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ABSTRACT

In this paper, polyaniline-coated silver phosphate has been successfully prepared via a
facile chemisorption method in order to improve the stability of Ag;PO, under light irradia-
tion. The crystalline phase, band gap energy, and microstructure of the obtained PANI/
Ags;PO, composites were characterized by X-ray diffraction, UV-vis diffuse reflection spec-
troscopy, scanning electron microscopy, and transmission electron microscopy, respectively.
The photocatalytic degradation of methlylene blue was performed to test the activities of
PANI/AgsPO, composites with different coating amounts and the results indicate that the
stabilities of PANI/AgsPO, composites were successfully enhanced. The correlation
between photocatalytic performance and the properties of PANI/Ag;PO, composites is
discussed in detail.

Keywords: Polyaniline; AgszPO,; Photocatalyst; Photo-corrosion inhibition; Structural
characterization

1. Introduction processing plant effluent have been discovered [3].
Therefore, dye removal from industrial effluent is one
of the major emergent environmental issues. Many
physical and chemical treatment methods, including
adsorption [4], coagulation [5], precipitation [6], filtra-
tion [7], and oxidation [8], have been developed and
applied for color removal. However, physical methods
such as activated carbon adsorption are not able to
decompose the contaminants and also the used adsor-
bent is hardly recyclable. By contrast, chemical meth-
ods, such as advanced oxidation processes (AOPs),
have recently attracted rising attention in the field of
effluent treatment, in particular for the removal of

Dyes are extensively used for various industrial
applications, such as textile, leather tanning, paper
and pulp, and food industry, and mainly for coloring
[1]. Nowadays, more than 9000 types of dyes have
been developed to satisfy numerous industrial
demands [2]. In contrast to its functional benefit, color
is hazards to the environment due to it being com-
posed of abundant pollutants such as toxic organic
residues, acids, bases, and inorganic contaminants [1].
Mutagenic and carcinogenic potentials of azo dye
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coloring pollutants [9-11]. Photocatalytic reactions, as
AOQOPs, are able to degrade contaminants by preserving
the photocatalyst itself [12]. Photocatalysts are usually
solid semiconductors, in which electron-hole pairs are
generated by light having the energy higher than the
band gap of the material [13]. Desirable properties of
an outstanding photocatalyst should be as follows:
chemically inert, inexpensive, and non-hazardous as
well as possess great photocatalytic activity.

At present, several photocatalysts have been devel-
oped to utilize solar spectrum for dye waste degrada-
tion. Initially, binary transition metal oxides are
noticed as photocatalytic materials. Among those, tita-
nium dioxide (TiO,) and zinc oxide (ZnO) are most
widely used and studied [13]. TiO; is a typically n-type
semiconductor and its photoelectrochemical property
was demonstrated as an anode for water splitting in
1972 [14]. Afterwards, it was used for the remediation
of environmental pollutants in 1977 [15]. Zinc oxide
has been often considered as a valid alternative to TiO,
because of its good optoelectronic, catalytic, and photo-
chemical properties. ZnO is active under visible light
illumination for the photodegradation of some organic
compounds in aqueous solution [13]. Both TiO, and
ZnO are cheap and non-toxic compounds with strong
oxidizing power and have redox selectivity under UV
light irradiation, and hence they have been widely
studied for environmental purification [16]. Although
TiO, and ZnO have numerous merits, their shortcom-
ings are also noticeable. First of all, the electron-hole
pair generation requires UV light because both TiO,
and ZnO have wide band gaps. Photocatalysts with
wide band gap could limit their application under
solar light because the solar spectrum contains only 4%
of UV light. On the other hand, zinc oxide is unstable
with respect to incongruous dissolution to yield Zn
(OH); on the particle surface and could further lead to
inactivation [17,18]. Therefore, photocatalysts with
high performance under visible light irradiation have
being developed in the last few decades. Among these
photocatalytic semiconductors, CdS [19], Bi,WOs [20],
Caln,O4 [21], and CaBiO4 [22] have been extensively
studied. However, their photocatalytic efficiency is still
inadequate for industrial application. Recently, it was
reported that, as photocatalyst, silver orthophosphate
(AgsPO,) exhibits excellent photocatalytic performance
in the decomposition of organic contaminants under
visible light irradiation [23]. Moreover, the facet effect
of AgsPO, significantly influences its photocatalytic
properties [24]. The investigation demonstrates that the
crystalline Agz;PO, rhombic dodecahedrons exhibit
much higher photocatalytic activities than the cubes
for the degradation of organic contaminants. Although
AgsPO, has a good photocatalytic performance, it is
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easily decomposed when exposed to light. Therefore,
the stability of Ag;PO,; needs to be enhanced for
further applications.

Polyaniline (PANI) as a conducting polymer has
been widely studied because of its unique electrical
and optical properties as well as excellent environ-
mental stability [25]. Moreover, a number of articles
demonstrate that PANI coating could effectively
reduce the photo-corrosion of the photocatalyst
[26-28]. For example, 1% mass ratio PANI-coated ZnO
sample shows no significant decline in the photocat-
alytic efficiency after recycling thrice [28].

In this paper, monolayer of polyaniline was coated
on Ag;PO, surface via a convenient chemisorption
approach in order to restrain the photo-corrosion of
AgsPO, under visible light. Photocatalytic experiments
exhibit that the photo-corrosion of Ag;PO, was sup-
pressed via polyaniline coating. The possible mecha-
nisms of the inhibition of photo-corrosion have been
discussed in detail based on the characterization of
obtained samples.

2. Experimental section
2.1. Chemical information

Ammonium phosphate dibasic, silver nitrate,
polyaniline, and tetrahydrofuran are all analytical
reagents and purchased from Sigma-Aldrich, Finland.

2.2. Synthesis of AgzPOy

Silver phosphate (Ag;PO,) samples were firstly
synthesized via an ion-exchange method [29]. Initially,
0.003-mol AgNO;z; and 0.001-mol (NH4),HPO, were
dissolved into 20-ml and 30-ml deionized water,
respectively. Afterwards, (NH4),HPO, aqueous solu-
tion was added dropwise into the prepared AgNO;
solution and was stirred vigorous. The mixed solution
was further stirred for another 30 min to ensure suffi-
cient reaction time. Hereafter, the yellow precipitate
was separated from the mixed solution by filtration.
Finally, the sample was washed with ethanol and dis-
tilled water thrice and then dried at 60°C for 10 h.

2.3. Preparation of PANI-coated Ag;PO,

PANI/AgsPO, photocatalysts with different pro-
portions were synthesized as follows [30]: different
weights of PANI were dissolved in tetrahydrofuran
(THF) to obtain solutions with concentration of 0.2,
0.4, 0.5, and 0.6 g/L, respectively, and then appropri-
ate amounts of Ag;PO, were added into 50-ml PANI/
THF solution, sonicated for 30 min, and stirred for
24 h. PANI/Ags;PO, samples were separated from the
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solution, washed thrice with water and ethanol, and
eventually dried at 80°C for 24 h. Following this proce-
dure, PANI/Ag;PO,4 composites with mass ratios 1.0,
2.0, 2.5, and 3.0% were fabricated and labeled, respec-
tively, as PANI/Ag;PO4-1, PANI/Ag;PO4-2, PANI/
Ag;PO,-2.5, and PANI/Ag;PO,-3.

2.4. Sample characterization

The crystal structure of the prepared samples was
identified by an X-ray diffractometer. The graphite
monochromatic radiation Cu-Kol with wavelength
1.5406 A was used as the source; the accelerating volt-
age and the emission current were 40 kV and 100 mA,
respectively. For each sample, the scanning range 26 is
from 10° to 80° and the scanning speed is 0.02° per
second.

The morphology and microstructure were character-
ized by cold field emission scanning electron micro-
scopy (FE-SEM, Hitachi S-4800), which was equipped
with an energy-dispersive X-ray spectrometer (EDAX
Genesis 2). Qualitative and quantitative analyses of the
chemical composition of samples were also carried out.
The operating voltage was 30 kV and the emission cur-
rent was 20 nA. The backscattered electrons were used
for forming images. Transmission electron microscopy
was carried out in a 200-kV Schotty field emission
microscope (JEOL JEM-2100F). In order to minimize
artifacts during sample preparation, TEM samples were
prepared by crushing and the powders were deposited
on Cu-supporting grids with holey carbon-supporting
films.

In order to determine the chemical states of the
samples, X-ray photoelectron spectroscopy (XPS) was
performed using a Sigma Probe (Thermo VG, UK)
X-ray photoelectron spectrometer. Al-Ka radiation
(1.486 eV) was used during the measurement. Photo-
emitted electrons from the surface of samples were
analyzed in a hemispherical energy analyzer at a pass
energy of E,=20eV. For a survey spectrum, the
scanned energy range was from 0.00 to 1,000.00 in
1.00 eV steps. In the slow scanning mode, all spectra
were obtained with an energy step of 0.1 eV and a
dwell time of 50 ms. Data analysis was performed by
a software package from Avantage Thermo VG.

UV-vis diffuse reflectance spectra of the samples
were recorded in the wavelength range between 200
and 1,000 nm using a spectrophotometer (V-670,
JASCO), with BaSO, as a reference.

2.5. Photocatalytic reactivity examination

Photocatalytic properties of PANI/Ag;PO, were
evaluated by degradation of methylene blue (MB)
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under a 150-W sodium lamp irradiation. For each
experiment, 100-mg PANI/Ag;PO, was initially mixed
with 100-ml MB solution (5 ppm) in a Pyrex glass
reactor with a cooling water jacket. Then, the mixed
solution was sonicated for 5 min to disperse the mix-
ture into suspension. The suspended solution was
magnetically stirred in dark for 30 min to reach
adsorption/desorption equilibrium. Under the sodium
lamp irradiation, the suspension was constantly stir-
red; and at certain time intervals, aqueous samples
were taken and centrifuged to separate photocatalysts
from the suspension solution. The reaction tempera-
ture was maintained at ~20°C and an air pump was
used to induce air to the system throughout the entire
experiment. Separated aquatic samples, eventually,
were further analyzed by the Lambda 45 UV-vis spec-
trometer (PerkinElmer) to determine concentrations of
the MB solution at different time intervals. The
scanning range was from 800 to 200 nm. The residual
concentration of MB solutions was calculated by utiliz-
ing the absorbance of MB at 664 nm based on the
following equation:

o_A M
Co Ao
Co and C; are the initial concentrations of MB and that
of at time t. Ay and A; represent the measured absor-
bance of MB at 664 nm at initial time and after ¢ time
reaction, respectively.

3. Results and discussion
3.1. Structural analysis

X-ray diffraction (XRD) patterns of PANI/Ag;PO,
with different compositions are shown in Fig. 1. All
patterns were well indexed with JCPD (06-0505) stan-
dard, with primary diffraction peaks at 20.84°, 29.64°,
33.26°, 36.54°, 52.66°, 55.0°, and 57.24° which perfectly
matched (110), 200), 210), 211), 222), (320),
and (3 2 1) crystallographic planes, respectively. It indi-
cates that all samples were identified as body-centered
cubes AgzPO, with the lattice parameter of 6.006 A.
However, no peaks assigned to PANI were observed
because of the low amount of PANI. There were no
obvious changes on XRD patterns after PANI was
loaded, which confirms that PANI did not cause any
structural changes in Ag;PO,.

3.2. Photocatalysis performance

Visible light-driven photocatalytic degradation
reactions of MB with different PANI/Ag;PO, were
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Fig. 1. XRD patterns of AgzPO, and PANI/Ag;PO, with
different mass ratios.

carried out. Two-ml aqueous samples were taken
every 4 min for determining the concentration of MB
in the solution by UV-vis spectroscopy. The relation-
ship between the degradation rate and reaction time is
shown in Fig. 2. It is clear that pure Ags;PO, had the
best performance of photocatalytic degradation of the
MB solution and the degradation ratio was more than
97% after 20 min of the reaction under visible light
irradiation. Moreover, the loading amount of PANI
apparently influences the photocatalyic activity. The
reaction time for a complete degradation was pro-
longed with increasing the coating amount of PANI.
When the amount of PANI is 3%, only the degrada-
tion ratio was 93% after 40 min of light irradiation.
The possible explanation is that light penetration is
obstructed by the polyaniline molecular structure, and
hence the photocatalytic performance of Ag;PO,
reduces.

The recycling test of AgzPO, and PANI/AgsPO,-1
was also conducted in order to investigate their reac-
tive stabilities in photocatalytic degradation of MB.
After each photocatalytic experiment, photocatalysts
were recycled, washed with deionized water and
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Fig. 2. Plots of degradation rate and reaction time with
different PANI/Ag;PO, photocatalysts.

ethanol for thrice, and subsequently dried at 80°C for
10 h. Degradation ratios of each experiment vs. reac-
tion time are illustrated in Fig. 3. For the Ag;PO,
photocatalyst, its photocatalytic efficiency rapidly
reduced to 80% after the first cycle and progressively
decreased with recycling frequency or reaction times.
In the fifth run, it took 40 min to degrade MB solution
completely. In other words, the efficiency of AgzPO,
had been halved after recycling it for four times. By
contrast, the photo-stability of PANI/Ag;PO,-1 is sig-
nificantly enhanced when compared to the Ags;PO,,
though a reduced reaction rate was observed. It is
found that the photocatalytic efficiency of PANI/
AgsPO,-1 was still as high as 88.8%, even after being
recycled for four times. This finding indicates clearly
that the photo-corrosion of Ag;PO, was inhibited
under the PANI layer protection. It is evident that the
polyaniline layer promotes photo-stability of AgzPO,
under visible light. It is also worth noticing that the
PANI/AgzPO, photocatalyst was more efficient at the
fifth run when compared with pure Ag;PO,.

3.3. Diffuse reflection spectroscopy analysis

UV-vis diffuse reflectance spectra of samples are
shown in Fig. 4. It is noticeable that Ag;PO, absorbs
light with the wavelength shorter than 530 nm, and
therefore the band gap of AgzPO, could be deduced
as 2.34 eV, which is well agreed with previous works
[23,31]. Furthermore, the absorption of PANI/Ag;PO,
is stronger than that of pure AgszPO,. The absorption
edge of the PANI-coated samples was shifted toward
higher wavelengths. The high absorption of PANI/
AgsPO, in the visible region is attributed to excellent
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Fig. 4. UV-vis diffuse reflectance spectra of PANI/AgzPO,
with different PANI contents.

photoelectric properties of polyaniline. The conducting
polymer, polyaniline, composed of benzenoid and qui-
nonoid units with a delocalized conjugated structure
has several redox states [32]. The synergic effect drives
the transfer of the excited-state electron from PANI to
the conduction band of AgszPO,. This results in the

shift of the absorption edge of silver Ag;PO,. Similar
phenomena have also been reported in previous
studies [33,34].

3.4. SEM and EDS analyses

The morphology of the as-prepared photocatalysts
was inspected by scanning electron microscopy (SEM).
It can be clearly seen in Fig. 5(A) that the AgzPO,
sample exhibited irregular spherical-like morphology
and non-uniform diameters. Such results are similar to
the previous work [31]. However, the coated PANI
layer was not observed from SEM images because
PANI molecules were dispersed on the surface of the
photocatalyst with a monolayer structure, with a
thickness of 0.7-0.8 nm [30], and therefore, it was too
thin to be detected by SEM. Furthermore, comparing
PANI-coated samples with un-coated samples, pure
AgzPO, particles possess smooth surface and PANI/
AgsPO,-1 has a coarse surface.

Elemental analysis of selected samples was
performed by EDS, and the typical spectra of samples
are shown in Fig. S1. The analysis confirmed that only
silver, phosphorous, oxygen, and carbon exist in the
samples and all the observed peaks are ascribed on
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Fig. 5. SEM images of the as-prepared photocatalysts: (A and C) AgzPO,; (B and D): PANI/Ags;PO,-1.

the spectrum. Among all the peaks, the three strong
peaks observed at 2.98, 3.15, and 3.35 keV correspond
to the silver L, Lg;, and Lg, lines. The peaks at 2.01
and 0.52 keV were attributed to phosphorous and oxy-
gen, respectively. Small amounts of carbon, which
came from the carbon conductive tapes and coated
polyaniline, were detected. The semi-quantitative ele-
mental analysis of AgsPO, and PANI-Ag;PO,-1 was
also performed. The atomic ratio of Ag, P, and O in
samples was calculated and listed in the correspond-
ing spectrum, respectively. It should be noted that the
small difference between measured and theoretical
atomic ratio may be caused by various factors, includ-
ing the thickness variation, particle size, the existence
of pores or defects, Cliff-Lorimer factors used, etc.
Distributions of silver, phosphorus, and oxygen in
pure AgzPO, and PANI/Ag;PO,-1were illustrated by
elemental mappings, displayed in Fig. S2. The map-
ping confirmed the homogeneous distribution of Ag,
P, and O in AgsPO, particles.

3.5. XPS characterization

The XPS was conducted in order to study the com-
position of prepared samples. The survey spectrum of

PANI/AgzPO4-1 only contains the peaks of silver,
oxygen, phosphorus, and carbon, indicating no trace
of impurity. XPS spectra for Ag 3d, P 2p, and O 1s
were acquired in the slow scanning mode, and are
shown in Fig. 6. The existence of carbon peak was
mainly attributed to polyaniline. In the spectrum, the
first peak at 284.8 eV was attributed to C atoms bound
only to C or H atoms. In Fig. 6(A), a peak at 288.2 eV
shifting from 287.8 eV indicated the links between C
and O to form O-C=N structure. The spectrum of O
1s (Fig. 6(B)) contains two peaks at 530.5 and 532.2 eV,
which are derived from P-O and P=0O bonding,
respectively [35,36]. After PANI was coated on
AgsPO,, two oxygen peaks were shifted to 530.7 and
532.4, respectively. Such peak shifts indicate the
bonding between O and C. Ag 3d spectra of silver
phosphate (Fig. 6(C)) were composed of two strong
peaks at 367.8 and 373.8 eV, which were assigned to
Ag 3d3,, and Ag 3ds5,, binding energies, respectively
[37]. These two Ag 3d peaks were ascribed to the Ag*
of AgzPO, [38,39]. P 2p spectra (Fig. 6(D)) of AgszPO,
contain a peak at 132.5 eV that related to phosphorous
ion (P°*) [40]. When PANI was loaded on the surface
of AgsPO,, the binding energy of P 2p shifted from
1325 to 132.7eV. This result suggests that the
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Fig. 6. XPS spectra of the PANI/Ags;PO,-1: (A) scanning spectrum, (B) Ag 3d, (C) O 1s, and (D) P 2p.

structure of O-C=N-P constitutes a stronger binding
force due to the interaction between Ag;PO, and
polymer.

3.6. Mechanism discussion

AgszPO, can be readily decomposed under visible
light in the process of water oxidation, which can be
expressed in following chemical formula [23]:

Ag.PO4 + 6H,O + 12h" +12e” —
12Ag + 4H3PO4 + 302

It can be noted easily that both photo-generated
electrons and holes are required to achieve the
photo-decomposition of Agz;PO,. In other words, if
photo-generated electrons and holes could be
separated from the chemical reaction above, the

photo-decomposition of Ag;PO, may be retarded or
prevented. The mechanism of photocatalytic
degradation of MB in Ags;PO, system has also been
shown by the reactive oxygen species trapping
experiments [29]. The results indicated that the reac-
tive species generated from photo-generated holes
are mainly involved in the degradation of MB over
AgsPO,.

Typical bright-field TEM images of AgzPO, with
and without PANI are shown in Fig. 7. It can be seen
clearly that a single AgszPO, particle was coated by
PANI layer with the thickness of about 4-5 nm. As a
conducting polymer, PANI composed of benzenoid
and quinonoid units with delocalized conjugated
structures has several redox states. The combination of
AgsPO, and PANI with conjugated structure is
matched well at the energy level [23,41], which has
been shown by the shift of absorption edge of
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Fig. 7. TEM images of AgzPO, (A and B) and PANI/AgzPO, (C and D) at different magnifications.

PANI-Ags;PO, on UV-vis diffuse reflectance spectrum.
As the result, PANI/Ag;PO, was a good system to
separate photo-generated charge carriers.

The mechanism of the charge separation and
photocatalysis over PANI-Ag;PO, photocatalyst is
depicted in Fig. 8. AgzPO, possesses a lower conduc-
tion band position (0.45eV) [23] than the lowest
unoccupied molecular orbital of PANI (-2.10 eV)
[42]; so, the hybrid photocatalyst photo-generated
electrons, preferably transfer to the former. Moreover,
the valence band position of Ag;PO, (2.90) [23] is
lower than the highest occupied molecular orbital
(HOMO) of PANI (0.70) [42]. Therefore, the hybrid
photocatalyst photo-generated holes tend to move to
the latter. When PANI-Ag;PO, composite material is
under visible light irradiation, both PANI and

AgsPO, are excited, and hence generate the charge
carriers. The excited electrons in PANI can easily
transfer to the conduction band in Ag;PO,.
Simultaneously, the photo-generated holes in valence
band of Ag;PO, can easily move to the HOMO of
PANI. As the result, the photo-generated holes
transfer onto the PANI surface, whereas the photo-
generated electrons are transported to Ag;PO, sur-
face. Consequently, the holes can combine with
hydroxide ions to form highly reactive hydroxyl radi-
cals and the accumulated electrons on the AgzPO,
surface can react with O, to yield ‘O, (0,/-O;,
048V vs. Ag/AgCl. Thus, the decomposition of
AgsPO, by light is significantly reduced because elec-
trons and holes were consumed in the production of
hydroxyl radicals and ‘O;, respectively.
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4. Conclusions

In this work, it demonstrated that the photo-stabil-
ity of silver orthophosphate has been enhanced by
coating polyaniline via a chemisorption approach. The
relationship between the coating amount and photo-
catalytic performance has been studied and the results
show that the polyaniline coating could effectively
inhibit the decomposition of AgzPO, and also decrease
the efficiency. The improved stability of PANI/
Ags;PO, composite is attributed to remarkable delocal-
ized conjugated structure of polyaniline and its effect
on charge separation in the composite. Thus, it could
be concluded that polyaniline coating could be an effi-
cient way to prevent the decomposition of Ag;PO,
during photocatalytic reaction.
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