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KEYWORDS Abstract  Ag,;PO, is an excellent photocatalyst under visible light irradiation. However, the low
Ag:POy; stability due to photo-corrosion is still an obstacle in its application. It is a big challenge to improve
Defect: stability using synthesis modification. Here, the photocatalyst stability enhancement was success-
Metallic silver: fully prepared by tripolyphosphate. Photocatalyst was prepared by reacting AgNO; solution with
Photo-stability; STPP (sodium tripolyphosphate) solution to form a white suspension. The addition of phosphate
Silver vacancy; solution to the white suspension produces yvellow Ag;PO, with a new type of defective photocata-
Tripolyphosphate lyst. The XPS measurement showed that the increase of STPP @hcentration significantly decreased

the Ag/P atomic ratio, indicating the silver vacancy formation on the surface of Ag:PO,. The pho-
tocatalytic reaction formed a metallic Ag with a lower d-space in the cube structure occurred in the
silver vacancy of Ag;P0O,. This defect increases the interaction of metallic silver and Ag;PO,. The
enhanced photo-stability might be induced by metallic silver that can act as a photogenerated elec-

ll‘g acceptor.
2022 The Author(s). Published by Elevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd /4 0/).

1. Introduction
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E-mail addresses: sulaeman(@unsoed.ac.id (U. Sulaeman), hartiwi. The finding of photocatalysis in silver phosphate (AgsPOy) is a break-
diastutif@unsoed d (H. Diastuti), ponco.iswantoiunsoed.ac.id through in the area of photocatalysts due to its strong ability to absorb
(P. Iswanto), yin.shu.b5@ tohoku.acjp . visible light {Yu et al., 2022). The holes generated in Ag;PO, under vis-
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corrosion has reduced the efficiency of Ag:PO, reuse. To overcome
this obstacle, researchers have focused on modifying the structure of

ELSEVIER Production and hosting by Elsevier

ps://doi.org/10.1016/j.arabjc.2022. 104409
78-5352 © 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org licenses/by-nc-nd /4.0/).




2

U. Sulaeman et al.

2022; Hu et al., 2017), a p-n junction (Teng et al., 2017; Zhang et al.,
2020; Zhang et al., 2016), and a Z-scheme mechanism (Zhu et al., 2016;
Zhu et al., 2018).

The core—shell structure was designed to inhibit Ag;PO, dissolu-
tion. This approach encourages researchers to find a highly stable shell
that does not dissolve in an aqueous solution. The g-C3N4, PANI, and
graphene oxide shells were applied in the core—shell structural design
on Ag;PO,. The Ag,PO @ g-C:N, coreashell was successfully synthe-
sized by ultrasonic chemisorption (Liu et al., 2016). The g-C;N, coated
on the surface of Ag,PO, nanoparticles prevents Ag,PO, from dissolv-
ing in the aqueous solution. This phenomenon greatly improves photo-
stability. In addition, the g-C;N, shell improves charge separation effi-
ciency, which improves photocatalytic activity. Researchers have also
developed another shell, PANI (Liu et al., 2017). This shell could effec-
tively prevent Ag,PO, from dissolving. The advantage of PANI is a n-
n conjugation in the structure and a tight bonding in the core-shell
interface that produces super-fast conductivity. This interaction can
enhance the movement of interfacial carriers and the separation effi-
ciency. The n-r bonds in Ag;PO4(@ UMOFNs core—shell can also pro-
mote charge transfer (Liang et al, 2018). Graphene oxide quantum
dots (GOQDs) shells can be decorated on Ag,P0O,, forming an Ag-
PO,@ GOQDs core—shell (Wang et al., 2022). This coating inhibits
photo-corrosion and improves stability and photocatalytic activity.
Ag,PO, can also be coated with a subphthalocyanine (SubPc) contain-
ing a 14 n-electron aromatic core in a nonplanar conical configuration
(Li et al, 2021). The improved stability of SubPc-Br/Ag,PO, was
caused by well-coated SubPc-Br particles, which acted as a protective
shield in the photoreduction.

The p-n heterojunction could be applied to improve the stability of
Ag,PO,. For example, the ZnWQ,/Ag,PO, heterostructure design
improved the stability (Duan, et al., 2022b). This is because the p-n
heterojunction mechanism can prevent the photocorrosion of Ag,PO,
due to the flow of electrons in the electric field at the interface of two
semiconductors. This approach was also found in the p-n heterojunc-
tion of the Ag,PO,/BiPO, photocatalyst (Zhu et al., 2022). A spheri-
cal/nanorod Ag.PO,/BIPO,; was successfully developed, which
showed excellent stability. In this case, when a p-n heterojunction
occurs between AgyPO, and BiPO,, the electron in the CB of Ag,PO,
is transferred to the CB of BiPO,, while the holes in the VB of BiPO,
can migrate to the VB of Ag:PO,. This phenomenon creates an inter-
nal electric field at the interface between BiPO, and Ag;PO,, which
accelerates the flow of electrons and leads to improved stability.

The famous improvement in photo-stability in Ag;PO, is the Z-
scheme mechanism design. For example, the composite of carbon
cloth-supported MoS:/Ag-5/Ag:POy (Liv et al, 2019), Ag:PO,/CiNs
(Yinetal, 2021), AgsPOy/Znln:S4 (Zhang, et al., 2021b), and Cs;PW -
Ou0/AgaPO4 (Duan, et al., 2022a) showed an excellent photo-stability. A
spherical particle of Cs:PW 204 was successfully decorated on Ag.PO,
nanocrystals and the metal silver nanoparticles formed through a pho-
toinduced reactioncan be used as a bridge to accelerate the charge trans-
fer. The photogenerated electrons in the CB of Ag:PO, were transferred
to the VB of CsPW resulting in high electron accumulation in the CB of
CsPW and holes in the VB of Ag:PO,. This mechanism improves both
photocatalytic activity and stability.

Based on these literature studies, all stability improvement design is
still focused on composites. The properties and structure of Ag.PO,
through a defect and dopant have not much been applied to provide
high stability. It is because the metastability of defects greatly worse
the photocatalyst stability, although certain limits of defects can effec-
tively control the photogenerated electron and holes (Zhang, et al.,
2021a). The silver vacancy sites on the Ag;POy lattice can be controlled
through synthesis under ethanol-water and improve the photocatalytic
(Sulaeman et al., 2018). The silver vacancy enhanced the photocat-
alytic activity due to trapping the generated holes during irradiation
and enhancing the separation efficiency. However, the stability of this
photocatalyst is still an obstacle. Incorporating graphene oxide on sil-
ver vacancy in AgiPOy4 has also only increased the photocatalytic
activity (Liu et al., 2018). Therefore, it is challenging how to create

high photo-stability of silver vacancy in Ag:P0O,. Researchers have
to find new techniques how to make defects caused by starting materi-
als that can improve photo-stability.

In this work, we fabricated the higher stability of defective Ag;PO,
with a co-precipitation method using AgNO,, sodium tripolyphos-
phate (STPP) and Na-HPO,*12H-0. A mixture of AgNO; and the
STPP solution produces a white suspension. The addition of a Nas-
HPO, solution to a white suspension resulted in a yellow defective Agy-
PO,. Silver vacancies in the photocatalyst can easily form. The
photocatalytic reaction leads to the formation of metallic Ag in defec-
tive Ag,PO,, which improves photo-stability.

2. Experimental

2.1 Synthesis

The starting material of silver nitrate (AgNO;) (ACS reagent
grade, Merck), sodium tripolyphosphate (STPP) (Analytical
grade, Merck), and disodium phosphate dodecahydrate (Nas-
HPO4*12H.0) (Analytical grade, Merck) were used for the
preparation of samples.

Defective Ag;PO, is prepared by mixing a silver nitrate
(AgNO;fand sodium tripolyphosphate (STPP) solution.
AgNO; solution was prepared by mixing 0.85 g of AgNO;
and 20 mL of deionized water. The seven variations of STPP
concentration were carried out by dissolving 0.005, 0.01, 0.05,
0.1, 0.2, 0.4 and 0.8 g of STPP into 20 mL of deionized water.
These variations are provided for the samples of AP-0005,
AP-001, AP-005, AP-01, AP-02, AP-04, and AP-08 samples,
respectively. Samples without STPP were also prepared for con-
trol and named AP-0. The mixtures of AgNO; and STPP solu-
tions were stirred using a magnetic stirrer at 500 rpm for 1 h to
form a white suspension. A phosphate solution (1.8 g Nas-
HPO4*12H-0in 20 mL deionized water) R8s added to the white
suspension dropwise and stirred for 5 h. The white suspension
disappeared and turned into a yellow one. The mixture was fil-
tered and washe@@@sing deionized water three times. The precip-
itates were then dried in an oven at 60 °C for 5 h.

2.2, Characterization

The samples were characterized using XRD (Rigaku, MiniFlex
300/600), DRS (Perkin Elmer, UV/VIS Lambda 365), PL spec-
tra (MAYAPRO2000, Ocean Optics), SEM (Zeiss/Evo
MAI10), BET (Micromeritics TriStar II 3020), and XPS
(ULVAC PHI 5600). A source of Cu Ko (L = 1.5406 :\)
was used in XRD at the 28 range of 5-80° with 0.020° steps.
The structure of samples was analyzed using the software of
HighScore Plus wiRictvcld refinement to determine the peak
position, d-space, and FWHM (full width at half maximum).
The band gap energies were calculated from the DRS data
using the Tauc plot (Cao et al., 2022). toluminescence
(PL) spectrum analysis was performed using a laser at
405 nm (50 mW) as the excitation source. Particle size distribu-
tion was estimated using the software of ImageJ from the SEM
images. The deconvolutions of XPS peaks were carried out
using XPSPEAK 4.1 software.

2.3, Photocatalytic activity evaluation

The synthesized tocatalyst powder (0.2 g) was put into a
beaker containing mL of 10 mg/L Rhodamine (RhB) solu-
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tion. The beaker is placed on a magnetic stirrer. A blue LED
lamp (Ranpo, Spot Light Lamp 3 W LED Bulbs, & = 454 n
m, Ranpo) was used as a source of visible light irradiation at
a distance of 15 cm from the solution surface. The reaction
was first carried out in the dark for 20 min to equilibrate the
adsorption/desorption of RhB. The photocatalytic reaction
was run and the samples (5 mL) were taken every 2 min.
The solution was then ccmrit‘ugcﬂ‘t 9000 rpm for 15 min to
separate from the photocatalyst. The RhB in the filtrate was
measured using a spectrophotometer (Sulacman et al., 2022).

The active species in AP-0, AP-001, and AP-02 in the pho-
tocatalytic reactions were evaluated using scavengers. A solu-
tion of Rhodamine B (10 mg/L, 100 mL) was added with
ammonium oxalate, isopropanol, and benzoquinone scav-
enger. These scavengers (1 mM of concentration) were utilized
to capture hole (h™ ), hydroxyl radicals ("OH), and superoxide
anion radicals ("0,), respectively (Sulaeman et al.. 2022).

To evaluate the photo-stability, the precipitate of AP-0,
AP-001, and AP-02 was retested again for its degradation
activity against the Rhodamine B solution. The test of photo-
catalytic reaction was carried out up to 3 cycles. The photocat-
alytic reactions evaluation in both mechanism and photo-
stability tests were carried out with a similar procedure.

3. Results and discussion

3.1, Characterization

The samples of AP-0, AP-001 and AP-02 were investigated
using the XRD, UV-vis DRS, PL spectra, SEM, BET and
XPS. The XRD showed that all structure was cubic, matched
with the ICDD 98-020-1361 as shown in Fig. 1. Based on the
Rietveld refinement analysis, the (210) position (260) of
33.21925°%, 33.27004° and 33.16026° were obtained in AP-0,
AP-001 and AP-02 samples, respectively. The calculation of
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Fig. 1 XRD pattern of Ag;PO, prepared without STPP (AP-0),

with 0,01 g of STTP (AP-001), and with 0.2 g of STTP (AP-02).

d-space exhibited the value of 2.69477 :\._ 2.69078 :\._ and
2.69943 A for AP-0, AP-001 and AP-02, respectively. The shift
of 20 occurred after the modification of synthesis using STPP.
The shift to a higher 26 might be induced by a smaller concen-
tration of STPP (AP-001) whereas the shift to a lower 26 might
be induced by a higher concentration of STPP (AP-02). The
broadened peak of 26 was also observed, and the FWHM of
0.10438, 0.12315, and 0.14625 were calculated in the sample
of AP-0, AP-001 and AP-02, respectively. These phenomena
suggest that the STPP treatment significantly affected the
coprecipitation of Ag;PO,. It might induce defect formation
that leads to a shift and a peak broadening of the XRD. These
phenomena were also found in the previous results, that algi-
nate induces defect formation in Ag;POy4 leading to a peak
broadening (Sulacman et al.. 2022). Based on another report
(Ungdr. 2004), the defect formation can cause a peak broaden-
ing which increases the FWHM value. Small crystallite size,
chemical heterogeneity, and microstrain can cause peak
broadening.

The crystal size of the sample can be measured using the
Scherrer equation, d = ki/Bcost, where d (nm) is the crystal
size inversely proportional to FWHM, k is the Scherer con-
stant associated with crystal shape (0.9), and A is the source
of the X-ray wavelength (Cu Ko = 0.15406 nm) (Mirsalari
and Nezamzadeh-Ejhieh, 2021). With this approach, effective
crystal sizes of 74.9 nm, 63.5 nm, and 53.5 nm were obtained
for AP-0, AP-001, and AP-02, respectively. The decrease in
crystal size ensures that the tripolyphosphate significantly
affects crystal growth.

Reacting an AgNO; solution to an STPP solution forms a
white suspension. The addition of Na-HPO,4*12H-0 solution
to the white suspension produces yellow precipitation. The
phosphate ion adsorbed on the white suspension might slowly
react to Ag” ions th@pexisted in the white suspension forming
a defective Ag;PO,. The white suspension disappeared and a
yellow precipitate formed, indicating the formation of a new
type of defective AgsPO4 photocatalyst. The synthetic method,
experimental conditions and structural arrangement can
induce defect formation (Botelho et al.. 2016).

Fig. 2 displays the UV-vis absorption spectra of the AP-0,
AP-001, and AP-02 scanned from 250 to 800 nm. STPP treat-
ment decreased the absorption spectrum, especially in the 300
460 nm region as found in AP-001 and AP-02, this indicates
that STTP can affect the optical propertig@bf the photocata-
lyst. Based on Taue plot (Cao et al., 2022), the bandgap energy
of 2.43 eV, 2.45 eV and 2.45 eV can be estimated for AP-0, AP-
001, and AP-02 mplcs._ respectively. The slightly increased
bandgap energy might be induced by the defect formation in
the lattice of Ag;PO,. The changes in absorption phenomenon
due to the defect formation were also found in TiO,
(N“lmm'u et al., 2000) and SrTiOs (Tan et al., 2014).

e PL spectra of AP-0, AP-001 and AP-02 were obtained
using a 50 mW laser at 405 nm excitation (Fig. 3). The peak of
541 nm and 679 PL spectra were observed in all samples. The
peak of the 541 nm spectrum (2.29 ¢V) could be the photogen-
erated electrons and holes recombination of the valence and
conduction bands, whereas the 679 nm spectrum (1.82 eV)
could be associated with the charge recombination in the
defect site. The PL spectra intensity of AP-001 decreases at
541 nm, indicating the smaller STTP treatment decreases
charge recombination between two bands of semiconductor,
however, the PL spectra intensity increases at 679 nm, suggest-
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Fig. 2 DRS of Ag:POy4 prepared without STPP (AP-0), with

0.01 g of STTP (AP-001), and with 0.2 g of STTP (AP-02) (a), and
their Tauc plot (b) for measuring band gap energies.
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Eg. 3 Photoluminescence (PL) spectra of AP-0, AP-001, and
AP-02 photocatalysts excited at 405 nm.

ing that high charge recombination occurred in defect sites cor-
responding to an energy of 1.82 eV. The AP-02 exhibits the
same PL spectra intensity as AP-0 at 541 nm, showing that
charge recombination between two bands of semiconductor
is high. Interestingly, the PL spectra intensity decreases at
679 nm implying that the larger defect site in AP-02 might sup-
press charge recombination.

The morphology of AP-0, AP-001 and AP-02 were
observed using SEM and particle size distribution was deter-
mined using Imagel software (Fig. 4). Irregular particle size
of 669 + 238 was formed in the sample of AP-0 which was pre-
pared without STPP treatment. After STPP treatment, the size
was significantly reduced to 338 =+ 126 nm and 423 + 135 nm
for AP-001 and AP-02, respectively. The decrease in particle
size in AP-001 indicates that the STPP solution has a signifi-
cant effect on Ag;PO; coprecipitation. Treatment with a
higher concentration of STPP (AP-02) can change the mor-
phology to a tetrahedron. Based on the morphology investiga-
tion, it can be concluded that both low concentrations of STPP
(AP-001) and high concentrations of STPP treatment (AP-02)
exhibited significant effects. The irregular shape was found in
AP-001, whereas the tetrahedron shape was found in AP-02.
This phenomenon also leads to a different XRD peak as found
in Fig. 1.

The results of the BET analysis are shown in Table 1. All
samples have a low BET surface area. Sample preparation with
a low STPP concentration (AP-001) increased the specific sur-
face area, whereas the higher STPP concentration (AP-02)
decreased the specific surface area. Similar trends were also
found in both pore volume and pore size. This indicates that
the STPP concentration could affect crystal formation. The
nitrogen adsorption-desorption curves indicate that the
adsorption isotherm is typical type IV because the hysteresis
loop shows the desorption curve lagging behind the adsorption
curve (Zvinowanda et al., 2009) (Fig. 5a). Based on the calcu-
lation of the average pore width of the adsorption, the photo-
catalysts are mesoporous. Cumulative pore volumes were
successfully calculated using the DFT method (Fig. 35b).
Among the samples, AP-02 is the lowest total pore volume.
The morphology changes from irregular to tetrahedron may
be responsible for the variation in BET parameters.

The XPS analysis was carried out to understand the prop-
erties of AP-0, AP-001 and AP-02. Fig. 6 shows a profile of the
Ag3dd spectrum. The binding energy (BE) of 374.31 eV and
368.30 eV assigned to the Ag3d;- and Ag3ds, respectively,
was found in the sam@® of AP-0 (Yan et al.. 2016). The BE
increases after STPP treatment. The BE of 374.34 eV ¢
368.32 eV were found in AP-001, and the BE 374.40 €
and 36838 eV were found in AP-02 for Ag3d;, and
Ag3ds, respectively. Amongst the samples, AP-001 exhibited
higher FWHM (1.52 e¢V) compared the AP-0 (1.40 e¢V) and
AP-02 (1.40 eV). The higher FWHM could be due to the for-
mation of a small defect when the morphology was maintained
the same as the control (AP-0). In contrast, at higher defects
(AP-02), the FWHM value remained the same as the control
(AP-0), but the morphology changed to a tctq.cdron._ and
the peak shifted to the higher binding energy. To investigate
in detail these phenomena, the atomic ratio of Ag/P, Ag/O
and O/P were carefully calculated from the XPS d4gR (Table 2).
The Ag/P atomic ratio of 3.01, 2.73 and 2.42 was found in the
sample of AP-0, AP-001 and AP-02, respectively. A significant
decrease in Ag/P atomic ratio implied that the deficiency of sil-
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Fig. 4 EM images of AP-0 (a), AP-001 (b), and AP-02 (c) and their particle size distributions of AP-0 (d), AP-001 (e), and AP-02 ().

Table 1 BET analysis of AP-0, AP-001, and AP-02.
Samples BET surface Average pore width  Total pore
area (nm)” valume
(m?/g)* (em’jg)’
AP-0 0.81 9.06 0.00169
AP-001  1.20 9.42 0.00269
AP-02  0.59 8.86 0.00120

* Calculated from BET equation at P/P; from 0.035 to 0.306.

S Adsorption average pore width (4 V/A by BET).

¢ Total pore volume at width < 136.68 nm calculated using the
DFT method.

ver was created on the surface of the photocatalyst. It iffficates
that the treatment with STPP generates the defect of a silver
vacancy on the surface of the photocatalyst. Trends of
decreased atomic ratio due to STPP treatment were also found
in Ag/O, ensuring that the silver vacancy occurred. The silver
vacancy in Ag;PO, is easier to form during coprecipitation
compared to the oxygen vacancy because the Ag-O bond is
weake@than the P—O bond (Reunchan and Umezawa,
2013). The P/O atomic ratio of 0.28, 0.27 and 0.28 was found
in AP-0, AP-001 and AP-02&@spectively. A similar ratio of P/
O suggests that the oxygen vacancy might not be created on
the surface of AgzPOs.

Fig. 7 shows the XPS tra of P2p and Ols in AP-0, AP-
001, and AP-02. The BE of 134.34 eV and 133.15 eV assigned
to P2p; > and P2p; -, respectively, were found in the sample of
AP-0 (Xie et al. 2017). The BE increased after STPP treatment
as found in AP-001 and AP-02. The P2p;;» peaks exhibited at
134.44 eV and 134.64 eV for AP-001 and AP-02, respectively.
The significant BE shift of 0.30 eV from AP-0 to AP-02 sug-
gested that the silver vacancy was created due to STPP

treatment. This phenomenon also increased the spin-orbit
coupling (J) of P2p,;» and P2ps». The spin-orbit coupling of
1.19, 1.24 and 1.29 can be found in AP-0, AP-001, and AP-
02, respectively.

The Ols exhibited two types of oxygen that were observed
at 530.93 eV (O-1) and 532.64 ¢V (0-2) as found in the AP-0
sample. The O-1 and O-2 represent the oxygen in the lattice
and oxygen of hydroxyl on Ag;PO, surface @lespectively
(Chong et al., 2016; Sulaeman et al, 2022). e BEs of
530.89 eV and 531.08 eV were found as O-1 types in AP-001
and AP-02 samples, respectively. Whereas the BEs of 532.49
and 532.80 were found as O-2 types in the AP-001 and AP-
02 samples, respectively. A BE shift of (.15 eV in the O-1 spec-
trum from AP-001 to AP-02 was measured, indicating the
STPP might induce a different environmental chemical state.
The % O-2 (hydroxyl oxygen) of 47.4 %, 49.4 %, and
53.4 % was observed in AP-0, AP-001, : AP-02, respec-
tively. Increasing O-2 might be related to the defect of silver
vacancy. The higher defect might easily trap the hydroxyl on
the surface.

3.2. Photocatalytic evaluation

The photocatalytic activities of samples were tested using the
Rhodamine @) (RhB) degradation under the blue light of an
LED lamp, the results can be seen in Fig. 8. The % degrada-
tion was calculated using the equation of ((Cy-C,)/Cp)x100%
(Phuruangrat et al., 2019), where Cy, is the initial concentration
of RhB and C, is the concentration of RhB after 6 min of irra-
diation. The % degradation 4.4, 83.6, 93.6, 85.9, 81.9, 74.6,
57.3, and 48.3 was calculated for the sample of AP-0, AP-0005,
AP-001, AP-005, AP-01, AP-02, AP-04 and AP-08, respec-
tively. The kinetics of the photocatalytic reaction was also
investigated using the pseudo-first-order model, In(Cy/C,) =-
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Kappt, where: Cy is the initial concentration of RhB solution, C,
is the RhB concentration after t (min) irradiation and k,p,,
(min~') is the apparent pseudo-first-order rate constant
(Wang et al.. 2016). All photocatalytic reactions were well fit-
ted to this kinetic model with r* ranging from 0.95 to 0.99. The
rate constant (min_') of 0.266, 0.336, 0.435, 0.319, 0.338,
0.311, 0.257, and 0.171 were calculated for the samples of
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eble 2 The atomic ratio of Ag/P, Ag/O and P/O calculated
from the XPS analysis.
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AP-0, AP-0005, AP-001, AP-005, AP-01, AP-02, AP-04 and
AP-08, respectively. Treatment with STPP increased photocat-
alytic activity until the highest activity was fo in sample
AP-001 which was 1.6 times higher than AP-0. The enhanced
photocatalytic activity might be caused by decreased photo-
generated electron and hole recombination. This was con-
firmed by the decrease of PL intensity in AP-001 at 541 nm.
Due to the very low specific surface area and total pore vol-
ume, therefore, these properties do not greatly affect the pho-
tocatalytic activity. Further increase of STPP concentration
eradually decreases the photocatalytic activity significantly.
For example, in the AP-02 sample, the decrease of activity
might be caused by high charge recombination which was con-
firmed by high PL intensity at 541 nm which is similar to AP-0.
However, the low intensity at 679 nm in AP-02 might have the
potential for further improvement of this photocatalyst. The
defect sites on the surface significantly affect the photocatalytic
reaction, in which, the defect concentration can have a signif-
icant role. A small concentration of the defect might increase
the photocatalytic activity, but a large defect might deteriorate
the photocatalytic reaction. A small defect might improve the
ypration of photogenerated electrons and holes, in contrast,
a large defect could be a centre of photogenerated electr@jand
hole recombination. Therefore, the defect concentration 18 very
pivotal for paving a highly active photocatalyst.
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Fig. 7 The XPS profile of P2p (a) and Ols (b) in Ag;PO, prepared without STPP { AP-0), with 0.01 g of STTP (AP-001), and with 0.2 g

of STTP (AP-02).

To study the active species of the photocatalytic reaction,
three samples of ATER, AP-001 and AP-02 were investigated.
The scavenger of 1sopropyl alcohol (IPA), benzoquinone
(BQ) and AO (ammonium oxalate) was used to trap the hydro-
xyl radical ("OH), superoxide ion radical ("O5) and holes (h ™),
respectively (Sulaeman et al., 2022). The results of the evalua-
tion can be seen in Fig. 9. The % degradation of AP-0 was sup-
pressed under the addition of IPA, BQ and AQ, indicating that
all three active species (("OH, *05, h ™) involved in the reaction.
In contrast, the sample of AP-001 and AP-02 showed that the
% degradation was suppressed under the addition of BQ and
AO, suggesting only two active species ('O, h ™ ) were involved
in the reaction, The higher suppression of % degradation was
found after AO addition in AP-02, indicating that the hole was
dominantly involved in the reaction.

The most important thing in Ag;POy4 photocatalyst is the
stability of photocatalytic activity. It is well known that the
worse ability of Ag;PO; was caused by photo-corrosion
through photoreduction of Ag™ on the surface forming the
metallic Ag particles. Therefore, the photocatalytic recycling

ability of AP-0, AP-001 and AP-02, were evaluated, and the
results are shown in Fig. 10. The pseudo-first-order rate con-
stants in_') of 0.325, 0.096, and 0.047 were obtained in
AP-0 Tor cycle 1. cycle 2 and cycle 3, respectively, indicating
the photocatalyst has poor stability. Photostability increased
slightly in AP-001 which showed a rate constant (min~") of
0.385, 0.256, and 0.089 for cycle 1, cycle 2 and cycle 3, respec-
tively. Interestingly, AP-02 photocatalyst showed excellent
photostability because the rate constants (min~') of 0.320,
0.362, and 0.312 were generated in cycle 1, cycle 2 and cycle
3, respectively. The photocatalyst of AP-02 showed high pho-
tostability, even at cycle 2, the photocatalytic activity was
higher.

3.3, The characterization after the cyelic reaction

The photocatalyst of AP-0 and AP-02 after three cyclic photo-
catalytic reactions were characterized using XRD and XPS. It
is very important to understand the excellent photo-stability of
AP-02. Fig. 1la exhibited the XRD profile of AP-0 and AP-02
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which showed a similar structure of Ag;PO,; (ICDD 98-020-
1361). The slight shift of 26 was found in AP-02, it is similar
to before the photocatalytic reaction, suggesting that the large
defect might be retained on the Ag;POy surface. The Scherrer
method showed that the Ag;PO, crystalize size of 77.4 nm and
53.6 nm were calculated in AP-0 ad AP-02, respectively which
is relatively similar to before the photocatalytic reaction.

Using Rietveld refinement analysis, the interplanar distance
(d-space) of the Ag metal incorporated in the photocatalyst
was obtained to be 2.36605 and 2.36009 for AP-0 and AP-
02, respectively, which corresponds to (111) plane of the silver
cube structure (ICSD 98-018-0878). These values originate
from the 20 position of 37.99935° and 38.09899° for AP-0
and AP-02, respectively. The Ag" crystallite size of 36.5 nm
and 48.7 nm was calculated for AP-0, and AP-02 using the
Scherrer equation, respectively. The metallic Ag particles
incorporated on AP-0 and AP-02 showed different characteris-
tics (Fig. 11b). The Ag" in AP-02 exhibited a higher value of
20, indicating the lattice constant of Ag" is smaller than the
Ag" of AP-0. The shift of the peak towards a higher 20 implies
compression and formation of lattice anisotropic contractions
(Shanmugan and Mutharasu, 2012). These phenomena might
be caused by the different interactions of metallic Ag in AP-
0 and AP-02. In the large defect of AP-02, the interaction of
Ag" and Ag;PO, is stronger than in AP-0. The defect might
have a significant role in shaping the different characteristics
of Ag". Therefore, although both samples (AP-0 and AP-02)
have the same concentration of Ag metal, they differ in the
occupation on the crystal lattice of the Ag;PO, surface. In
addition, the crystallite size might influence the incorporation
of Ag", the similar crystallite size of 48.7 nm (Ag") and
53.6 nm (Ag;P0Oy) in AP-02 might increase the interaction, in
contrast, the different crystallite size of 36.5 nm (Ag") and
77.4 nm (Ag;P0O,) in AP-0 lead to the weak interaction.

The XPS analysis of AP-0 and AP-02 after 3 cycles of photo-
catalytic tests was also carried out and shown in Fig. 12. The
shrinkage of the Ag3d spectra peak was found in AP-02 imply-
ing that the defect could affect the incorporation of metallic Ag.
Meanwhile, Ols of AP-02 exhibited shrinkage of spectra peak
from the opposite site suggesting that the amount of adsorbed
organic oxygen on the AP-02 surface is lower. It means that
the mineralization in AP-02 is better than the AP-0. To under-
stand in detail, the XPS peak deconvolution of Ag3d was inves-
tigated. The BE energy of Ag™ in AP-0exhibited at 367.48 and
373.48, whereas in AP-02 exhibited at 367.55 and 373.55 for
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Fig. 11 XRD pattern of AP-0 and AP-02 after 3 cycles of the

photocatalytic test (a) and an enlarged 26 peak (b).
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Agids;» and Agdd; - respectively (Tanget al., 2020). These BEs
in both AP-0 and AP-02 are lower compared to the sample
before photocatalytic reaction treatment, indicating that the
Ag " ions on the surface were in a different environment state.
This feature might be caused by interaction with intermediate
products of RhB degradation such as carboxylate compounds.
The most important in the photocatalytic reaction is a metallic
Ag as a result of photoreduction. The Ag" in AP-0 exhibited
at 368.89 eV and 374.88 ¢V whereas in AP-02 found at
368.98 eV and 374.99 eV for Ag3ds» and Ag3dd;, respectively
(Sulaeman etal., 2020). There is a BE shift of 0.1 eV. The higher
BE of Ag" in AP-02 might have more metallic properties incor-
porated on the surface of Ag;PO4. This phenomenon was also
supported by XRD data that the lower d-space of Ag" was
found. The metal Ag” in the large defect of AP-02 may act as
a dopants on the surface which has a strong function in the pho-
tocatalytic reaction.

3.4, Photocatalviic mechanism

The photocatalytic mechanism of AP-02 sample was demon-
strated in Fig. 13. During the photocatalytic reaction, metallic

Ag” is created due to the reduction of Ag” in the Ag;PO,
semiconductor. In a larger defective Ag;PO,4. more metallic
Ag was formed and might have closely interacted on the sur-
face of Ags;PO4. This phenomenon can enhance photo-
generated electron transfer from Ag;PO; to metallic Ag,
resulting in high photo-stability. Ag;PO, has a narrow band
gap energy of 2.45 eV. When irradiated with visible light, the
electron could be excited to the conduction band (CB). The
generated electrons CB can flow directly to metallic Ag,
while the generated holes are trapped by the surface Ag vacan-
cies, leading to an improvement in photogenerated separation
efficiency. The Ag” incorporated on the surface of the Ag;PO,
can trap the photo-generated electrons. This metallic Ag
nanoparticle can form a Schottky barrier at the Ag-
semiconductor interface, therefore, the photogenerated elec-
tron can easily diffuse to Ag and enhance the photocatalytic
performance (Bunluesak et al., 2021). Once the photogener-
ated carriers are trapped by metallic Ag and silver vacancies,
the electron in CB readily reduces oxygen (O,) on the surface
to generate the superoxide radical anions ("O5 ), while the holes
oxidize the adsorbed pollutant (RhB) to produce degradation
product.
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Fig. 13 The mechanism of photocatalytic reaction in AP-02
photocatalyst.

4. Conclusions

The enhanced photo-stability of defective Ag:PO4 was successfully
prepared using a co-precipitation method with starting material of
AgNO;, sodium tripolyphosphate (STPP) and Na-HPO,*12H-0.
The STPP solution is the key factor in inducing the silver vacancy for-
mation in Ag:POy. The higher concentration of STPP solution the
higher the silver vacancy was formed. Larger silver vacancy in Ag:PO,
(AP-02) exhibits higher photo-stability. This phenomenon was induced
by the formation of metallic Ag in silver vacancy during the photocat-
alytic reaction. The formation of metallic Ag in larger silver vacancy
might increase the interaction of generated metallic Ag with Ag.PO,
lattice. In the large defect of AP-02, the interaction of Ag” and Ag:POy
is stronger than in AP-0. The metallic silver can act as an accepting
photogenerated electron that can maintain the ability of photocatalytic
activity.
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