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ABSTRACT: Polyaniline/silver/silver phosphate (PANI/Ag/
Ag,PO,) composite was prepared by in situ depositing silver
phosphate (Ag;PO,) nanoparticles on the surface of polyani-
line (PANI). The best photocatalytic Rhodamine B degrada-
tion performance is obtained by the 20 wt % PANI/Ag/
Ag;PO, composite, which is approximately 4 times higher than
that of pure Ag;PO,. Meanwhile, the photocatalytic stability of
Ag;PO, is significantly improved by introducing PANI into the
PANI/Ag/Ag;PO, composite. The dramatic promotion of the
photocatalytic degradation performance and the photocatalytic
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stability can be attributed to the formation of a heterojunction electric field between PANI and Ag;PO,, which is approximately
90 mV and points from Ag;PO, to PANI The existence of this electric field can dramatically enhance the separation efficiency of
the photogenerated electron—hole pairs, accelerate the transfer of photogenerated holes from Ag;PO, to PANI and therefore

inhibit the self-oxidation of Ag;PO,.
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1. INTRODUCTION

Direct use of solar energy to address the issues of energy
shortage and environmental pollution is one of the most
promising technologies.”> In the recent 40 years, the
researchers have devoted themselves to this area and have
greatly promoted the development of this field. However, the
low quantum yield and the weak response of photocatalyst in
visible light region are still hampering its wide application.
Therefore, developing highly efficient visible light responsive
photocatalysts with high quantum yields is the key to break the
bottleneck of this technology.g’_6 Ag;PO, has been reported
possessing good visible-light photocatalytic property. Bi et al.”
verified that Ag;PO, with a rhombic dodecahedron structure
showed a super high photocatalytic property. Subsequently,
much work has systematically studied the photocatalytic
property of Ag;PO, and has confirmed that the photocatalytic
property of Ag;PO, is obviously better than that of other
currently used visible-light responsive photocatalysts.” "
Recently, Ansari et al.'” prepared Ag/TiO,@Polyaniline
nanocomposite film, and they found that this composite
material possessed very strong visible light induced photo-
catalytic capability. Preparing graphene on the surface of
Ag;PO, can also efficiently enhance the photocatalytic
performance of Ag;PO, due to the super high electron
migration rate of graphene and the heterojunction electric
field formed on the interface of graphene and Ag,PO,.">""°
Huang et al.'® prepared series Ag@silver salt photocatalysts,
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and they found that the photocatalytic performance of these
photocatalysts is related with the stability and the charge of the
anion in the silver salts. Yu et al.'” prepared Ag;PO,
nanoparticles on PAN fiber by ion exchange method and
they found that the heterojunction system could significantly
enhance the photocatalytic performance of the PAN/Ag,PO,
composite. However, Ag;PO, itself has a relatively weak
photocatalytic stability. The photogenerated holes by Ag;PO,
possess very high oxidation capability, which play a major role
in the photocatalytic degration process of Agi;PO,. If the
photoinduced holes generated by Ag;PO, cannot swiftly
consume away by reacting with the surrounding electrolyte or
transferring to other materials, they will quickly oxidize
AgiPO,, leading to a rapid photoinduced corrosion of
Ag;PO, and a fast decay of the photocatalytic property of
Ag;PO,. Therefore, the photocatalytic stability of Ag;PO, need
to be further improved.'®™*

As a most intensively studied conductive polymer material,
PANI has many applications in the catalytic and photocatalytic
area.”*™>® PANI is a kind of 7-conjugate long-chain polymer
and the protonic acid doped PANI possesses very high
conductivity. Meanwhile, PANI has three redox states:
leucoemeraldine base, emeraldine base, and pernigraniline
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base, in which the leucoemeraldine base PANI possesses a weak
reduction capability because of the existence of —NH— bonds
for connecting the benzene rings.””*® A p—n heterojunction
electric field will be built at the interface if PANI composites
with an n-type semiconductor material. Under the influence of
this electric field, the photogenerated holes will be swiftly
transferred to PANI and oxidize the surrounding materials,
while the photogenerated electrons will be rapidly transferred
to the composited n-type semiconductor material and cause
reduction reactions on the surface of this n-type semiconductor
material. Zhang et al.*' prepared a PANI@ZnO composite with
quasi-shell—core structure by coating a PANI layer with the
thickness of approximately 0.717 nm on the surface of ZnO.
They reported that the PANI coating can significantly enhance
the photocatalytic property of ZnO and inhibit the photo-
corrosion of ZnO. They attribute these benefits to the strong
photogenerated hole trapping capability of PANIL The
photogenerated holes can be rapidly transferred to z-
conjugated PANI leading to the slowing down of the
photocorrosion of ZnO. Therefore, the PANI/Ag/Ag,PO,
composite is expected to exhibit improved performance as a
highly efficient visible light responsive photocatalyst.

In this work, PANI with branch-like structure was prepared,
and subsequently Ag;PO, nanoparticles were in situ grown on
the surface of PANL During the in situ growth of Ag;PO,
nanoparticles, some metallic Ag (Ag’) was formed on the
surface of PANI, resulting in the formation of PANI/Ag/
AgiPO, composite. Subsequently, the photocatalytic degrada-
tion and stability performance of the prepared PANI/Ag/
Ag;PO, composites was studied in this paper.

2. EXPERIMENTAL SECTION

2.1. Preparation of PANI and the PANI/Ag/Ag;PO,
Composites. Aniline [0.046 g (5 X 107 mol)] and 0.036 g (1 X
10™* mol) of cetyltrimethylammonium bromide (CTAB) were
dissolved into 8.0 mL of deionized water, followed by dropwise
adding 1.0 mL of 0.5 mol-L™" HCl and 1.0 mL of 0.5 mol-L™"
ammonium peroxydisulfate. The mixture was kept at room temper-
ature for 24 h. PANI precipitation was obtained by suction filtration.
The precipitation was then rinsed with deionized water and acetone,
and the PANI sample was obtained after 24 h of vacuum drying at 65
°C.

The PANI/Ag/Ag;PO, composite was obtained by in situ
depositing Ag;PO, nanoparticles on the surface of the prepared
PANI. First, 0.1 g of prepared PANI was dispersed into 25 mL of
deionized water and the resulting mixture was ultrasonically vibrated
for S min. A certain amount of AgNO;, which was decided by the
weight percentage of PANI in the PANI/Ag/Ag,PO, composite, was
added into this mixture and the liquid mixture was stirred for 1 h. A
certain amount of NayPO,, which is equal to 33.33% (in mole
percentage) of the added AgNO; in the liquid mixture, was dissolved
into 25 mL deionized water. The prepared Na;PO, solution was then
slowly added drop by drop into the liquid mixture of PANI and
AgNOj; under stirring. The solution was then stirred for 5 h. After that,
the liquid mixture was centrifugalized and the centrifugate was
repeatedly washed with anhydrous ethanol and deionized water. The
PANI/Ag/Ag;PO, composites with 16.67, 20, 25, 30, 40, and 50 wt %
of PANI in them, which were expressed as 16.67 wt % PANI/Ag/
Ag;PO, composite, 20 wt % PANI/Ag/Ag;PO, composite, 25 wt %
PANI/Ag/Ag;PO, composite, 30 wt % PANI/Ag/Ag;PO, composite,
40 wt % PANI/Ag/Ag;PO, composite, and S0 wt % PANI/Ag/
Ag;PO, composite, respectively, were obtained after drying at 55 °C
for 24 h under vacuum conditions in this work. All reagents used in
this study are analytical ones from Aladdin Reagent Corporation,
China (Shanghai, China).

2.2. Characterizations of the Prepared PANI/Ag/Ag;PO,
Composites. The morphologies and the microstructure of the
synthetic products were analyzed using a scanning electron
microscopy (SEM) (SEM, JSM-6700F, JEOL, Japan) and a high-
resolution transmission electron microscopy (HRTEM, Tecnai G2
F20, FEI Company, U.S.A.). The elemental compositions, elemental
maps, the crystalline structures and bonding information on the
synthetic products were analyzed using an energy dispersive
spectrometry (EDS, INCA Energy, Oxford Instrument), HRTEM,
X-ray diffraction (XRD, D/MAX-2500/PC, Rigaku Co., Tokyo,
Japan), and X-ray photoelectron spectroscopy (XPS, Axis Ultra,
Kratos Analytical Ltd., England). The optical absorption properties
were investigated using a UV/vis diffuse reflectance spectrophotom-
eter (U-41000; HITACHI, Tokyo, Japan). The photoluminescence
intensity of the prepared samples was characterized using a
fluorescence spectrometer (PL, Fluoro Max-4, HORIBA Jobin Yvon,
France). The Brunauer—Emmett—Teller surface area was determined
by a multipoint BET method (BET, 3Flex, Micromeritics, U.S.A.).

2.3. Photocatalytic Rhodamine B (RhB) Degradation.
Prepared photocatalyst (0.1 g) was added to 100 mL RhB with a
concentration of 10 mg-L™" and stirred for 30 min in the dark. The
light source was a 300 W xenon lamp (PLS-SXE300, Beijing Changtuo
Co. Ltd,, Beijing, China). A 420 nm cutoff filter was used to remove
light with wavelengths less than 420 nm and ultimately generate visible
light (power energy density is 150 mW/cm?). All of the photocatalytic
degradation measurements were performed under visible light. The
distance between the light source and the dye liquid level is 10 cm.
The temperature of the dye liquid was maintained at 25 °C using
circulating water. The stability of the photocatalytic RhB degradation
of the 20 wt % PANI/Ag/Ag;PO, composite was studied in this work.
The 20 wt % PANI/Ag/Ag;PO, composite was recycled by the
centrifugation of the solution after dye degradation at a centrifugal
speed of 10000 r-min~", and the photocatalyst was used for the next
cycle of the RhB degradation after sufficiently drying. The times of the
photocatalyst recycling are S.

2.4. Photoelectrode Preparation. The Ag;PO, and the 20 wt %
PANI/Ag/Ag;PO, thin-film photoelectrodes were prepared in this
work. An FTO glass (13 X 10 mm) was first ultrasonically cleaned
with acetone of analytical grade for 5 min, rinsed with deionized water,
and then dried with a clean, dry airflow. One longitudinal edge of the
conductive side was then carefully covered with insulating tape, with
the exposed effective area of the FTO glass measuring 1 cm”. In total,
0.01 g of the prepared powder was mixed with 0.1 mL of deionized
water in an agate mortar, and the mixture was carefully ground for 10
min to form a homogeneous suspension. Then, 0.025 mL of as-
prepared suspension was evenly distributed onto the exposed area of
the conductive side of the FTO glass. The insulating tape on the edge
of the FTO glass was removed after the suspension dried in the air.
Finally, the FTO glass deposited with the as-prepared suspension was
heated to 120 °C for 2 h under vacuum condition. A copper wire was
connected to the conductive side of the FTO glass using conductive
silver tape. Uncoated parts of the conductive side of the FTO glass
were isolated with parafilm after the conductive silver tape had dried.

2.5. Photoelectrochemical Measurements. Photoelectrochem-
ical measurements were performed in a three-electrode experimental
system using CHI660D Electrochemical Workstation (Shanghai
Chenhua Instrument Co., Ltd., Shanghai, China). The prepared series
photoelectrodes, saturated calomel electrode (SCE), and Pt electrode
acted as the working, reference and counter electrodes, respectively.
The potentials are reported on the SCE scale. The electrolyte was 0.1
mol-L™! Na,SO,. Both the electrochemical impedance spectroscopy
curves and the Mott—Schottky plots were measured in the dark. EIS
tests were performed at open circuit potential over the frequency range
between 10* and 107! Hz, with an AC voltage magnitude of 5 mV,
using 12 points/decade. Mott—Schottky plots were measured at the
potential range —1.0~1.0 V, the frequency of 10 Hz with an AC
voltage magnitude of 10 mV, and a scan rate of S mV-s~'. The
photogenerated current densities were measured at a bias potential of
0.5 V (vs SCE) in 0.1 mol-L™" Na,SO, under visible light on and off.
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3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the prepared Ag;PO,
particles and the PANI/Ag/Ag;PO, composites with different
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Figure 1. XRD patterns of Ag;PO, (curve a), the 16.67 wt % PANI/
Ag/Ag;PO, composite (curve b), the 20 wt % PANI/Ag/Ag,PO,
composite (curve c), the 25 wt % PANI/Ag/Ag;PO, composite (curve
d), and the S0 wt % PANI/Ag/Ag,PO, composite (curve e).

weight percent of PANL Curve la is the XRD pattern of the
prepared Ag;PO,, from which the crystal structure of the
prepared Ag;PO, is indexed as a cubic structure (JCPDS No.
06-0505). Curve 1b is the XRD pattern of the prepared 16.67
wt % PANI/Ag/Ag;PO, composite. By comparing with curve
1a, there is no difference in the locations for the diffraction
peaks of Ag;PO, and the 16.67 wt % PANI/Ag/Ag,PO,
composite, demonstrating that the introduction of a small
amount of PANI does not affect the crystal form and
composition of Ag;PO,. Curve 1c is the XRD pattern of the
prepared 20 wt % PANI/Ag/Ag;PO, composite. In addition to
the diffraction peaks from Ag;PO,, the diffraction peaks at
38.1°, 44.1°, and 64.4°, which are marked as “O” in curve lc,
can be readily indexed as the (111), (200), and (220)
crystallographic planes of metallic Ag (JCPDS No. 04-0783),
respectively. The intensities of the diffraction peaks from Ag’
gradually increase with the further increase of the PANI weight
percent, as shown in curves 1d and le, illustrating that PANI is
helpful to the reduction of Ag* to Ag” to a certain extent. The
prepared PANI in this work may exist as leucoemeraldine base
and it possesses weak reducibility. When Ag" combines with —
NH— groups in the PANI molecular chain, Ag* can oxidize the
—NH— group to —N= group and Ag" itself is reduced to
Ag0 on PANI surface, resulting in the formation of Ag0.32’33 The
diffraction peaks of Ag;PO, are observed in curves 1d and le, as
those shown in curves la—Ilc. The above XRD results
demonstrate that the composite is existed as PANI/Ag/
Ag;PO, when the amount of PANI in this composite is equal
to or larger than 20 wt %. No characteristic diffraction peaks
corresponding to those of PANI are observed in the curves 1b—
le, demonstrating that the PANI in the composites exists in
amorphous form.

Figure 2 shows the UV/vis diffuse reflectance spectra of
Ag;PO, and the PANI/Ag/Ag;PO, composite with different
weight percentage of PANI. As the results shown in Figure 2,
the light absorption intensity decreases with the increase of the
weight percentage of the PANI in the composite, illustrating
that Ag;PO, possesses very strong light absorption capability

a— AQ3PO4

b ——16.67 wt% PANI/Ag/Ag3PO4
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Figure 2. UV/vis diffuse reflectance spectra of Ag;PO, (a), the 16.67
wt % PANI/Ag/Ag;PO, composite (b), the 20 wt % PANI/Ag/
Ag,PO, composite (c), the 25 wt % PANI/Ag/Ag PO, composite (d),
and the 50 wt % PANI/Ag/Ag;PO, composite (e).

and PANI has very weak light absorption capability. The more
the weight percentage of PANI in the composite is, the weaker
the light absorption capacity of the PANI/Ag/Ag;PO,
composite is. When overmuch PANI is in the composite,
competitive light absorption will be formed between PANI and
Ag:PO,, leading to the decrease of the light absorption
capability of this composite.

Figure 3 shows the SEM images of Ag;PO, and the PANI/
Ag/Ag;PO, composites with different PANI weight percent
(16.67%, 20%, and 50%) and the EDS results of the 20 wt %
PANI/Ag/Ag;PO, composite. The SEM image of the prepared
Ag;PO, nanoparticles in Figure 3a shows that the Ag,PO,
particles mainly exist in the form of agglomeration, which will
decrease the number of the active photocatalytic reaction sites
and cause a negative influence on the processes of the dye
adsorption and the photocatalytic degradation. Figure 3b shows
the SEM image of the 16.67 wt % PANI/Ag/Ag;PO,
composite. The agglomeration of Ag;PO, particles is sup-
pressed to a certain extent after introducing PANI into this
composite. Because the amount of PANI in this composite is
not high enough, PANI is not directly observed in Figure 3b,
demonstrating that a thick coating layer of Ag;PO, covers on
the surface of PANI Figure 3c shows the SEM image of the 20
wt % PANI/Ag/Ag;PO, composite. Ag;PO, particles are more
uniformly distributed on the surface of PANI and PANI can be
clearly observed. By increasing the PANI content to 50 wt %,
the coverage of Ag;PO, particles on PANI is further decreased
and a lot of PANI is not covered by Ag;PO, particles, as shown
in Figure 3d. SEM images with high magnification (50000X)
are inserted into each SEM picture listed in Figure 3a—d. By
comparing these morphologies, it can be found that the
dispersing capacity of Ag;PO, particles on PANI surface tends
to increase with the increase of PANI amount. This may be due
to the increase of the adsorption site of Ag" with the increase of
PANI amount in this composite, resulting in the increase of the
particle dispersion of Ag;PO, on PANI surface. Figure 3e
shows the EDS results of the 20 wt % PANI/Ag/Ag,PO,
composite. The elements of C, N, O, P, and Ag are observed in
the EDS results, which meet the element compositions of the
PANI/Ag/Ag;PO, composite.

In order to further study the loading information on Ag;PO,
particles on the PANI surface, the 20 wt % PANI/Ag/Ag;PO,
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Figure 3. SEM images of (a) Ag;PO,, (b) the 16.67 wt % PANI/Ag/Ag;PO, composite, (c) the 20 wt % PANI/Ag/Ag;PO, composite, (d) the SO
wt % PANI/Ag/Ag;PO, composite, and (e) the EDS results of the 20 wt % PANI/Ag/Ag;PO, composite.

composite was selected for HRTEM investigations, and the
relevant results are shown in Figure 4. Figure 4a shows the
microscopic morphology under low magnification, from which
PANI is observed existing as an irregular branch-like structure
and a large number of Ag;PO, particles with diameter of less
than 50 nm are uniformly distributed on the surface of PANL
With the further increase of the magnification, the Ag;PO,
particles can be clearly observed distributing on the surface of
PANI, as shown in Figure 4b. Figure 4c shows the HRTEM
microscopic morphology of the distribution of Ag;PO, particles
on the surface of PANI under high magnification. The
interplanar spacings of 0.299 and 0.268 nm are clearly observed,
which correspond to (200) and (210) crystallographic planes of
Ag;PO,, respectively. This is in good agreement with the
JCPDS card No. 06-0505. The elemental maps of the 20 wt %
PANI/Ag/Ag;PO, composite were performed using TEM and
the relevant results are shown in Figure S. The results shown in
Figure S can confirm that Ag;PO, distributes on the surface of
PANL

XPS was further used to investigate the states of silver,
phosphorus, and nitrogen in the prepared 20 wt % PANI/Ag/
Ag;PO, composite and Figure 6 shows the XPS spectra of the
20 wt % PANI/Ag/Ag;PO, composite. The total survey

17592

spectrum in Figure 6a shows that P, C, N, O, and Ag are
existed. Figure 6b shows the Ag 3d XPS core level spectrum.
The binding energy peaks at 373.5 and 367.5 eV are assigned to
the electron orbits of Ag 3d;/, and Ag 3d;,,. After decomposing
these two binding energy peaks at 373.5 and 367.5 eV by curve
fitting, it can be found that the strong binding energy peaks at
373.5 and 367.5 eV are attributed to Ag*, while the other two
weak binding energy peaks at 374.2 and 368.3 eV are assigned
to Ag’, as shown in Figure 6b.>*** Figure 6¢ shows the P 2p
XPS core level spectrum. The binding energy peak at 133.1 eV
is assigned to the electron orbit of P 2p. Figure 6d shows the N
1s core level spectrum. The binding energy peak at 399.6 eV is
assigned to C=N group, illustrating that the C—NH groups is
oxidized to C=N groups by Ag*, and Ag" is reduced to Ag’
during the synthesis of the 20 wt % PANI/Ag/Ag;PO,
composite. The XPS results show that the PANI/Ag/Ag;PO,
composite with a little amount of metallic Ag as the
intermediate layer was successfully synthesized when the
amount of PANI in this composite is 20 wt %.

The RhB photocatalytic degradation capability of Ag;PO,
and PANI/Ag/Ag;PO, composites were measured, as shown in
the degradation curves in Figure 7. Curve 7a is the RhB
degradation curve of the prepared Ag;PO,. Ag;PO, exhibits a
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Figure S. HRTEM elemental maps (C, N, Ag, P) of the 20 wt %
PANI/Ag/Ag;PO, composite.

very strong photocatalytic degradation capability under visible
light illumination, and it takes only 20 min for the photocatalyst
of Ag;PO, to degrade all of the RhB dye. Curve 7b is the RhB
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Figure 6. XPS spectra of the 20 wt % PANI/Ag/Ag;PO, composite.
(a) The total survey spectrum, (b) the Ag 3d XPS core level spectrum,
(c) the P 2p XPS core level spectrum, and (d) the N 1s XPS core level
spectrum.

degradation curve of the 50 wt % PANI/Ag/Ag;PO,
composite. As mentioned in the Experimental Section, the
photocatalysts were mixed with the RhB solution in the dark
and stirred for 30 min before the light was switched on. The
introducing of PANI in the composite significantly improves
the dye adsorption capacity of Ag;PO,. According to the data
obtained from the 30 min adsorption in the dark, about 55%
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Figure 7. Photocatalytic RhB degradation efficiency of Ag;PO, (a), the
50 wt % PANI/Ag/Ag;PO, composite (b), the 40 wt % PANI/Ag/
Ag;PO, composite (c), the 30 wt % PANI/Ag/Ag;PO, composite (d),
the 25 wt % PANI/Ag/Ag,PO, composite (e), the 20 wt % PANI/Ag/
Ag;PO, composite (f), and the 16.67 wt % PANI/Ag/Ag;PO,
composite (g) under visible light (4 > 420 nm) illumination.

RhB is adsorbed by the 50 wt % PANI/Ag/Ag;PO, composite,
as shown in curve 7b. However, the S0 wt % PANI/Ag/Ag;PO,
composite shows extremely poor photocatalytic RhB degrada-
tion performance under visible light illumination and no
significant changes in the concentration of RhB can be found
during the subsequent 20 min visible light illumination. The
dye adsorption capacity of the PANI/Ag/Ag;PO, composite
decreases, while the photocatalytic RhB degradation perform-
ance of the PANI/Ag/Ag;PO, composite increases with the
decrease of the weight percent of PANI in this composite from
50% to 25%, as shown in the dye adsorption and photocatalytic
degradation curves b, ¢, d, and e in Figure 7. This result
demonstrates that PANI can enhance the adsorption ability of
dyes and a large amount of RhB dye can be adsorbed on the
surface of photocatalyst. Because of its strong light absorption
ability, PANI and the adsorbed RhB will hinder the light
absorption by Ag;PO,, resulting in the decrease of the
photocatalytic RhB degradation performance of the PANI/
Ag/Ag;PO, composite with the increase of the PANI weight
percent in this composite. For 25 wt % PANI/Ag/Ag;PO,
composite, it takes only 15 min to degrade all of the RhB dye,
as shown in curve 7e. For 20 wt % PANI/Ag/Ag;PO,
composite, more than 95% RhB dye is degraded in S min, as
shown in curve 7f. By comparing with curve 7a, the
photocatalytic RhB degradation performance of the 20 wt %
PANI/Ag/Ag;PO, composite is much higher than that of
Ag;PO,. With the further decrease of the weight percentage of
PANI in the composite, the photocatalytic RhB degradation
performance decreases. As shown in curve 7g, it takes 10 min to
degrade all of the RhB dye for the 16.67 wt % PANI/Ag/
Ag;PO, composite. The results mentioned above indicate that
the photocatalytic RhB degradation performance of the PANI/
Ag/Ag;PO, composite is closely related to the weight
percentage of PANI in the composite. Overmuch PANI will
decrease the light absorption intensity of Ag;PO,. While, too
little PANI is not conducive to the promotion of the
photocatalytic degradation performance of Ag;PO,. Based on
the photocatalytic RhB degradation data shown in Figure 7, the
20 wt % PANI/Ag/Ag;PO, composite possesses the optimal
photocatalytic degradation efficiency.

As the results shown in Figure 7, the 50 wt % PANI/Ag/
Ag;PO, composite possesses the strongest RhB adsorption
capability in the PANI/Ag/Ag;PO, composites. Does it imply
that S0 wt % PANI/Ag/Ag;PO, composite has the highest
specific surface area? To clarify this question, the specific
surface areas and nitrogen adsorption—desorption curves of
AgiPO,, 50 wt % PANI/Ag/Ag;PO, composite and 20 wt %
PANI/Ag/Ag;PO, composite were measured, and the relevant
results are shown in Supporting Information (SI) Figure S1.
Based on the shapes of the nitrogen adsorption—desorption
curves shown in SI Figure S1, all of these three materials can be
classified as IV-type adsorption—desorption characteristic,
demonstrating that these materials have the mesoporous
structures, which are formed mainly by the stacking of these
materials. Based on SI Figure S1, the specific surface areas can
be calculated, and those of Ag;PO,, 50 wt % PANI/Ag/Ag;PO,
composite, and 20 wt % PANI/Ag/Ag;PO, composite are 1.1,
0.6, and 2.7 m*g~', respectively. The specific surface area
results demonstrate that the strongest adsorption capacity of 50
wt % PANI/Ag/Ag;PO, composite does not come from the
contribution of its specific surface area but come from the
strong selective adsorption capacity of metallic Ag on the
surface of PANI for the azo RhB dye, resulting in a significant
increase of the RhB adsorption capacity of 50 wt % PANI/Ag/
Ag;PO, composite.

As we know, the stability of a photocatalyst determines its
service lifetime and practical application value. Although
Ag;PO, possesses very good photocatalytic performance, its
light stability is poor and it is prone to photoinduced corrosion
during the photocatalytic degradation process, resulting in a
quick drop of the photocatalytic performance and thus a
negative impact on its photocatalytic performance. Figure 8

g—m=—Ag3POy

b. —e— 20 wt% PANI/Ag/Ag3PO4
2nd cyclel3rd cycle\dth cycle\oth cycle

cre,

® I
5 10 5

Time (Min)

Figure 8. Stability study for the photocatalytic RhB degradation by
Ag;PO, (a) and the 20 wt % PANI/Ag/Ag;PO, composite (b) under
visible light (4 > 420 nm) illumination.

shows the photocatalytic RhB degradation stability of Ag;PO,
and the 20 wt % PANI/Ag/Ag;PO, composite under visible
light. Curve 8a shows the photocatalytic RhB degradation
stability of Ag;PO,. In the first 10 min cycle, Ag;PO, can
degrade 80% RhB. With the increase of the cycles, its
photocatalytic degradation performance continues to decrease,
and only 40% RhB can be degraded at the fifth cycle. For the 20
wt % PANI/Ag/Ag;PO, composite (curve 8b), in the first 10
min cycle, the 20 wt % PANI/Ag/Ag;PO, composite can
degrade 95% RhB in S min. Its photocatalytic degradation
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performance does not exhibit any significant changes with the
increase of the cycles. At the fifth cycle, the 20 wt % PANI/Ag/
Ag;PO, composite can still degrade 95% RhB in 5 min. Results
shown in Figure 8 demonstrate that the introducing of PANI
can significantly increase both the photocatalytic degradation
performance and the photocatalytic degradation stability of
Ag;PO,.

The scavengers of the photogenerated holes and electrons
were added into the RhB dye solution to study the promotion
mechanism of the photocatalytic degradation performance of
the 20 wt % PANI/Ag/Ag;PO, composite. Figure 9 shows the
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Figure 9. Photocatalytic RhB degradation efficiency of the 20 wt %
PANI/Ag/Ag;PO, composite in the RhB solution containing with 2
mM BuOH (a), 2 mM p-benzoquinone (b), 2 mM EDTA-2Na (c), or
0.5 mM EDTA-2Na (d), under visible light (4 > 420 nm) illumination.

photocatalytic RhB degradation curves of the 20 wt % PANI/
Ag/Ag;PO, composite in the RhB solution containing the
scavenger of the photogenerated holes (EDTA-2Na), super-
oxide radicals (p-benzoquinone) or the photogenerated
electrons (fert-butanol, BuOH).>® Curve 9a is the RhB
degradation curve of the 20 wt % PANI/Ag/Ag;PO, composite
in the RhB solution containing 2 mM BuOH. As we know,
BuOH can capture the photogenerated electrons, leading to the
swift consumption of the photogenerated electrons produced
by the 20 wt % PANI/Ag/Ag;PO, composite; therefore, the
photogenerated electrons by the 20 wt % PANI/Ag/Ag;PO,
composite cannot contribute to the photocatalytic RhB
degradation in the BuOH-containing RhB solution. As shown
in curve 9a, the 20 wt % PANI/Ag/Ag;PO, composite can
degrade 95% RhB in 5 min and BuOH does not affect the
photocatalytic RhB degradation performance of this composite,
demonstrating that the photogenerated electrons does not play
arole in the photocatalytic degradation process. Curve 9b is the
RhB degradation curve of the 20 wt % PANI/Ag/Ag;PO,
composite in the RhB solution containing 2 mM p-
benzoquinone, which is the capture agent for superoxide
radicals. As shown in curve 9b, p-benzoquinone does not affect
the photocatalytic RhB degradation performance of this
composite, indicating that the photogenerated holes possess
strong oxidation capability and they can directly participate into
the RhB degradation processes. However, curve 9c indicates
that the photocatalytic degradation performance of the 20 wt %
PANI/Ag/Ag;PO, significantly decreases by adding 2 mM
EDTA-2Na composite in the RhB solution as compared with
that in the RhB solution in the absence of EDTA-2Na (curve f

in Figure 7) under visible light. Decreasing the EDTA-2Na to
0.5 mM (curve 9d), the photocatalytic degration performance
of the 20 wt % PANI/Ag/Ag;PO, composite in the RhB
solution slightly recovers compared with that shown in curve
9c. The experimental results mentioned above reveal that the
high photocatalytic degradation performance of the 20 wt %
PANI/Ag/Ag;PO, composite mainly comes from the strong
oxidizing capability of the photogenerated holes.

The photoluminescence spectra can reflect, to some extent,
the recombination efliciency of photogenerated electrons and
holes by the fluorescence intensity. Secondary recombination of
the photogenerated electrons and holes can occurred
accompanied by the occurrence of the fluorescence. The
strong intensity of the generated fluorescence means that the
photogenerated electrons and holes are prone to recombination
and the lifetime of the photogenerated electrons are short.
However, the weak intensity of the generated fluorescence
means that the separation efficiency of the photogenerated
electrons and holes are high, resulting a longer lifetime of the
photogenerated electrons and holes. Figure 10 shows the

a——Ag3POy
b ——20 wt% PANI/Ag/Ag3POy4

Intensity (a.u.)

350 400 450 500 550 60C
Wavelength (nm)

Figure 10. Photoluminescence spectra of Ag;PO, (a) and the 20 wt %
PANI/Ag/Ag;PO, composite (b).

photoluminescence spectroscopy of Ag;PO, and 20 wt %
PANI/Ag/Ag;PO,. For Ag;PO,, a strong, luminous broad peak
emerged at 300 to 500 nm. After compositing with 20 wt %
PANI, the intensity of the luminous broad peak at 300 to 500
nm dramatically weakened, as shown in Figure 10, indicating
that the presence of PANI can effectively inhibit the
annihilation of the photogenerated electron—hole pairs and
thus can effectively improve the separation efficiency and the
lifetime of the photogenerated electrons and holes.

The separation efficiency of the photogenerated electrons
and holes can also be supported from the photoinduced current
densities data of the prepared photoelectrodes. SI Figure S2
shows the variations of the photogenerated current densities of
the photoelectrodes prepared by Ag;PO, and 20 wt % PANI/
Ag/Ag;PO, composite. As shown in SI Figure S2, the 20 wt %
PANI/Ag/Ag;PO, composite generates much larger photo-
induced current density than Ag;PO,, demonstrating that the
separation efficiency of the photogenerated electrons and holes
and the migration ability of photogenerated electrons of
Ag;PO, are significantly increased due to the adding of PANI
into this composite.

Figure 11 shows the EIS results and Mott—Schottky plots of
Ag;PO, and 20 wt % PANI/Ag/Ag;PO, in 0.1 mol-L™" Na,SO,
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Figure 11. EIS spectra (a) and Mott—Schottky plots (b) of Ag;PO, and the 20 wt % PANI/Ag/Ag,PO, composite photoelectrodes in 0.1 mol-L™"

Na,SO, solution in the dark.

solution in the dark. EIS can be used to study the migration
ability and the interface reaction ability of the electrons in the
photocatalytic materials, which are very closely related to the
photocatalytic and photoelectrochemical properties of semi-
conductor materials. Figure 11a shows the EIS results, in which
the vertical axis represents the imaginary part of the impedance,
and the horizontal axis represents the real part of the
impedance. The intercept of the semicircle arc of the EIS
curve in the horizontal axis represents the actual value of the
impedance, which is mainly decided by the exchange resistance
of the photogenerated electrons on the interface between the
electrolyte and the semiconductor material and the migration
resistance of the photogenerated electrons and holes in the
semiconductor material itself. As the results show in Figure 11a,
the impedance value of Ag;PO, is significantly larger than that
of 20 wt % PANI/Ag/Ag;PO, composite, illustrating that PANI
can clearly promote the reaction ability of the photogenerated
electrons and holes on the interface between the electrolyte and
Ag;PO, and increase the migration ability of the photo-
generated electrons and holes in the composite.

Because the Fermi level of PANI is different from that of
Ag;PO,, it is bound to cause movements of the Fermi levels of
PANI and Ag;PO, at the interface of these two materials,
leading to the variations of the flat band potentials. In this
paper, Mott—Schottky method was employed to study relation
between the capacitance of the space charge region and the
applied potential. The description of the specific formula is as
follows:

1/C* = 2(eee;Np) " (E — Eg, — kT /e) (1)
where C is the capacitance of the space charge region in the
semiconductor; Np is the electron carrier density, e is the
elemental charge, g, is the permittivity of free space, ¢ is the
relative permittivity of the semiconductor, E is the applied
potential, Eg is the flat band potential, T is the temperature,
and « is the Boltzmann constant.>’

The flatband potential of a semiconductor material can be
determined by extrapolating to C*~ = 0. Figure 11b shows the
Mott—Schottky plots of Ag;PO, and 20 wt % PANI/Ag/
Ag;PO,. From the slopes of the tangent lines of the Mott—
Schottky plots, both Ag;PO, and 20 wt % PANI/Ag/Ag;PO,
show the characteristics of the n-type semiconductor. The
flatband potentials of Ag;PO, and 20 wt % PANI/Ag/Ag;PO,
were approximately 0.74 and 0.65 V, respectively (Figure 11b).

17596

Thus, the introducing of PANI onto the surface of Ag;PO,
negatively shifted the flatband potential, demonstrating that an
interfacial electric field is built at the interface of PANI and
Ag;PO,.

Figure 12 schematically shows the shift of the electron energy
level due to the introducing of PANI into Ag;PO,. It is

E/V(vs SHE)

PANI

o+

Before interface equilibrium — > After interface equilibrium

PANI

Figure 12. Schematic illustrations of the shift of the electron energy
levels due to the introducing of PANI into Ag;PO,.

reported that the bandgap of Ag;PO, is 2.4 eV and the valence
band potential is approximately 3.14 V (vs SHE). Results
shown in Figure 11b indicate that Ag;PO, is an n-type
semiconductor with the flatband potential of 0.74 V. The Fermi
level of Ag;PO, is just located below the conduction band;
therefore, the Fermi level of Ag;PO, is more positive than 0.74
V. While, the Fermi levels of PANI and Ag are much more
negative than 0.74 V. By adding PANI and Ag to Ag;PO,, the
Fermi levels of these three materials will move to each other
and eventually reach to the same potential value with the Fermi
level moving to negative direction for Ag;PO, and to positive
direction for PANL The negative movement of the Fermi level
of Ag;PO, will also promote the negative movement of its
conduction band and valence band. Because of the exchange of
electrons and holes, the energy band of the surface layer
bended downward, as a result of that, the electrons on the
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surface of Ag;PO, will transfer to the surface of PANI to form
an electron rich layer there, and a hole rich layer will form on
the surface of Ag;PO, at the same time. Therefore, an electric
field forms at the interface of Ag;PO, and PANI and the
direction of the electric field is pointed from Ag;PO, to PANL
The intensity of this electric field is approximately equal to the
energy level bend amount, which is approximately 90 mV.
The interfacial electric field, formed at the interface of
Ag;PO, and PANI, can promote the separation efficiency of
photogenerated electrons and holes of Ag;PO,. Meanwhile, the
direction of the electric field may also have contributed to the
improvement of the photocatalytic stability of the PANI/
Ag;PO, composite. The relevant mechanism is schematically
shown in Figure 13. The long chain of leucoemeraldine base

o

0, /& Ag;PO, /&
Ag —
e |e LN ]
| T/
Wt
n
oH" OH PANI

Figure 13. Proposed mechanism for the charge transfer of the
photogenerated electrons and holes by Ag;PO, in the PANI/Ag/
Ag;PO, composite under visible light illumination.

PANI is connected to each other by the —NH— bonds, and
the N atoms in the outer layer are very easy to adsorb Ag"
because of its strong negative lone-pair electrons. Then, the
adsorbed Ag" oxidizes —C—NH— bond to —N=C— bond
due to the weak reduction ability of leucoemeraldine base
PANI, resulting in the formation of Ag’. PO,*" will react with
the adsorbed Ag" and Ag;PO, particles is then in situ formed
on the long chain of PANL Under the excitation of incident
light, Ag;PO, generates photoinduced electrons and holes. As
mentioned in Figure 12, an electric field is formed at the
interface of PANI and Ag;PO, and the direction of the electric
field is pointed from Ag;PO, to PANI Therefore, the
photogenerated holes by Ag;PO, will swiftly transfer to PANI
under this electric field and oxidize the surrounding electrolyte
of PANL*®%° As we know, the valence band potential of
Ag;PO, is 3.14 V, indicating that the photogenerated holes by
Ag;PO, possess very strong oxidation capability. If these
photogenerated holes cannot be quickly transferred from the
bulk phase of Ag;PO,, they will definitely oxidize Ag;PO, itself.
Due to the existence of Ag’ and PANI, the photogenerated
holes can be quickly transferred to PANI bulk phase under the
help of the heterojunction electric field at the interface of
Ag;PO, and PANI, thus avoiding the photocorrosion of
Ag;PO, itself. Meanwhile, the amount of the formed Ag’
directly affects the separation efficiency of the photogenerated
electrons and holes. A certain amount of Ag" is favorable for the
separation of the photogenerated electrons and holes; however,
overmuch Ag’ will darken the color of this composite and
compete with Ag;PO, for the light absorption. Meanwhile,
overmuch Ag’ will turn into the recombination center of the
photogenerated electrons and holes, resulting in the decrease of
the photocatalytic performance of this composite.***"

4. CONCLUSIONS

PANI/Ag/Ag;PO, composites with very strong photocatalytic
capability were successfully prepared by in situ formation of
Ag;PO, particles on PANIL The introducing of PANI in the
PANI/Ag/Ag;PO, composite can significantly increase both
the photocatalytic degradation performance and the photo-
catalytic degradation stability of Ag;PO,. The photocatalytic
degradation performance of the PANI/Ag/Ag;PO, composite
is closely related to the weight percent of PANI in the
composite. The 20 wt % PANI/Ag/Ag;PO, composite
possesses the optimal photocatalytic degradation efficiency
and only 5 min is needed to degrade more than 95% RhB dye.
However, overmuch PANI will decrease the light absorption
intensity of Ag;PO,, thus decreasing its photocatalytic
degradation ability. The promotion of both the photocatalytic
degradation performance and the photocatalytic stability of
Ag;PO, after introducing PANI into the PANI/Ag/Ag;PO,
composite are mainly due to the formation of the
heterojunction electric field at the interface of Ag;PO, and
PANIL On one hand, the separation efficiency of the
photogenerated electron—hole pairs and the lifetime of the
photogenerated electrons are dramatically increased due to the
formation of the heterojunction electric field at the interface of
Ag;PO, and PANIL On the other hand, the photogenerated
holes produced by Ag;PO, are swiftly transferred to PANI
under the formed electric field at the interface of Ag;PO, and
PANI and therefore effectively slowing down the photo-
corrosion of Ag;PO,.
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