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Phosphate (PO?[) modification of semiconductor photocatalysts such as TiO», C3Na,
BiVO4, and etc. has been shown positive effect on the enhancement of photocatalytic
performance. In the present study, we demonstrate a novel one-pot surface modification
route on AgzPQO,4 photocatalyst by ammonium phosphate [(NH4)3PO4], which combines
POE* modification with ammonium (NHZ{) etching to show multiple effects on the
structural variation of AgsPO4 samples. The modified AgsPO,4 photocatalysts exhibit
much higher photocatalytic performance than bare AgzPO4 for the degradation of
organic dye solutions under visible light irradiation. It is indicated that the NHZ{ etching
favors the surface transition from AgsPO4 to metallic Ag nanoparticles, resulting in the
fast capture of photogenerated electrons and the followed generation of O; radicals.
The strongly adsorbed PO?[ on the AgzPOg4 surfaces can further provide more negative
electrostatic field, which improves the separation of photogenerated electron-hole pairs
by inducing the holes to directly flow to the surface and then enhances the formation
of reactive -OH radicals. Furthermore, the photocatalytic performance of the modified
AgsPO4 photocatalysts can be optimized by monitoring the concentration of (NH4)3PO4
thatis 1 mM.

Keywords: ammonium phosphate, surface modification, Ag;PO4, metallic Ag, reactive species

INTRODUCTION

In recent years, photocatalytic technology has received widespread attention in wastewater
treatment and energy development. At present, although titanium dioxide is the most widely used
photocatalyst, the wide band energy, and the recombination of the photogenerated electron-hole
limit its application (Asahi et al, 2001; Yan et al.,, 2014a; Qi et al, 2016, 2018). Many new
semiconductor materials have then developed in recent years, such as ZnO (Qi et al., 2017), CdS
(Jing and Guo, 2006; Dai et al., 2018), WOs3 (Liu et al,, 2019), AgzWO,4 (Macedo et al., 2018),
BiVO4 (Wang et al,, 2018, 2019; Song et al., 2019), AgCl (Han et al., 2011), C3N4 (Guo et al,
2019; Huo et al,, 2019; Qi et al.,, 2019), etc. In 2010, Yi et al. (2010) reported that AgzPOy4 has
noticeable absorption in the UV-visible spectral range, which can utilize visible light to oxidize
water to produce oxygen and degrade organic contaminants to purify water resources. However, the
photo-corrosion phenomenon and the low photocatalytic efficiency due to the fast recombination
of photogenerated carriers restrict the wide application of Agz3PO, (Martin etal,, 2015).
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Accordingly, several attempts have been proposed to enhance
its photocatalytic activity and improve the photostability with
some success, such as morphology and/or size control (Dong
et al,, 2013, 2014; Li et al.,, 2014; Krungchanuchat et al., 2017),
metal deposition (Liu et al., 2012; Yan et al., 2014b; Lin et al.,
2019), coupling with other semiconductors to form Z-scheme
heterostructures (Chen et al., 2017; Wang et al., 2017; Li et al,,
2019; Zhang et al., 2019).

Surface modification can be an alternative route to boost
the photocatalytic performance by changing the charge transfer
pathways that typically take place at the surfaces of photocatalysts
(Zhao et al., 2008; Li et al, 2015). Many researchers have
been reported that anions such as F~, POi_, and SOi_
can greatly change the interfacial and surface chemistry of
pristine photocatalysts like TiO,, BiPOy4, Fe;Osz, C3Ny, etc.
and enhance the photocatalytic performance (Park and Choi,
2004; Mohapatra and Parida, 2006; Kim and Choi, 2007; Korosi
et al, 2007; Parida et al., 2008). Among them, PO~ anions
(phosphate) are known to exhibit a strong ability to adsorb
onto the surfaces of semiconductor photocatalysts by substituting
surface hydroxyl groups. Jing et al. have demonstrated that
the photocatalytic activity for water oxidation over phosphate-
modified TiO, was notably improved because the negative
charges on the TiO, surface resulting from the phosphate
groups (-Ti-O-P-O7) promoted the charge separation (Jing
et al., 2012a,b). The surface phosphate modification can also
significantly enhance the reactive oxygen species and therefore
prolong the photogenerated charge carrier lifetime and improve
the separation efficiency (Liu et al, 2014; Min et al, 2014).
For instance, Li and co-workers have demonstrated that the
surface hydroxyl concentration of the phosphate-modified BiPOy
samples is increased and responsible for the generation of more
hydroxyl radicals to participate in the methylene orange (MO)
degradation. As the aforementioned, AgzPO4 photocatalyst
suffers from serious photo corrosion issues due to the reduction
of AgzPOy4 into metallic Ag by photogenerated electrons. The
metallic Ag nanoparticles can also be formed by the reaction
of Ag"™ in Ag3PO4 with the thermally excited electrons along
with the creation of structural defects (oxygen and/or silver
vacancies) during the thermal annealing process (Yan et al,
2016). Our recent work further showed that the composition
and morphology of AgzPO4 can be tuned using ammonia
solution etching, which mentions that the strong interaction
between surface Ag atoms and ammonia aroused that the
surface Ag atoms spontaneous dissolution, resulting in the face-
selective etching over AgzPO4 dodecahedron and the formation
of Ag/Agz;POy4 photocatalyst (Zhai et al., 2016). Inspiration by
the promotion effect of surface modification on the reported
photocatalysts and the structural instability of AgzPOy, it is
expected that the simultaneous modification by phosphate and
ammonia etching on AgzPOy4 could alter its structure and induce
positive effects on the photogenerated charge separation and the
reactive species.

In this work, we developed a one-pot surface modification
route by using ammonium phosphate [(NH4)3PO4] to achieve
the multiple promotion effects on structural variation and
photocatalytic performance of AgzPOy4. The pristine AgzPOy
was synthesized by the precipitation method and modified

by a general immersion process in different concentrations of
(NH4)3POy4 solutions, followed by a thermal annealing process.
The chemical etching occurs on the surface of Ag3PO4 and
induces the formation of Ag’ nanoparticles due to the strong
coordination interaction between Ag® and NH/ ion, which
can act as electrons acceptors to promote the separation of
charge carriers and favor the formation of reactive O}~ species.
Meanwhile, the enrichment in the negative electrostatic field
formed by the surface bounded PO, is favorable for the
selective adsorption of cationic dyes, the fast transfer of holes
to surfaces and the formation of -OH radicals. Accordingly, the
multiple effect of surface modification of Agz3PO4 by (NH4)3POy4
contributes to the enhanced photocatalytic activity and stability
toward organic dye solutions.

EXPERIMENTAL

Preparation of Ag;P0O4 and Ammonium
Phosphate-Modified AgsPO4 Samples

All the involved chemicals were purchased from the Shanghai
reagent company and used without further purification. Pure
AgzPOy was prepared by the reported precipitation method
at room temperature (Yan et al, 2014c). 0.3g of the as-
prepared AgzPO4 samples were put into the aqueous ammonium
phosphate solution (50mL) with different concentrations
(0.5mM, 1 mM, 5mM, 10 mM), and the suspension was stirred
for 5h to allow the adsorption and chemical modification on the
surface. The ammonium phosphate-modified AgzPO4 samples
were collected by centrifugation and dried in an oven at 60°C,
followed by the thermal annealing in air at 300°C for 3h in
a muffle furnace. The corresponding products were denoted as
0.5P-AP, 1P-AP, 5P-AP, and 10P-AP, respectively. As a reference,
the bare AgzPO4 was also annealed in air at 300°C for 3h and
denoted as AP.

Characterizations

X-ray diffraction patterns (XRD) were collected on a Rigaku
MinFlex IT equipped with Cu K irradiation (A = 0.15406 nm).
Raman spectra of the samples were recorded on a Renishaw
Invia Raman microscope. The morphology of the samples was
investigated with a field emission scanning electron microscope
(FE-SEM) (JEM-2100). X-ray photoelectron spectroscopy (XPS)
analysis was conducted on an ESCALAB 250 photoelectron
spectroscopy (Thermo Fisher Scientific) at 3.0 x 10'° mbar
with monochromatic Al K radiation (E = 1,486.2¢eV). Fourier
transform infrared spectroscopy (FTIR) analysis was carried
out by a Nicolet NeXUS 470. UV-visible diffuse reflectance
spectra (DRS) of the powders were performed on a Cary 500
Scan Spectrophotometer (Varian, USA) over a range of 200-
800 nm, with BaSOy4 as a reflectance standard. The Brunauer-
Emmett-Teller (BET) surface area test was performed on an Auto
Chem II surface area analyzer. The charge on the surface (Zeta)
of the sample particles in the aqueous solution (pH = 7) is
determined by a Nano ZS ZEN3600-type particle size analyzer.
The photoluminescence (PL) spectra were obtained by using
an F-4600 Fluorescence spectrophotometer with an excitation
wavelength of 380 nm. Photoelectrochemical measurements were
measured using the Chi660D electrochemical work station and
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a 300 W Xe lamp equipped with cutoff filters (400 nm <X <
800 nm) as light source. The photocurrent response was detected
on an electrochemical workstation (CHI660E, China) using
a standard three-electrode cell with a working electrode (as-
prepared photocatalyst), a platinum wire as a counter electrode,
and an AgCl electrode as a reference electrode in Na;SO4 solution
(0.1 M). All electrochemical potentials are reported vs. NHE.

Photocatalytic Activity Test

Photocatalytic process were executed in an aqueous solution at
room temperature. A 300W Xe lamp equipped with cutoff filters
(400nm < A < 800 nm) was employed as the irradiation source.
Typically, 80 mg specimen as the photocatalyst was dispersed
into 80 mL of methyl orange (MO) solution (10 ppm). The
suspension was kept stirring in dark condition for 30 min by
a blender to establish an adsorption-desorption equilibrium
between photocatalyst and MO molecules. Three milliliter of
the suspension sample was taken at regular intervals during
the process of irradiation and remove the photocatalysts by
centrifugation. The residual concentration of the MO dye was
detected by the UV-Vis spectrophotometer. The degradation rate
is expressed as C/Cy, where Cy is the initial concentration of dye,
and C represents the corresponding concentration at a certain
time interval. The photocatalytic performance of bare AgzPOy4
and modified AgzPO4 was also estimated by the decomposing
dye of rhodamine B (RhB) and methylene blue (MB) under the
same condition. Stability is an important and essential property
of the photocatalyst, after each catalytic reaction, the final
suspension was centrifuged and the solids photocatalyst obtained
by centrifugation were washed by water several times and dried at
60°C to obtain a regenerated catalyst which was used to catalyze
a new dye solution under the same photocatalytic process.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the as-prepared AgzPOy4
and the ammonium phosphate-modified AgzPO4 samples. All
the XRD patterns of bare AgzPO4 (AP) can be readily indexed

to body-centered cubic structure Agz;PO4 (JCPDS no. 06-
0505) (Zhang et al, 2014). The intense and sharp XRD
diffraction peaks suggest the bare AgzPOy is highly crystallized.
Upon surface modification with ammonium phosphate, the
main cubic structure of the modified samples has remained.
However, as compared to bare AP, the diffraction peaks of the
modified samples show a gradual left shift with increasing the
concentration of ammonium phosphate solution. Our previous
studies have shown that the surface Ag atoms are easily dissolved
from the silver-contained compound after ammonia etching,
due to the strong coordination interaction between Agt and
NHj driving the formation of Ag(NH3);' complex ions (Zhai
et al., 2016), which would arouse the structural condensation
and reset of AgzPOy cells and thereby the separation of interior
Ag atoms out from the Agz;POy supercell, responsible to the
formation of metallic Ag nanoparticles. In the present study,
it is noted that a new diffraction peak appeared at 38.1°
in the modified samples (1P-AP, 5P-AP, and 10P-AP) which
assigned to (111) plane of Ag0 (JCPDS no. 65-2871). Thus,
ammonium phosphate can function as a chemical etchant in
favoring the formation of new Ag/Ag;POy solid surfaces with
distinct structure and composition for AgzPOy. The structural
variation of AgzPO4 upon ammonium phosphate modification
is further investigated by Raman spectra (Figure S1). For bare
AP, the weak peak at 71 cm™! can be attributed to the external
translational and rotational modes associated with the [PO4]
group (Costa et al.,, 2018), while the strong peak at 909 cm™! is
assigned to the POi_ symmetric stretching vibration (Sharma
et al, 2017). The intensity of these two peaks shows obvious
increase after ammonium phosphate modification especially at
high concentration, suggesting the strong chemical interaction
between ammonium phosphate and AgzPOy particles.

The morphology of the Agz3PO4 samples before and after
surface modification was investigated by SEM (Figure 2). We
can observe that the bare Ag3POy is assembled from a plurality
of irregular sphere-like particles with obvious fracture surface
and several micrometers in size. Meanwhile, many inter-crossed
aggregates with a size of ca. 150 nm are observed on the smooth
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FIGURE 1 | XRD patterns of AgsPO4 and ammonium phosphate-modified AgsPO4 samples.

l T
35 36 38 40 42

2 Theta (deg.) 2 Theta (deg.)

Frontiers in Chemistry | www.frontiersin.org

December 2019 | Volume 7 | Article 866


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liu et al. Ammonium Phosphate Modification of AgsPO4

FIGURE 2 | SEM images of bare AgsPO, (a1,a2) and ammonium phosphate-modified AgsPO4 samples: 0.5P-AP (b1,b2), 1P-AP (c1,c2), 5P-AP (d1,d2), and
10P-AP (e1,e2).
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surfaces of sintered AgzPOy particles. These aggregates can be
attributed to the formation of Ag® by thermal decomposition of
Ag3POy4 during thermal annealing (Yan et al., 2016, 2017). As for
the modified Agz3PO4 samples, it is obvious that the morphology
and the smooth surface of AgzPOy crystals are kept original
while the size and distribution of Ag nanoparticles are quite
different. When the concentration of ammonium phosphate is
0.5mM, the size of the Ag nanoparticles decreases markedly
and their distribution improves greatly as compared to that on
bare Ag3POy. This should be due to the strong mutual effect
between NH; and Ag™ on the surface and the continuous out-
diffusion of Ag nanoparticles. With increasing the concentration
of ammonium phosphate to 1 mM, the chemical etching of
surface Ag™ is proceeded, resulting in the formation of nearly
monodispersed Ag nanoparticles which have a diameter around
60 nm instead of aggregates on the AgzPOy, surfaces. The higher
concentration of ammonium phosphate (5 and 10 mM) further
promotes the formation of Ag nanoparticles but with particle
growth into ca. 200 nm. The surface modification results in a
slight decrease in BET surface area for the as-obtained AgzPOy4
samples (for example, 3.6 m?> g~! for AP and 3.0 m? g~! for
1P-AP) (Table S1) which might be due to the cover of Ag’
nanoparticles on the surface of AgzPOy crystals.

XPS spectra were shown in Figure3 which invested the
surface compositions and chemical states of Ag;PO, after
modified by ammonium phosphate. Figure 3A show that the
samples before and after ammonium phosphate modification are
mainly composed of Ag, O, and P elements. The high-resolution
XPS spectrum of Ag3d (Figure 3B) indicates two characteristic
peaks corresponding to Ag 3ds, and Ag 3d3/;. The peaks of

Ag 3d3/, and Ag 3ds/, can be further divided into two different
peaks at 374.6, 374.08 eV and 368.6, 368.05 eV, respectively. The
peaks at 374.6 and 368.6eV can be ascribed Ag’, while the
peaks at 374.08 and 368.05eV are associated with Ag' ions
(Ma et al,, 2014; Mao et al,, 2018). The calculated percentage
composition of Ag® for AP and 1P-AP samples is 2.06 and
4.61%, respectively, which indicates that surface modification
promotes the decomposition of Ag3POj into metallic Ag, in good
agreement with the XRD and SEM results. The O 1s core level
XPS spectra (Figure 3C) could be matched into two peaks at
530.6 and 532.2 eV, which can be assigned to oxides (O ) and
hydroxyl groups (OH), respectively (Dai et al., 2011; Teng et al,,
2013). It is noted that the concentration of surface OH of 1P-AP
sample increases significantly after surface modification, which
could be attributed to the strong dissociation of H,O and binding
affinity of phosphate on the Ag3POy surface (Chong et al., 2016).
The P 2p in both samples (Figure 3D) is located at 132.5¢V,
confirming the valence state of P> in PO, (Wang et al., 2013;
Zhang et al., 2019). From the XPS results, we can determine the
actual content of (NH4)3POy in the 10P-AP sample to be 10.1%,
quite consistent with the theoretical value (10.0%) (Table S2).
All these results prove that ammonium phosphate modification
promotes the formation of Ag/Ag3;POy heterostructures and the
strong adsorption of NH, and POi_ species on the surface of
the samples.

The strong interaction of phosphate on AgzPO4 surface can
be supported by FTIR. As shown in Figure 4A, the vibration
peaks at 556 and 1,020 cm ™! can be assigned to the asymmetrical
and symmetrical stretching of PO; ™~ (Xie et al., 2015; Cruz et al.,
2019) while a broad absorption band centered at 1,428 cm™! is
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assigned to the synergistic effect of P-O stretching vibration and
POi_ symmetric stretching vibrations (Liang et al., 2012). The
intensity of all these peaks is gradually enhanced by increasing the
concentration of ammonium phosphate, suggesting the strong
binding affinity of PO; ™ to the Ag;POy surfaces. Moreover, the
peak at 3,440 cm™! that is related to the hydroxyl stretching
vibration is also enhanced upon surface modification. However,
when the concentration of ammonium phosphate is too high to
10 mM, the hydroxyl stretching vibration shows a slight decrease
in intensity, which might be because more PO?{ are strongly
adsorbed onto the surfaces of AgzPO,4 by substituting surface
hydroxyl groups (Xie et al., 2015). As expected, the strong binding
affinity of POi_ and hydroxyl groups to the Ag3POy surfaces
would induce the surface negative electrostatic filed of the as-
obtained samples. Figure 4B depicts the Zeta potential of AP and
1P-AP samples in solutions at pH = 7. It is obvious that the
Zeta potential for 1P-AP is —29.78 mV, more negative than that
of bare AP (—21.34mV). The increased surface-carried negative
charge of AgzPOy after surface modification may improve the
selective adsorption of cationic dye and accelerate the migrate of
photogenerated holes to the surface, responsible to the obvious
enhancement of photocatalytic activity.

The UV-Vis DRS spectra of bare AgzPO4 and the modified
AgzPOy4 samples are shown in Figure 5A. We can observe that
the bare Ag3POy exhibits the broad solar light absorption in the
wavelength range of <530 nm, and the corresponding band gap

energy is 2.48 eV. Surface modification has slightly enhanced the
absorption in the UV-Vis spectral range but does not induce
the change of band gap energy as well as the sample color
(Figure S2). Moreover, it is observed that the modified samples
show increasing light absorption intensity in the range of 530-
800 nm, which can be due to the plasmonic effect of newly formed
Ag nanoparticles on the AgzPOy surfaces (Shen et al., 2018). The
room-temperature PL spectra of the related samples are further
shown in Figure 5B. All the samples display a strong emission
peak located at around 560 nm, which can be considered as
a result of the recombination of photogenerated electrons and
holes of Agz3PO4 (Tian et al, 2017). It is interesting to note
that the overall emission intensity of the modified samples is
significantly decreased, especially for the 1P-AP sample. This
indicates that the recombination of photogenerated carriers is
effectively inhibited by surface modification because the newly
generated Ag nanoparticles would act as electrons capture
and the bounded PO?[ and hydroxyl groups provide negative
electrostatic filed in favoring the transfer of holes, conducing to
boost photocatalytic activity.

The photocatalytic performance of bare AgzPO4 and the
modified AgzPO4 photocatalysts were initially evaluated by
decomposing MO dye which as a model pollutant in solution
under visible light irradiation. As shown in Figure 6A, all
the as-obtained Agz;PO4 samples before and after surface
modification have almost no adsorption on the anionic dye
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MO, which might be because of the low BET surface
area and the surface-carried negative charge of the samples.
Bare AgzPOy (AP) could degrade MO into small molecules
attributed to its high oxidation capacity; almost 35% of MO
is decolorized within 120 min under light illumination. As
compared, the photocatalytic performance of the modified
Ag3zPO4 was improved significantly and was highly dependent
on the concentration of ammonium phosphate. Among them,
the 1P-AP sample showed the highest activity and could degrade

almost 95% of MO within the same reaction period. Moreover,
it was found that the photodegradation curves of MO dye were
fitted by pseudo-first-order reaction kinetics. Figure 6B gives
the corresponding rate constant of various samples. Clearly,
the modified samples exhibited much higher rates than the
bare Ag3;PO4 while the 1P-AP sample had the highest rate
constant, about 5 times that of the AP sample. In view of the
improved photocatalytic performance of Agz;POy after surface
modification, we extended the test for the other two cationic
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dyes MB and RhB (Figures 6C,D). As expected, bare AgzPOy
had visible adsorption for these two dyes and the modified
samples exhibited enhanced adsorption because of the more
negative electrostatic field provided by phosphate modification.
In addition, the modified 1P-AP sample showed much higher
degradation for both MB and RhB than AP, suggesting the
alternative route to boost the photocatalytic performance of
Ag3POy4 by surface modification.

In addition to the photocatalytic activity, the modified
Ag3zPO4 samples also displayed improved activity stability with
respect to the bare sample. As shown in Figure 6E, after
three cycles, the photocatalytic activity of AP was reduced
by 30% while 1P-AP did not show any significant loss
of photocatalytic activity for the degradation of MB. The
excellent photocatalytic stability of 1P-AP sample can be
attributed to the formation of Ag/AgzPO, heterostructures
during the continuous photocatalytic experiments, as evidenced
by the XRD and SEM characterizations of the used catalysts
(Figures S3, S4). In particular, the modification of AgzPOy
with (NH4)3POy4 can remarkably inhibit the decomposition of
Ag3POy into metallic Ag, resulting in the highly active and stable
Ag/Ag3POy heterostructures.

According to what we have observed and discussed above, the
enhanced photocatalytic performance of AgzPO4 photocatalyst
after surface modification can be mainly attributed to the
newly formed Ag nanoparticles and the strongly bounded
POZ_ groups, rather than the effects of particle size and
surface area. Many researchers have reported that the usually
formed Ag® nanoparticles distributed on the surface of Ag-based
photocatalysts can function as electron acceptors to accelerate
the charge segregation due to the high Schottky barrier at the
interface of metal/semiconductor, inducing efficient interfacial
charge transfer (Yan et al, 2014b). It is also indicated that
the phosphate modification could promote the transfer of
photogenerated holes to the surface of photocatalysts driven
by the negative electrostatic field, leading to an improved
charge separation (Xie et al., 2015). Accordingly, the synergetic
effect of Ag nanoparticles and surface negative electrostatic
field makes separation of charge carriers more efficient and
inhibits their recombination. Thus, the transient photocurrent
and electrochemical impedance tests were investigated to prove

that (Figures 7A,B). As expected, the ammonium phosphate-
modified sample shows a larger photocurrent and a smaller
curvature radius of impedance than the bare Ag;PO4. These
results are also consistent with the above-mentioned PL spectra
(Figure 5B), in which the modified samples show a lower
emission peak than the bare sample, and the 1P-AP sample
exhibits the lowest PL emission peak.

On the other hand, it is suggested that the surface modification
by phosphate offers an attractive advantage to integrate with
complex surface topologies, contribute to the forming of reactive
oxygen substance (Zhong and Gamelin, 2010; Seabold and Choi,
2011; Zhong et al., 2011). As a consequence, it is necessary to
probe the main active substance during photocatalysis on the
Ag3zPOy photocatalysts to disclose the improved photocatalytic
performance. We can observe that the decomposition efficiency
of MB over bare AgzPO, after adding various scavengers
(Figure 8A). The addition of benzoquinone (BQ) and oxalic
acid ammonia (AO) significantly restrained the photocatalytic
performance of bare Ag3POy, which indicates that O}~ and ht
are the main active species over bare Agz3POy in photocatalysis,
consistent with the reported results (Yan et al, 2014b; Zhai
et al, 2016). As compared, it is observed from Figure 8B
that the degradation of MB by the modified Ag3POy after
BQ and AO addition is also significantly restrained, indicating
that O;" and h' are also the main active substances of
modified AgzPO4; meanwhile, the degradation activity was
also inhibited after the addition of tertbutyl alcohol (TBA),
indicating that -OH can also serve as active species in 1P-
AP. It should be noticed that the 1P-AP sample suffered
more suppression by the addition of BQ than AP, suggesting
the more contribution of O in 1P-AP by the increased
amount of metallic Ag nanoparticle. The presence of O}
radicals can be confirmed by a nitroblue tetrazolium (NBT)
probe method (Yan et al., 2015). As shown in Figure 8C,
the characteristic peak at 259nm shows a gradual decrease
in intensity with prolonging irradiation time, suggesting the
reaction between NBT and O} radicals, indirectly evidencing
the presence of O} radicals. In particular, under the same
conditions, 1P-AP can produce more O, radicals than AP
sample (Figure 8D), coinciding with the activity trend and
the results of BQ quenching. Moreover, driven by the strong

—AP
——1P-AP

H o>
o
=

0.05

Current density (A/cm

0.00 T T
200 300

Time (s)

T
0 100 400

FIGURE 7 | (A) Transient photocurrent response curves and (B) electrochemical impedance spectra of AP and 1P-AP.

B 400
= AP
. LI I e 1P-AP
300 . -
- -
_— -, -
-
E o) " .
s . .
2 = .
N . "a
1004 ™
N
0 . . . .
0 200 400 600 800 1000
Z' (ohm)

Frontiers in Chemistry | www.frontiersin.org

December 2019 | Volume 7 | Article 866


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liu et al.

Ammonium Phosphate Modification of AgzPO4

AP

N @ N
(=S S =}
! 1 !

Degradation efficiency (%)

=)
!

No quencher AO BQ TBA

—— Omin
—— 20min
40min
——60min
80min
—— 100min
120min

204

Absorbance

T T T T T
200 240 280 320 360 400
Wavelength (nm)

Intensity (arb. units)

T
350 400 450 500 550
Wavelength (nm)

FIGURE 8 | (A) Effects of capture on the decomposing rate of AP and (B) 1P-AP (in 90 min of irradiation) for MB. (C) UV-Vis absorption spectra of NBT under visible
light irradiation in 1P-AP composite suspension, and (D) the plots of the induced absorbance at 249 nm with illumination time on AP and 1P-AP. (E) -OH-capturing PL
spectra of (hex = 312Nnm) of 1P-AP, and (F) the plots of the induced PL intensity at 426 nm with illumination time on AP and 1P-AP.

B 100
= 1P-AP
S 80
>
o
c
o
‘© 60
=
o
s
= 40
]
°
s
g 20
[=]
04
No quencher AO BQ TBA
D
1.04 =,
x'\-\
. e 5.
]
08 RN
\.
o o8 \o
S 4
\.
\.
0.4
—u—AP
—e— 1P-AP
02-— T T T T T T
0 20 40 60 80 100 120
Time (min)
F
—=— AP
—e— 1P-AP
g
<
E]
g8
2
s
2
w
c
2
£
T T T T T
30 45 60 75 90
Time (min)

bound ability of POZ_ and the induced negative electrostatic
field, photogenerated holes would migrate to the surface of
1P-AP and react with hydroxyl groups to form -OH. The
increased reactive -+OH can be further supported by the measure
of photoluminescence technique with terephthalic acid (PL-
TA). The results in Figure 8E indicates that a significant
PL emission peak located at around 426nm is observed,
which is monotonously increased against the irradiation time,
evidencing the formation of -OH radicals in the photocatalysis.
As shown in Figure 8F, under the same irradiation time, the
1P-AP sample displays much higher PL intensity than AP,
demonstrating the high amount of generated -OH radicals on the
modified photocatalyst. As a consequence, surface modification
of Ag3zPO4 favors the efficient charge of photogenerated
electrons and holes to Ag nanoparticles and bounded OH
groups, respectively, facilitating more charge carriers to produce

various reactive oxygen substance and participation in the
photocatalysis (Figure 9).

The photocatalytic activity of modified AgzPO4 is also
dependent on the concentration of ammonium phosphate,
which has an obvious effect on the size and distribution of
Ag nanoparticles as well as the anion groups bounded on the
Ag3zPOy surfaces. For example, at a moderate concentration
(ImM), the nearly monodispersed Ag nanoparticles with
small size construct a good heterostructure interface with
Ag3POy, accelerating the transfer of electron-hole pairs
and producing highly reactive O ; while the surface
modification at high concentration (10mM) would induce
more Ag nanoparticles but they are highly aggregated and
grow into larger particles, therefore contribute to a negative
effect on the photocatalytic activity. At the same time, the
more adsorbed POi_ would also substitute the surface

Frontiers in Chemistry | www.frontiersin.org

December 2019 | Volume 7 | Article 866


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liu et al. Ammonium Phosphate Modification of AgzPO4

Surface
) E—
modification eo/o
o . h * (
+ht ht ht \ V,_O\‘“\ +hththt— =2
h*h*h*h ,o\-‘ h*h*h*h O
o) 6 Q%
. / O
@ Ag nanoparticles Of\o\ﬁ\o

H,0/0H

FIGURE 9 | The effect of surface modification on the photocatalytic mechanism of AgzPOj.

OH groups, possibly reducing the chance of direct holes  enhance the selective adsorption of cationic dye, and increase the

reacting with surface hydroxyl groups to generate reactive  concentration of reactive oxygen species. This work provides an

-OH radicals. alternative route to boost the photocatalytic activity of AgzPOy
To further distinguish the single role of NH} and PO~  and can spread to design and fabricate other potential Ag-based

in promotion of photocatalytic performance of Ag3POy, two  photocatalytic materials.

control catalysts that were modified with NH4NOj3 and NazPOy,

and followed by the thermal treatment process were prepared DATA AVAILABILITY STATEMENT

and denoted as INH4NO3-AP and 1Na3PO4-AP, respectively.

As shown from the XRD results (Figure S5), the (210) peak of  The datasets generated for this study are available on request to

INH4NO;3-AP displays a left shift as compared with bare AP,  the corresponding author.

indicating the separation of silver ions from the crystal lattice

driven by the strong coordination of NH, in good agreement AUTHOR CONTRIBUTIONS

with the results of ammonium etching (Zhai et al.,, 2016). In

the case of 1Na3PO4-AP, there is no obvious change in the QL and ZQ conducted the catalysts preparation. QL, LW, and

XRD peaks as compared with bare AP, but the photocatalytic =~ SZ performed the activity test. NL, Z], and WL discussed the

activity increased obviously (Figure S6), which indicates the =~ mechanism part. QL, NL, and TY conceived the project and

positive effect of PO] . Moreover, we can observe that the activity ~ co-wrote the manuscript. The manuscript was written through

trend follows the order of 1(NH,4)3PO4-AP > 1Na3PO4-AP ~  collective contributions from all authors. All authors approved

INH4NO3-AP > bare Ag3POy, strongly supporting the multiple  the final version of the manuscript.

roles of ammonium phosphate in promotion the photocatalytic

performance of Ag3POy. ACKNOWLEDGMENTS

CONCLUSION This work was supported by the National Natural Science
Foundation of China (21872081), Natural Science Foundation

We have developed a one-pot surface modification route of Shandong Province (ZR2016BM04), and China Postdoctoral

by using ammonium phosphate solutions to improve the  Science Foundation (2015M572011 and 2017T100494).

photocatalytic performance of AgzPO4. It was found that

ammonium phosphate plays the multiple promotion roless SUPPLEMENTARY MATERIAL

in favoring the formation of metallic Ag nanoparticles and

providing the negative electrostatic field on the surface  The Supplementary Material for this article can be found

of AgzPO4 photocatalysts, which consequently promote the online at: https://www.frontiersin.org/articles/10.3389/fchem.

separation efficiency of photoinduced electron-hole pairs,  2019.00866/full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org 10 December 2019 | Volume 7 | Article 866


https://www.frontiersin.org/articles/10.3389/fchem.2019.00866/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liu et al.

Ammonium Phosphate Modification of AgzPO4

REFERENCES

Asahi, R., Morikawa, T., Ohwaki, T., Aoki, K., and Taga, Y. (2001). Visible-
light photocatalysis in nitrogen-doped titanium oxides. Science 293, 269-271.
doi: 10.1126/science.1061051

Chen, F., Yang, Q. Li, X. M., Zeng, G. M., Wang, D. B, Niu, C. G, et al.
(2017). Hierarchical assembly of graphene-bridged Ag3PO4/Ag/BiVO, (040)
Z-scheme photocatalyst: an efficient, sustainable and heterogeneous catalyst
with enhanced visible-light photoactivity towards tetracycline degradation
under visible light irradiation. Appl. Catal. B Environ. 200, 330-342.
doi: 10.1016/j.apcatb.2016.07.021

Chong, R. F,, Cheng, X. X., Wang, B. Y,, Li, D. L., Chang, Z. X,, and Zhang, L.
(2016). Enhanced photocatalytic activity of Agz3PO4 for oxygen evolution and
Methylene blue degeneration: effect of calcination temperature. Int. J. Hydrogen
Energy 41, 2575-2582. doi: 10.1016/j.ijhydene.2015.12.061

Costa, T. M. S., Lima, M. S., Cruz, J. F,, Silva, L. ], Santos, R. S., and Luz, G. E.
(2018). Synthesis, characterization, and photocatalytic activity of AgsPO4/SBA-
15 in ciprofloxacin degradation under polychromatic irradiation. J Photoch.
Photobio. A 364, 461-471. doi: 10.1016/j.jphotochem.2018.06.039

Cruz, J. F.,, Costa, T. M. S., Lima, M. S., Silva, L. J., Santos, R. S., Cavalcante,
L. S, et al. (2019). Effect of different synthesis methods on the morphology,
optical behavior, and superior photocatalytic performances of AgzPOy4 sub-
microcrystals using white-light-emitting diodes. J. Photoch. Photobio. A 377,
14-25. doi: 10.1016/j.jphotochem.2019.03.031

Dai, G. P,, Yu, J. G, and Liu, G. (2011). Synthesis and enhanced visible-light
photoelectrocatalytic activity of p-n junction BiOI/TiO, nanotube arrays. J.
Phys. Chem. C 115, 7339-7346. doi: 10.1021/jp200788n

Dai, K., Ly, J. L., Zhang, J. F.,, Zhu, G. P., Geng, L., and Liang, C. H. (2018).
Efficient visible-light-driven splitting of water into hydrogen over surface-
fluorinated anatase TiO, nanosheets with exposed {001} facets/layered CdS-
diethylenetriamine nanobelts. ACS Sustain. Chem. Eng. 6, 12817-12826.
doi: 10.1021/acssuschemeng.8b02064

Dong, L. H., Wang, P., Wang, S., Lei, P. H., and Wang, Y. J. (2014). A simple
way for Ag3POy tetrahedron and tetrapod microcrystals with high visible-light-
responsive activity. Mater. Lett. 134, 158-161. doi: 10.1016/j.matlet.2014.07.094

Dong, P. Y., Wang, Y. H,, Li, H. H,, Li, H., Ma, X. L., and Han, L. L. (2013). Shape-
controllable synthesis and morphology-dependent photocatalytic properties of
Ag3POy crystals. J. Mater. Chem. A 1, 4651-4656. doi: 10.1039/c3ta00130j

Guo, F., Li, M., Ren, H., Huang, X., Shu, K., Shi, W,, et al. (2019). Facile
bottom-up preparation of Cl-doped porous g-C3N4 nanosheets for enhanced
photocatalytic degradation of tetracycline under visible light. Sep. Purif.
Technol. 228:115770. doi: 10.1016/j.seppur.2019.115770

Han, L., Wang, P., Zhu, C., Zhai, Y., and Dong, S. (2011). Facile solvothermal
synthesis of cube-like Ag@AgCl: a highly efficient visible light photocatalyst.
Nanoscale 3,2931-2935. doi: 10.1039/c1nr10247h

Huo, Y., Zhang, J. F.,, Dai, K, Li, Q,, Ly, J. L., Zhu, G. P, et al. (2019). All-solid-state
artificial Z-scheme porous g-C3N4/Sn;S3-DETA heterostructure photocatalyst
with enhanced performance in photocatalytic CO, reduction. Appl. Catal. B
Environ. 241, 528-538. doi: 10.1016/j.apcatb.2018.09.073

Jing, D., and Guo, L. (2006). A novel method for the preparation of a highly
stable and active CdS photocatalyst with a special surface nanostructure. J. Phys.
Chem. B 110, 11139-11145. doi: 10.1021/jp060905k

Jing, L. Q., Cao, Y., Cui, H. Q., Durrant, J. R,, Tang, ]. W., Liu, D. N., et al. (2012b).
Acceleration effects of phosphate modification on the decay dynamics of photo-
generated electrons of TiO, and its photocatalytic activity. Chem. Commun. 48,
10775-10777. doi: 10.1039/c2cc34973f

Jing, L. Q., Zhou, J., Durrant, J. R, Tang, J]. W,, Liu, D. N,, and Fu, H. G. (2012a).
Dynamics of photogenerated charges in the phosphate modified TiO, and the
enhanced activity for photoelectrochemical water splitting. Energ. Environ. Sci.
5,6552-6558. doi: 10.1039/c2ee03383f

Kim, H., and Choi, W. (2007). Effects of surface fluorination of TiO, on
photocatalytic oxidation of gaseous acetaldehyde. Appl. Catal. B Environ. 69,
127-132. doi: 10.1016/j.apcatb.2006.06.011

Korosi, L., Papp, S., Bertoti, I, and Dekany, I. (2007). Surface and bulk
composition, structure, and photocatalytic activity of phosphate-modified
TiO,. Chem. Mater. 19, 4811-4819. doi: 10.1021/cm070692r

Krungchanuchat, S., Ekthammathat, N., Phuruangrat, A., Thongtem, S., and
Thongtem, T. (2017). High UV-visible photocatalytic activity of AgzPOy

dodecahedral particles synthesized by a simple hydrothermal method. Mater.
Lett. 201, 58-61. doi: 10.1016/j.matlet.2017.04.131

Li, X. Z, Wu, K. L., Dong, C., Xia, S. H.,, Ye, Y., and Wei, X. W. (2014).
Size-controlled synthesis of AgsPO4 nanorods and their high-performance
photocatalysis for dye degradation under visible-light irradiation. Mater. Lett.
130, 97-100. doi: 10.1016/j.matlet.2014.05.069

Li, Y., Wang, Y. W., Huang, Y., Cao, J. J., Ho, W. K,, Lee, S. C,, et al. (2015).
Controllable synthesis of phosphate-modified BiPO4 nanorods with high
photocatalytic activity: surface hydroxyl groups concentrations effects. RSC.
Adv. 5,99712-99721. doi: 10.1039/C5RA20189F

Li, Z, Wang, X, Zhang, J. F, Liang, C. H, Lu, L. H, and Dai, K
(2019). Preparation of Z-scheme WO3(H,0)0333/Ag3PO4 composites with
enhanced photocatalytic activity and durability. Chin. J. Catal. 40, 326-334.
doi: 10.1016/S1872-2067(18)63165-1

Liang, Q. H., Shi, Y., Ma, W. J,, Li, Z., and Yang, X. M. (2012). Enhanced
photocatalytic activity and structural stability by hybridizing AgzPOy4
nanospheres with graphene oxide sheets. Phys. Chem. Chem. Phys. 14,
15657-15665. doi: 10.1039/c2cp42465g

Lin, J.J., Sun, T., Li, M. B,, Yang, J. X, Shen, J. N., Zhang, Z. Z., et al. (2019). More
efficiently enhancing photocatalytic activity by embedding Pt within anatase-
rutile TiO, heterophase junction than exposing Pt on the outside surface. J.
Catal. 372, 8-18. doi: 10.1016/j.jcat.2019.02.019

Liu, C, Jing, L. Q., He, L. M., Luan, Y. B, and Li, C. M. (2014). Phosphate-
modified graphitic C3Ny as efficient photocatalyst for degrading colorless
pollutants by promoting O, adsorption. Chem. Commun. 50, 1999-2001.
doi: 10.1039/c3cc47398h

Liu, X., Zhai, H., Wang, P., Zhang, Q., Wang, Z., Liu, Y., et al. (2019).
Synthesis of a WO3 photocatalyst with high photocatalytic activity and stability
using synergetic internal Fe’* doping and superficial Pt loading for ethylene
degradation under visible-light irradiation. Catal. Sci. Technol. 9, 652-658.
doi: 10.1039/C8CY02375A

Liu, Y. P, Fang, L., Lu, H. D,, Li, Y. W, Hu, C. Z,, and Yu, H. G. (2012). One-pot
pyridine-assisted synthesis of visible-light-driven photocatalyst Ag/Ag3;POy.
Appl. Catal. B Environ. 115, 245-252. doi: 10.1016/j.apcatb.2011.12.038

Ma,].F., Zou,J., Li, L. Y., Yao, C., Kong, Y., Cui, B. Y., et al. (2014). Nanocomposite
of attapulgite-Agz PO4 for Orange IT photodegradation. Appl. Catal. B Environ.
144, 36-40. doi: 10.1016/j.apcatb.2013.06.029

Macedo, N. G., Gouveia, A. F., Roca, R. A, Assis, M., Gracia, L., Andres,
J et al. (2018). Surfactant-mediated morphology and photocatalytic
activity of alpha-Ag,WOy4 material. J. Phys. Chem. C 122, 8667-8679.
doi: 10.1021/acs.jpcc.8b01898

Mao, S., Bao, R, Fang, D., and Yi, J. H. (2018). Facile synthesis of Ag/AgX
(X = Cl, Br) with enhanced visible-light-induced photocatalytic activity by
ultrasonic spray pyrolysis method. Adv. Powder Technol. 29, 2670-2677.
doi: 10.1016/j.apt.2018.07.016

Martin, D. J., Liu, G. G, Moniz, S. J. A, Bi, Y. P., Beale, A. M., Ye, J.
H., et al. (2015). Efficient visible driven photocatalyst, silver phosphate:
performance, understanding and perspective. Chem. Soc. Rev. 44, 7808-7828.
doi: 10.1039/C5CS00380F

Min, Y. L, Qi, X. F,, Xu, Q. J., and Chen, Y. C. (2014). Enhanced reactive oxygen
species on a phosphate modified C3N4/graphene photocatalyst for pollutant
degradation. CrystEngComm 16, 1287-1295. doi: 10.1039/c3ce41964a

Mohapatra, P., and Parida, K. M. (2006). Photocatalytic activity of sulfate modified
titania: decolorization of methylene blue in aqueous solution. J. Mol. Catal. A
Chem. 258, 118-123. doi: 10.1016/j.molcata.2006.05.002

Parida, K. M., Sahu, N., Biswal, N. R., Naik, B., and Pradhan, A. C. (2008).
Preparation, characterization, and photocatalytic activity of sulfate-modified
titania for degradation of methyl orange under visible light. J. Colloid Interf.
Sci. 318, 231-237. doi: 10.1016/j.jcis.2007.10.028

Park, H., and Choi, W. (2004). Effects of TiO, surface fluorination on
photocatalytic reactions and photoelectrochemical behaviors. J. Phys. Chem. B
108, 4086-4093. doi: 10.1021/jp036735i

Qi, K. Z., Cheng, B., Yu, J. G., and Ho, W. K. (2017). Review on the improvement
of the photocatalytic and antibacterial activities of ZnO. J. Alloy. Comp. 727,
792-820. doi: 10.1016/j.jallcom.2017.08.142

Qi, K. Z, Liu, S. Y, and Qiu, M. (2018). Photocatalytic performance of
TiO, nanocrystals with/without oxygen defects. Chin. J. Catal. 39, 867-875.
doi: 10.1016/51872-2067(17)62999-1

Frontiers in Chemistry | www.frontiersin.org

11

December 2019 | Volume 7 | Article 866


https://doi.org/10.1126/science.1061051
https://doi.org/10.1016/j.apcatb.2016.07.021
https://doi.org/10.1016/j.ijhydene.2015.12.061
https://doi.org/10.1016/j.jphotochem.2018.06.039
https://doi.org/10.1016/j.jphotochem.2019.03.031
https://doi.org/10.1021/jp200788n
https://doi.org/10.1021/acssuschemeng.8b02064
https://doi.org/10.1016/j.matlet.2014.07.094
https://doi.org/10.1039/c3ta00130j
https://doi.org/10.1016/j.seppur.2019.115770
https://doi.org/10.1039/c1nr10247h
https://doi.org/10.1016/j.apcatb.2018.09.073
https://doi.org/10.1021/jp060905k
https://doi.org/10.1039/c2cc34973f
https://doi.org/10.1039/c2ee03383f
https://doi.org/10.1016/j.apcatb.2006.06.011
https://doi.org/10.1021/cm070692r
https://doi.org/10.1016/j.matlet.2017.04.131
https://doi.org/10.1016/j.matlet.2014.05.069
https://doi.org/10.1039/C5RA20189F
https://doi.org/10.1016/S1872-2067(18)63165-1
https://doi.org/10.1039/c2cp42465g
https://doi.org/10.1016/j.jcat.2019.02.019
https://doi.org/10.1039/c3cc47398h
https://doi.org/10.1039/C8CY02375A
https://doi.org/10.1016/j.apcatb.2011.12.038
https://doi.org/10.1016/j.apcatb.2013.06.029
https://doi.org/10.1021/acs.jpcc.8b01898
https://doi.org/10.1016/j.apt.2018.07.016
https://doi.org/10.1039/C5CS00380F
https://doi.org/10.1039/c3ce41964a
https://doi.org/10.1016/j.molcata.2006.05.002
https://doi.org/10.1016/j.jcis.2007.10.028
https://doi.org/10.1021/jp036735i
https://doi.org/10.1016/j.jallcom.2017.08.142
https://doi.org/10.1016/S1872-2067(17)62999-1
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liu et al.

Ammonium Phosphate Modification of AgzPO4

Qi, K. Z, Liu, S. Y., Selyaraj, R., Wang, W., and Yan, Z. X. (2019). Comparison
of Pt and Ag as co-catalyst on g-C3Ny for improving photocatalytic
activity: experimental and DFT studies. Desalin. Water Treat. 153, 244-252.
doi: 10.5004/dwt.2019.24079

Qi, K. Z., Selvaraj, R., Al Fahdi, T., Al-Kindy, S., Kim, Y., Wang, G. C,, et al.
(2016). Enhanced photocatalytic activity of anatase-TiO, nanoparticles by
fullerene modification: a theoretical and experimental study. Appl. Surf. Sci.
387, 750-758. doi: 10.1016/j.apsusc.2016.06.134

Seabold, J. A., and Choi, K. S. (2011). Effect of a Cobalt-based oxygen evolution
catalyst on the stability and the selectivity of photo-oxidation reactions of a
WOj3 photoanode. Chem. Mater. 23, 1105-1112. doi: 10.1021/cm1019469

Sharma, M., Mohapatra, P. K., and Bahadur, D. (2017). Improved photocatalytic
degradation of organic dye using Ag3PO4/MoS; nanocomposite. Front. Mater.
Sci. 11, 366-374. doi: 10.1007/s11706-017-0404-x

Shen, Y. Z., Zhu, Z. D., Wang, X. G., Khan, A,, Gong, J. Y., and Zhang,
Y. R. (2018). Synthesis of Z-scheme g-C3N4/Ag/Ag3PO4 composite
for enhanced photocatalytic degradation of phenol and selective
oxidation of gaseous isopropanol. Mater. Res. Bull. 107, 407-415.
doi: 10.1016/j.materresbull.2018.08.017

Song, M. T., Wu, Y. H,, Xu, C,, Wang, X. ], and Su, Y. G. (2019). Synergistic
effects of multi-active sites in silver modified Bi degrees-BiVOy4 toward
efficient reduction of aromatic nitrobenzene. J. Hazard. Mater. 368, 530-540.
doi: 10.1016/j.jhazmat.2019.01.083

Teng, W., Li, X. Y., Zhao, Q. D., and Chen, G. H. (2013). Fabrication of
Ag/Ag3PO4/TiO; heterostructure photoelectrodes for efficient decomposition
of 2-chlorophenol under visible light irradiation, J. Mater. Chem. A 1,
9060-9068. doi: 10.1039/c3tal1254c

Tian, J., Yan, T. J., Qiao, Z., Wang, L. L, Li, W. J, You, J. M, et al
(2017). Anion-exchange synthesis of Ag;S/Ag3POy4 core/shell composites
with enhanced visible and NIR light photocatalytic performance and
the photocatalytic mechanisms. Appl. Catal. B Environ. 209, 566-578.
doi: 10.1016/j.apcatb.2017.03.022

Wang, J., Song,Y., Hu, J., Li, Y., Wang, Z., Yang, P., et al. (2019). Photocatalytic
hydrogen evolution on P-type tetragonal zircon BiVOy. Appl. Catal. B Environ.
251, 94-101. doi: 10.1016/j.apcatb.2019.03.049

Wang, Y. F,, Li, X. L., Wang, Y. W,, and Fan, C. M. (2013). Novel visible-light
AgBr/Agz;POy hybrids photocatalysts with surface plasma resonance effects. J.
Solid State Chem. 202, 51-56. doi: 10.1016/j.jssc.2013.03.013

Wang, Z. L, Hu, T. P, Dai, K, Zhang, J. F, and Liang, C. H. (2017).
Construction of Z-scheme AgzPO4/Bi; WOs composite with excellent visible-
light photodegradation activity for removal of organic contaminants. Chin. J.
Catal. 38, 2021-2029. doi: 10.1016/S1872-2067(17)62942-5

Wang, Z. L., Ly, . L., Zhang, J. F., Dai, K,, and Liang, C. H. (2018). Facile
synthesis of Z-scheme BiVOg4/porous graphite carbon nitride heterojunction
for enhanced visible-light-driven photocatalyst Appl. Surf. Sci. 430, 595-602.
doi: 10.1016/j.apsusc.2017.06.093

Xie, M. Z., Bian, J., Humayun, M., Qu, Y., Feng, Y. ], and Jing, L. Q. (2015). The
promotion effect of surface negative electrostatic field on the photogenerated
charge separation of BiVOy4 and its contribution to the enhanced PEC
water oxidation, Chem. Commun. 51 2821-2823. doi: 10.1039/C4CC
08835B

Yan, T. J., Guan, W. F, Cui, L. T, Xu, Y. Q, and Tian, J. (2015).
Immobilization of cadmium ions to synthesis hierarchical flowerlike cadmium
phosphates microspheres and their application in the degradation of organic
pollutants under light irradiation. RSC Adv. 5, 43756-43764. doi: 10.1039/C5R
A07224G

Yan, T. J, Guan, W. F, Li, W. J, and You, J. M. (2014c). Ag3POy4
photocatalysts loaded on uniform SiO, supports for efficient degradation
of methyl orange under visible light irradiation. RSC. Adv. 4, 37095-37099.
doi: 10.1039/C4RA06135G

Yan, T. J., Guan, W. F,, Tian, ], Wang, P., Li, W. J,, and You, J. M. (2016).
Improving the photocatalytic performance of silver phosphate by thermal
annealing: influence of acetate species. J. Alloy. Compd. 680, 436-445.
doi: 10.1016/j.jallcom.2016.04.142

Yan, T.J., Guan, W. F., Xiao, Y., Tian, J., Qiao, Z., Zhai, H. S., et al. (2017). Effect of
thermal annealing on the microstructures and photocatalytic performance of
silver orthophosphate: the synergistic mechanism of Ag vacancies and metallic
Ag. Appl. Surf. Sci. 391, 592-600. doi: 10.1016/j.apsusc.2016.03.095

Yan, T. J, Yuan, R S, Li, W. J, and You, J. M. (2014a). Origin of
superior photocatalytic activity in rutile TiO, hierarchical microspheres: the
dominate role of “microcavity”’structure. Appl. Catal. A Gen. 478, 204-210.
doi: 10.1016/j.apcata.2014.04.013

Yan, T. J., Zhang, H. W., Liu, Y. P, Guan, W. F, Long, J. L, Li, W. J,
et al. (2014b). Fabrication of robust M/Agz;PO4 (M = Pt, Pd, Au) Schottky-
type heterostructures for improved visible-light photocatalysis. RSC. Adv. 4,
37220-37230. doi: 10.1039/C4RA06254]

Yi, Z. G., Ye, J. H., Kikugawa, N., Kako, T., Ouyang, S. X., Stuart-Williams, H., et al.
(2010). An orthophosphate semiconductor with photooxidation properties
under visible-light irradiation. Nat. Mater. 9, 559-564. doi: 10.1038/nmat2780

Zhai, H. S, Yan, T. ], Wang, P.,, Yu, Y., Li, W. J,, You, J. M,, et al. (2016).
Effect of chemical etching by ammonia solution on the microstructure and
photocatalytic activity of AgzPO4 photocatalyst. Appl. Catal. A Gen. 528,
104-112. doi: 10.1016/j.apcata.2016.10.003

Zhang, L., He, Y., Zhu, L., Jiao, Z. L., Deng, W. Z., Pu, C. P,, et al. (2019). Alkyl
phosphate modified graphene oxide as friction and wear reduction additives in
oil. J. Mater. Sci. 54, 4626-4636. doi: 10.1007/s10853-018-03216-7

Zhang, S.N., Zhang, S. J., and Song, L. M. (2014). Super-high activity of Bi** doped
Ag3PO4 and enhanced photocatalytic mechanism. Appl. Catal. B Environ. 152,
129-139. doi: 10.1016/j.apcatb.2014.01.020

Zhao, D., Chen, C. C,, Wang, Y. F, Ji, H. W,, Ma, W. H,, Zang, L., et al
(2008). Surface modification of TiO, by phosphate: effect on photocatalytic
activity and mechanism implication. J. Phys. Chem. C 112, 5993-6001.
doi: 10.1021/jp712049¢

Zhong, D. K., Choi, S., and Gamelin, D. R. (2011). Near-complete suppression of
surface recombination in solar photoelectrolysis by “Co-Pi” catalyst-modified
W:BiVOy. J. Am. Chem. Soc. 133, 18370-18377. doi: 10.1021/ja207348x

Zhong, D. K., and Gamelin, D. R. (2010). Photoelectrochemical water oxidation
by cobalt catalyst (“Co-Pi”)/alpha-Fe;O3 composite photoanodes: oxygen
evolution and resolution of a kinetic bottleneck. J. Am. Chem. Soc. 132,
4202-4207. doi: 10.1021/ja908730h

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Liu, Li, Qiao, Li, Wang, Zhu, Jing and Yan. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

December 2019 | Volume 7 | Article 866


https://doi.org/10.5004/dwt.2019.24079
https://doi.org/10.1016/j.apsusc.2016.06.134
https://doi.org/10.1021/cm1019469
https://doi.org/10.1007/s11706-017-0404-x
https://doi.org/10.1016/j.materresbull.2018.08.017
https://doi.org/10.1016/j.jhazmat.2019.01.083
https://doi.org/10.1039/c3ta11254c
https://doi.org/10.1016/j.apcatb.2017.03.022
https://doi.org/10.1016/j.apcatb.2019.03.049
https://doi.org/10.1016/j.jssc.2013.03.013
https://doi.org/10.1016/S1872-2067(17)62942-5
https://doi.org/10.1016/j.apsusc.2017.06.093
https://doi.org/10.1039/C4CC08835B
https://doi.org/10.1039/C5RA07224G
https://doi.org/10.1039/C4RA06135G
https://doi.org/10.1016/j.jallcom.2016.04.142
https://doi.org/10.1016/j.apsusc.2016.03.095
https://doi.org/10.1016/j.apcata.2014.04.013
https://doi.org/10.1039/C4RA06254J
https://doi.org/10.1038/nmat2780
https://doi.org/10.1016/j.apcata.2016.10.003
https://doi.org/10.1007/s10853-018-03216-7
https://doi.org/10.1016/j.apcatb.2014.01.020
https://doi.org/10.1021/jp712049c
https://doi.org/10.1021/ja207348x
https://doi.org/10.1021/ja908730h
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	The Multiple Promotion Effects of Ammonium Phosphate-Modified Ag3PO4 on Photocatalytic Performance
	Introduction
	Experimental
	Preparation of Ag3PO4 and Ammonium Phosphate-Modified Ag3PO4 Samples
	Characterizations
	Photocatalytic Activity Test

	Results and Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


