum catalyst NiO/Ag;VOy
was characterized by XRD, SEM, XPS and ESR. The
addition of NiO had no influence on the crystal structure of
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Fig. 10. XRD spectra of NiO/Ag;VO, photocatalyst. The inset shows
UV-vis diffuse reflectance spectra of the samples: (a) AgzVOy, (b) NiO/
AgzVO,, and (c) NiO.

AgzVO, (Fig. 10). No XRD diffraction peaks of oxide
nickel species were observed at NiO/Ag;VO,4 samples. This
was presumably due to the combination of its low content,
small particle size and high dispersion on the surface of the
Ag3VOy particle. Determination of the oxidation state of
nickel was carried out by measuring Ni 2p;, binding
energy (BE) with XPS. The BE 854.0 was assigned to NiO.
The inset of Fig. 10 shows the UV—vis absorbance spectra
of the samples. With the loading of NiO, the NiO/Ag;VO,
displayed the same absorption edge as Ag;VO,4. However,
NiO/AgzVO, specimens exhibited a greater light absorp-
tion throughout the visible wavelengths due to the grayed
color of the catalyst. Fig. 11a shows the SEM images of the
NiO/Ag3zVO,. NiO particles were uniformly distributed on
the surface of Agz;VO,4. The composition of this catalyst
was analyzed with energy-dispersive X-ray (EDX) as
shown in Fig. 11b. Ag, V, O, and Ni lines were observed.
The concentration of Ni was about 4.01 wt%, which was
more than the dosages of 1.5 wt%. The result demonstrated
that most NiO was localized on the surface of the Ag;VOy,.
The atomic ratio of Ag/V in the structure of the sample was
37.19:12.35, which is close to the ideal value of 3:1 and
agrees with the result of XRD. The results confirmed that
only NiO and Ag;VO, are present, without formation of a
mixed oxide system. ESR studies were also performed
(Fig. 12). The six characteristic peaks of the DMPO-05*
adducts were observed only in NiO/Agz;VO, methanol
dispersion under visible light irradiation (curve a). No such
signals were detected in the dark (curve c¢) and visible-light-
irradiated Ag;VO,4 system (curve b) under otherwise
identical conditions. No O;® was formed in the visible-
light-illuminated Agz;VO,4 methanol suspension, indicating
that the recombination rate of the photogenerated elec-
tron—hole pairs from the AgzVO, excited by visible light
was higher than that one of their separation. The evidence
that O3 ® radicals are produced on the surface of visible



X. Hu, C. Hu / Journal of Solid State Chemistry 180 (2007) 725-732 731

2#

b c\edax32\genesis\genmaps.spc 26-Sep-2006 16:02:00
CAFeS. 20 kV LSecs: 15

843 - Ag

674

$06

337

168

1.00 2.00 3.00 4.00 5.00 6.00 7.00 B8.00 9.00 10.0

Fig. 11. (a) SEM image and (b) EDX analysis of NiO/Ag;VO,
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Fig. 12. DMPO spin-trapping ESR spectra recorded at ambient
temperature in methanol dispersion under visible light irradiation
(532nm): (a) NiO/AgzVO, and (b) Ag;VO, under visible light irradiation
and (c) NiO/AgzVO, in dark.

illuminated NiO/Ag;VO, provides a solid indication that
the catalyst can be efficiently excited by visible light to
create electron—hole pairs and that the charge separation is
maintained long enough to react with adsorbed oxygen/
H,O and to produce active oxygen radicals which finally
induce the decomposition of pollutants [30,31]. All the
above results confirmed that the NiO/Ag;VO, system
behaves as a short-circuited microphotoelectrochemical
cell. In the system of NiO/Ag;VOQ,, the surface of NiO is
the cathode, and the surface of Ag3VOy is the anode. The
NiO on the external surface of Ag;VO, trapped photo-
generated electrons, facilitating the electron—hole separa-
tion leading to more active species formation, resulting in
the enhancement of photocatalytic activity of AgzVOy,.

4. Conclusions

AgsVO, prepared by precipitation method in the excess
silver or vanadium exhibited high visible-light-driven
activity. The excess vanadium or silver in the preparation
increased the crystallinity and absorbance in visible light
region to produce more electron—hole pairs, resulting in an
increase in the photocatalytic activity. Furthermore, the
activity of the Agz;VO, was increased by 3.8 times when a
NiO catalyst was loaded on its surface. It is contributed to
NiO facilitating the excited electron transfer and hence
suppressing efficiently the recombination of photogener-
ated electron—hole.
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