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This study demonstrates the influence of the Ag*/PO?f ratio in precursor solution on the crystal structural formation,
morphology, physical properties, and photocatalytic performance of a AgzPO,4 photocatalyst that is fabricated, using a
facile precipitation method, from AgNO3; and NayHPOy - 12H,0. The material characterizations were carried out using
x-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive x-ray spectroscopy (EDX), Brunauer—
Emmett—Teller (BET) surface area, Fourier transform infrared (FTIR) absorption, Raman scattering, x-ray photoelectron
spectroscopy (XPS), UV-vis absorption, and photoluminescence (PL). The results show that Ag3POy4 crystallizes better
when the excess POZi content increases, and the lattice parameters decrease slightly, while the crystal diameter and the
particle size increase. This change is also observed in the Raman scattering and FTIR spectra with the increase in the
vibration frequency of the [PO4] group. The compression of the [PO4] unit was also confirmed in the XPS spectra with
the shift of P 2p peaks toward higher binding energy. The photocatalytic results showed that the samples synthesized from
excess POi_ solution exhibited higher photocatalytic performance compared to the sample with a Ag*/POi_ ratio of 3:1.
A sample prepared from the precursor solution with a Ag*/PO?f ratio of 3:1.5 was optimal for RhB decomposition under
both visible light and natural sunlight, completely decomposing 10 ppm RhB after 15 minutes of xenon lamp irradiation
and after 60 minutes under solar light irradiation. This is attributed to the high crystallinity, small particle size and low

electron—hole recombination rate of the sample.
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1. Introduction

Recently, among various photocatalysts, silver or-
thophosphate Agz;PO4 (APO) has emerged as a breakthrough
in the field of visible light photocatalysis due to its small op-
tical band gap of 2.43 eV, high quantum efficiency, and su-
perior photooxidative capability.[!:?) As the formation of elec-
tron/hole pairs on the surface of APO particles plays an impor-
tant role in the photocatalytic performance, many studies have
been carried out with the aim to control the particle size or
particle morphology to increase the specific surface area.3-6]
The studies showed that synthesis parameters such as the pre-
cipitating agents,”-8! the ratios of the starting materials,*!°]
the concentration of the reaction catalysts,>!!] the fabrication

(34121 and pH conditions!!3! greatly influence the size

time,
and morphology of the particles.

Although it possesses great potential in the field of en-
vironmental remediation and renewable energy, APO has its
own disadvantages in that it consumes a large amount of silver
metal due to its wide use, leading to an increase in photocata-
lyst costs.[*! More importantly, during photocatalytic activity,

the Ag* ions in the APO lattice are susceptible to metalliza-
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tion upon receiving electrons, leading to undesirable and un-
controlled photocorrosion.““*ls] As a result, the structure of
the material is destroyed over time and the photocatalytic ac-
tivity decreases. This has remained a challenge for researchers
so far. Therefore, besides finding solutions to increase specific
surface area, researchers also focus on enhancing the struc-
tural stability of the materials by adjusting the ratio of Ag™
and PO?[ 19:16.17] ¢ find the most stable structure. In addition,
increasing the lifetime of the electron/hole pair to increase
the photocatalytic efficiency has always been of interest to re-
search through the creation of a heterojunction between APO

[15,18-21

and other semiconductors I as well as doping of APO

with suitable ions.[?>~24]

Previous studies showed that the different concentrations
of Ag' and PO?[ in the starting solutions significantly af-
fects the particle size and morphology, crystallinity, absorp-
tion capability and structure stability of AgzPO3. Febiyanto
used the precursors of AgNO3z and Na,HPOy4 - 12H,0 with
a given molar ratio of 3:1 and varied the concentration of
both the AgNO3 and NayHPO, precursor solutions. The re-
sults showed that Ag3POs3 prepared from the 1.0 M AgNO3
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and 0.33 M Na,HPO4 - 12H, 04 solutions exhibited the highest
photocatalytic activity.[”! The authors believed that the reason
for this was due to the different concentrations in the reaction
solution affecting the nucleation and crystal growth during the
sample preparation. Again using AgNO3; and NayHPOy4, with
no change in mass and molar ratio in different samples but
with varying concentrations of ammonia added, Febiyanto!!”!
found that a concentration of 0.05 M ammonia was suitable
for the synthesis of Ag3PO4 with the highest photocatalytic
activity; this was increased 4.13 times compared to Ag3POy4
prepared without ammonia. This result was explained by the
fact that the appropriate presence of ammonia successfully re-
duced the particle size and increased the homogeneity of the
catalyst, in favor of the photocatalytic activity. Qin,['®! when
using AgNO3 and NH4H, POy as starting materials, found that
the rich Ag* ion AgzPO4 can form the surface plasmon res-
onance (SPR) of Ag nanoparticles to reduce the corrosion of
Ag3POy, thus enhancing the photocatalytic activity and sta-
bility (highest for the sample with a Ag*/PO?f ratio of 3:1).
Afifah!'% used AgNO; and KH,POj as reactants and changed
the Ag*/POi+ ratio by changing the KH,PO,4 concentration
in aqueous solutions of 0.10 M, 0.15 M, 0.30 M, 0.45 M, and
0.60 M while keeping the same concentration and amount of
AgNOj; solution. The results show that the AgzPO4 fabricated
from 20 ml of 0.15 M KH,PO4 and 50 ml of 0.1 M AgNO;
(Ag*/POi’ ratio of 3:1.8) exhibits superior photocatalytic ac-
tivity. This is attributed to the small size of the mixture mor-
phology of spheres and tetrahedra, high crystallinity and for-
mation of defect sites.

Although the use of Na,HPOj, - 12H,0O as a precursor has
been studied, unfortunately, the effect of the Ag*/PO[ ra-
tio on the photocatalytic performance of the material has not
been reported. The objective of this study was to use excess
Nay;HPO, - 12H, 0 as a source of phosphate ions with the hope
that the excess of POi_ would limit the aggregation of Ag™
and thus prevent metallization to Ag®. As a result, APO nu-
clei would form more easily and crystallize better. The ratio
of Ag*/POZ_ was adjusted to 3:1, 3:1.5, 3:2, and 3:3. The
study focused on the investigation of the variation of crys-
tallinity, crystal structure and other physical properties, and
photocatalytic activity as a consequence of increasing excess
POZ_ concentrations. In addition, to demonstrate the superior
applicability of the fabricated APO, besides using visible light,
photocatalytic activity was carried out under the irradiation of
natural sunlight at noon.

2. Materials and methods
2.1. Materials

The chemicals used in this work are silver nitrate
(AgNO3, Sigma-Aldrich, 99%) and disodium hydrogen phos-
phate 12-hydrate (NapHPOj, - 12H,0, Sigma-Aldrich, 99%).

Rhodamine B (RhB, CygH3;CIN,O3, Sigma-Aldrich, 95%)
was used as an organic colorant in the photocatalytic test.
These starting materials were used without further purifica-
tion. A xenon lamp (300 W/220 V) was used as the visible
light source irradiation.

2.2. Synthesis of photocatalysts

AgzPO4 materials were synthesized using a facile precip-
itation method. Firstly, 0.5096 g of AgNO3; was dissolved
in 150 ml of distilled water to achieve 0.02 M Ag™ solution
(solution A). In four separate beakers, 0.1420 g, 0.2129 g,
0.2839 g, and 0.4259 g Na,HPO, - 12H,0 were dissolved in
50 ml, 75 ml, 100 ml, and 150 ml of distilled water, respec-
tively, to obtain the 0.02 M PO?[ solution (solution B). With
these amounts of starting materials, the adjusted Ag‘”‘/PO?f
ratio was adjusted to be 3:1, 3:1.5, 3:2, and 3:3. Next, solution
A was slowly dripped into solution B to obtain a mixture of so-
Iution C. Solution C was magnetically stirred for 3 h at room
temperature, and a yellow precipitate was obtained. The pre-
cipitate was filtered and washed 5 times with distilled water,
and was then dried at 100 °C to obtain yellow powder Ag3PO4.

For convenience, the different samples are named as Ag/P
3:1, Ag/P 3:1.5, Ag/P 3:2, and Ag/P 3:3 corresponding to
Ag*/POi_ ratios of 3:1, 3:1.5, 3:2, and 3:3, respectively.

2.3. Characterization

The crystal structure of the samples was investigated us-
ing an x-ray diffractometer (XRD, Brucker D8 Advance) with
Cu Ka (A = 1.54064 A) radiation over Bragg angles ranging
from 20° to 90°. A scanning electron microscope (SEM, JED-
2300) equipped with energy dispersive x-ray spectroscopy
(EDS) was used to study the morphology and elemental com-
position of the samples. The Brunauer—Emmett-Teller (BET)
surface area was measured by a high-performance adsorption
analyzer (Micromeritics 3Flex). An FTIR/NIR spectrometer
(Shimadzu IR Prestige-21) was used to carry out Fourier trans-
form infrared spectroscopy (FTIR) of as-synthesized samples.
Raman scattering spectroscopy was conducted using a Raman
microscope (Horiba LabRam HR Evolution) using a 532 nm
laser beam as an excitation source. UV-vis diffuse reflectance
spectroscopy (DRS) was performed on a UV-vis spectropho-
tometer (Jasco V670). Furthermore, the surface element com-
position analysis of AgzPO4 samples was studied using x-
ray photoelectron spectroscopy with the energy resolution of
0.1 eV (XPS, Thermo Scientific Multilab-2000) using an Al
Ko monochromatized source. Photoluminescence (PL) spec-
troscopy was performed using a fluorescence spectrophotome-
ter (Nanolog Horiba iHR 550) using an excitation wavelength
of 350 nm.
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2.4. Photocatalytic activity test

In this study, 10 ppm RhB solution was used as a color in-
dicator to evaluate the visible-light-driven photocatalytic per-
formance of APO in the decomposition of organic molecules.
A xenon lamp (300 W/220 V) was used as the excitation vis-
ible light source. At the same time, natural sunlight was also
used as a reference measurement.

Firstly, 0.06 g of APO was dissolved in 30 ml of distilled
water and then magnetically stirred for 30 min. Secondly,
30 ml of 20 ppm RhB solution was added to the above solu-
tion (the final concentration of RhB solution for photocatalysis
was 10 ppm). The mixture was magnetically stirred in a dark
chamber for 30 min to reach an adsorption—desorption equi-
librium state. After dark stirring, the solution was illuminated
under a xenon lamp using a UV cut-off filter to investigate
the visible-light-driven photocatalytic properties of the sam-
ple. The distance between the xenon lamp and the surface of
the RhB solution is 10 cm (illuminance of 23121 lux). Af-
ter each 5 minutes (or 10 minutes), 4 ml of RhB solution was
removed and centrifuged at 4000 rpm to remove the APO pow-
der. The concentration of RhB remaining in the solution at a
time was assessed via the absorption spectrum of the solution.
The absorption intensity of the characteristic absorption peak
of RhB at 554 nm was used to determine the remaining con-
tent of RhB in the solution at a time using a standard curve that
represents the relationship between RhB concentration and ab-
sorbance.

To evaluate the practical applicability of APO, natural
sunlight at noon (illuminance of 32766 lux) was used as an
excitation source for the photocatalysis of the material. The
steps were similar to those of the above photocatalytic process
using xenon light.

3. Results and discussion

The crystal structures of the as-synthesized samples were
determined using x-ray diffraction (XRD) measurements. Fig-
ure 1(a) shows XRD patterns of the products with different
Ag*/PO?f ratios (3:1; 3:1.5; 3:2; 3:3) in precursor solutions.
All the patterns match well with JCPDS card No. 06-0505 with
no strange peak, indicating that the samples are pure Ag3POy4
with a body-centered cubic structure and space group P4-3n.
The sharp peaks with small full-width half maxima (FWHM)
of the peaks reveal that the samples were well crystallized. Us-
ing the positions and FWHM of the reflection planes, the lat-
tice parameters and the crystal diameter were calculated. The
results show a = b = ¢ ~ 5.989 A and Dxrp ~ 44 nm for the
Ag/P 3:1 sample, which are relatively consistent with previous
studies.[*1%] Figure 1(b) depicts a comparison of the posi-
tion of the sharp peak (210) between different samples, which
shows a shift towards a larger 28 angle as the Ag*/POi* ratio

decreases. This leads to a slight decrease in lattice parameters,
as shown in Table 1. In contrast to the decrease in lattice pa-
rameters, the crystal size increased, which showed an increase
in crystallinity as the POi_ content increases. This may be
due to the high concentration of PO; ~ that inhibits the met-
allization of Ag™ ions and stimulates the formation of crystal
nuclei, which helps APO crystals grow stronger.

Table 1. Lattice parameters, crystallite and nanoparticle diameters, and spe-
cific surface areas of the as-synthesized Ag3PO,4 with different Ag*/POZ’

ratios in precursor solution (Ag*/POi’ =3:1, 3:1.5; 3:2; 3:3).

Lattice Diameter of Particle Specific
Samples parameters crystallite diameter surface
a=b=c Dxrp Dsem area
A) (nm) (nm) (m?/g)
Ag/P 3:1 5.989 44 ~ 160 2.8
Ag/P3:1.5 5.968 48 ~ 175 3.0
Ag/P 3:2 5.972 41 ~ 215 1.8
Ag/P 3:3 5.968 49 ~230 1.8
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Fig. 1. (a) XRD patterns of the as-synthesized AgzPO4 with different
Ag*/POZ’ ratios in precursor solution (Ag*/PO{ =3:1;3:1.5;3:2; 3:3)
and (b) a comparison of the (210) peak position.

Figure 2 shows the scanning electron microscope (SEM)
images of the as-synthesized AgzPO, samples. All the sam-
ples possess a spherical morphology with relatively uniform
particle size. It is obvious that the size of particles increases
with increasing PO?[ content. The particle size distribu-
tion, determined using ImageJ software, showed that the av-
erage grain sizes of the samples were approximately 160 nm,
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175 nm, 215 nm, and 230 nm for samples Ag/P 3:1, Ag/P
3:1.5, Ag/P 3:2, and Ag/P 3:3, respectively. This suggests
that the excess PO?[ concentration not only stimulates crys-
tal growth, but also promotes agglomeration of crystals to
produce larger particles. It is a fact that if the concentra-
tion of PO?[ is low, the Ag™ ions with a small radius meet
each other with a higher probability, promoting metallization
to Ag®. Therefore, increasing the concentration of PO, ™ will
limit the metallization of Ag™ and increase the probability of
APO crystal nucleation, leading to faster growth of APO crys-
tals, resulting in larger grain sizes.

Fig. 2. SEM images of as-synthesized Ag3PO, with different Ag*/PO,~
ratios in precursor solution of (a) 3:1, (b) 3:1.5, (¢) 3:2, and (d) 3:3.

Energy-dispersive x-ray spectroscopy (EDX) was used
to analyze the elemental composition of the as-synthesized
samples. Figure 3(a) shows that all the peaks are consistent
with the component elements of the Ag3POy4 crystal: Ag, O,
and P. The results of the BET specific surface analysis, per-
formed via nitrogen adsorption—desorption measurements, are
presented in Fig. 3(b) and Table 1. Table 1 shows that the spe-
cific surface area of the as-synthesized samples is quite small,
only about 2 m?/g—-3 m?/g, relatively consistent with previous

(12.25.26] Therefore, although figure 3(b) shows the sep-

reports.
aration of the adsorption and desorption curves, the difference
in absolute quantitative adsorbed values between them is not
significant. It is well known that the large surface area pro-
vides a more active center for photocatalytic activity, thereby
increasing the photocatalytic efficiency. However, with this
result, it can be predicted that the adsorption capacity of the
as-prepared sample is small; the photocatalytic efficiency is
not caused by the large surface area, but mainly relies on the
photocatalytic activity of the material itself.

Figure 4(a) presents the FTIR spectra of the prepared
APO samples.
tic absorption bands of APO were depicted. The signals at
1635 cm~! and 3435 cm ™! were attributed to the bending and
stretching modes of adsorbed water molecules. The absorption

It is clear that all the required characteris-

peaks at 2350 cm ™! can be assigned to the asymmetric stretch-
ing mode (v3) of absorbed CO, on the surface of APO.!?’! The
characteristic bands of POy groups appeared at 560 cm ™! (an-
tisymmetric bending mode v4) and 1015 cm™! (antisymmetric
stretching v3).?82°1 In addition, the band at 1390 cm ™! can
be assigned to nitrate groups resulting from synthesis residu-
als. It can be deduced that the FTIR spectra have indirectly
reflected the presence of components constituting the synthe-
sized sample. A detailed comparison of the FTIR peak posi-
tion at 1015 cm™! is presented in Fig. 4(b). A small shift of
the vibrational frequency towards higher wave numbers was
observed as the PO?[ concentration increased, which is con-
sistent with the slight decrease in the lattice constant observed
in the XRD results.
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Fig. 3. (a) EDX analysis and (b) BET results of as-synthesized Ag3PO4
with different Ag*/PO]~ ratios in precursor solution (Agt/PO3~ = 3:1;
3:1.5; 3:2; 3:3).

Raman spectroscopy of the fabricated samples was per-
formed to help detect small changes in the crystal lattice and
is shown in Fig. 5. In the wavenumber range of 100 cm™'—
1100 cm™!, samples exhibited 5 Raman peaks at 223 cm ™!,
398 cm~!, 551 cm™!, 906 cm~!, and 1064 cm™!': most of
them are low in intensity, except the peak at 906 cm~'.
The low peak at 223 cm~! was assigned to the vibration

mode (rotation or translation) of the tetrahedron [POg4], while
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Fig. 4. (a) FTIR spectra of as-synthesized AgzPO4 with different
Ag*/POZ’ ratios in precursor solution (Ag*/PO?f =3:1;3:1.5; 3:2; 3:3)
and (b) a comparison of the 1015 cm~! peak position.
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Fig. 5. (a) Raman scattering spectra of as-synthesized AgzPOy4 with dif-
ferent Ag*/POi’ ratios in precursor solution (Ag*/POi’ =3:1; 3:1.5;
3:2; 3:3) and (b) a comparison of the 906 cm™~! vibration peak.

the 398 cm~! and 551 cm™! peaks were the symmetric
(E) and asymmetric (T;) bending modes of the [PO4] clus-
ter, respectively.l*"l It is observed that the intense peak at
906 cm~! not only shifts towards the high wave number
(902 cm™! for the Ag/P 3:1 sample and 906 cm~' for the
Ag/P 3:3 sample), but also expands and becomes asymmet-
ric as the Ag+/PO‘3f ratio decreases. Figure 5(b) depicts in
detail the peak at 906 cm~!, which shows that the 906 peak
consists of three components of 906 cm~!, 911 ecm™!, and
972 cm™!. They can be attributed to symmetric stretching vi-
bration (A1) and two asymmetric stretching modes (T,) of the
[PO4] group,% respectively. The shift of the 906 cm™! peak
is in an agreement with the XRD and FTIR results, which both
confirm the small deformation of the crystal lattice upon the
Ag*/PO?f change in precursor solution.
Table 2. The area ratio of the Ag® and Ag"™ XPS peaks (Ag®:Ag™)

for the two spin orbit states Ag 3d;/, and Ag 3d;/; in the Ag/P 3:1
and Ag/P 3:1.5 samples.

Area ratio Ag®:Ag™ (%)

Sample
Ag 3d1/2 Ag 3d3/2
Ag/P 3:1 3.4% 3.1%
Ag/P 3:1.5 1.9% 1.2%

X-ray photoelectron spectroscopy (XPS) measurements
with an energy resolution of 0.1 eV were performed to inves-
tigate the composition of chemical elements on the surfaces
of the as-synthesized samples and to monitor the changes be-
tween their bonds (Fig. 6). The XPS spectra were calibrated
with respect to the binding energy of the adventitious C 1s
peak at 284.8 eV. Figure 6(a) shows the survey XPS spectra
for the Ag/P 3:1 and Ag/P 3:1.5 samples, which indicate the
existence of all the required elements in the photocatalyst, i.e.,
Ag, P, and O. The appearance of the C 1s peak at 284.8 eV
is due to the inherent presence of absorbed CO, molecules
on the surface of the material, or even originates from the ad-
ventitious hydrocarbon in the XPS instrument. The relevant
high-resolution XPS spectra of the constituent elements Ag,
O, and P are shown in Figs. 6(b)-6(d), respectively. The peaks
at binding energies of 367.6 eV and 373.6 eV were assigned
to the Ag 3ds/, and Ag 3d3/, states, which are characteristic
of Ag* ions (Fig. 6(b)).[3!l Based on the asymmetry of the
XPS peak, very small peaks at 369.5 eV and 375.4 eV were
found, which are believed to correspond to the metallization
Ag° state. The amount of metallization in the Ag/P 3:1 and
Ag/P 3:1.5 samples was evaluated by calculating the area ratio
of the Ag® and Ag™ peaks. Table 2 shows that the Ag®/Ag™ ra-
tio is above 3% for the Ag/P 3:1 sample and falls below 2% for
the Ag/P 3:1.5 sample. This suggests that the metallization of
the Ag™ ion decreases with increasing PO?‘* concentration to
the excess level, which is consistent with the aim of the study.
Figure 6(c) depicts the XPS spectra of the O 1s state, which in-
cludes some constituent peaks. The O1 peak at 530.2 eV could
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be assigned to O—Ag bonding, while the O2 peak at 532.2 eV
is related to the dissociated OH group of H,O adsorbed on the
Ag3PO, surface.?! Figure 6(d) presents the high-resolution
XPS spectrum of the P 2p state of the Ag/P 3:1 and Ag/P
3:1.5 samples. The spectrum includes 2 peaks at 132.5 eV and

134.0 eV for the P 2p3 ) state and P 2p /5, respectively. These
peaks shift towards the higher binding energies of 133.3 eV
and 134.5 eV for the Ag/P 3:1.5 sample, which is likely due
to the compression of the tetrahedron [PO4], as shown in the
XRD, FTIR and Raman results.
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Fig. 6. (a) XPS survey spectra of as-synthesized Ag3PO4 with different Ag*/POi_ ratios in precursor solution (Ag*/POi_ =3:1; 3:1.5; 3:2;
3:3), and the relevant high-resolution XPS spectra of the constituent elements of (b) Ag, (¢) O, and (d) P.

UV-vis absorption spectroscopy was performed to de-
termine the optical absorption and energy bandgap of as-
synthesized APO, as shown in Fig. 7(a). All the samples ex-
hibit strong absorption at a wavelength shorter than 520 nm,
demonstrating that visible radiation can be effectively used in
the photoexcitation. Using the Kubelka—Munk function, the
band gap E, can be determined from the plot of (ahv) /2 as a
function of the photon energy (hc/A ) for the indirect semicon-
ductor, as shown in Fig. 7(b). The results show that the energy
band gap is 2.43 eV, which is in a good agreement with pre-
vious reports.[31’33] As the POi_ concentration increases, the
absorbance for wavelengths less than 530 nm increases while
the absorption background (above 530 nm) decreases. This is
consistent with higher crystallinity as the PO?[ concentration
increases, as observed above.

As photoluminescence (PL) results from recombination
of excited electrons and holes, room-temperature photolumi-

nescence spectra were measured (excitation wavelength of

350 nm) to help to evaluate the separation efficiency of pho-
toexcited charge carriers in the as-synthesized APO samples,
as shown in Fig. 8(a). The results show that all the APO sam-
ples fluoresce in a wide range from 400 nm to 700 nm, with
a strong emission peak around 520 nm (corresponding to the
band gap of 2.43 eV for APO material). It is observed that the
Ag/P 3:1 and Ag/P 3:1.5 samples possessed the weakest PL
intensity, suggesting the lowest electron/hole recombination
rate, which is beneficial for the enhancement of photocatalytic
activity. In addition, the normalized PL spectra in Fig. 8(b)
show a shift of the PL emission peaks towards a larger wave-
length as the ratio of the Ag*/PO?[ decreased, which was
most pronounced for the Ag/P 3:2 sample.

The photocatalytic performance of the APO samples un-
der visible light irradiation was evaluated through the decom-
position of 10 ppm RhB without any additional sacrificial
reagents using xenon lamp illumination. Figure 9(a) shows

curves representing the relative C/C, ratios of RhB in solution
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over time. Before light irradiation, the solutions were mag-
netically stirred in the dark for 30 min to achieve adsorption—
desorption equilibrium. The results showed that the APO sam-
ples quickly reached the saturated adsorption state in less than
10 minutes, with an adsorption rate of about 10% of the RhB
concentration in the solution. The low RhB adsorption rate
of the samples could be explained by the very low specific
surface area, as observed in the BET measurements. When
illuminated, all the synthesized APO samples showed strong
photocatalytic performance, completely decomposing RhB in
less than 30 min, especially for the Ag/P 3:1.5 sample in only
about 15 minutes. It is worth noting that the samples synthe-

sized under POZ* excess conditions showed greater photocat-
alytic efficiency than the samples with the Ag+/PO‘3f ratio of
3:1. This can be explained by the high crystallinity of APO, as
observed in the XRD results, and the low rate of electron-hole
recombination, as in the PL results. However, together with
good crystallization, the samples fabricated in POi* excess
solution also had a sharp increase in particle size, as indicated
in the SEM results, which limited the photocatalytic efficiency
due to the small specific surface area. As a result, the Ag/P
3:1.5 sample has the strongest photocatalytic activity because

of both good crystallinity and small particle size.
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Fig. 7. (a) UV-vis absorption spectra of as-synthesized Ag3PO,4 with different Ag+/POi’ ratios in precursor solution (Ag*/PO;~ = 3:1; 3:1.5;
3:2; 3:3) and (b) the method to determine the energy band gap from the plot of (cthv)!'/? versus photon energy hc/A.

6000

4500

3000

1500

PL intensity (counts)

Wavelength (nm)

—o—Ag/P 3:1
—— Ag/P 3:1.5
——Ag/P 3:2
—v—Ag/P 3:3

L (b) g %

PL intensity (arb. units)

400 500 600 700
Wavelength (nm)

Fig. 8. (a) PL spectra of as-synthesized AgzPOy4 with different Ag*/PO; ™ ratios in precursor solution (Ag+/POi’ =3:1; 3:1.5; 3:2; 3:3) and

(b) the normalized PL spectra.
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The pseudo-first-order kinetic model is used to determine
the photocatalytic reaction rate, In(C,/C) = kt, where the rate
constant k can be achieved from the slope of the linear relation-
ship of the plot In(C,/C) = kt versus reaction time (Fig. 9(b)).
The catalysts exhibit the reaction rate constants k ~ 0.228,
0.211, 0.200, 0.175 for Ag/P 3:1.5, Ag/P 3:3, Ag/P 3:2, and
Ag/P 3:1, respectively. To assess the practical applicability of
the as-synthesized APO, the photocatalytic decomposition of
RhB was performed under illumination of natural sunlight at
noon (Fig. 9(c)). The samples exhibit excellent photocatalytic
activity under sunlight. The sample with the highest photocat-
alytic efficiency is still Ag/P 3:1.5, which completely decom-
poses RhB dye in 60 minutes, and the sample with the lowest
photocatalytic efficiency is still Ag/P 3:1, which decomposes
over 90% RhB within 120 minutes. The order of samples with
photocatalytic efficiency going from strong to weak is similar
to that of the photocatalysis test under the xenon lamp.

4. Conclusion

The spherical nanoparticle AgzPO4 was successfully
synthesized using a facile co-precipitation method with
Ag*/POff ratios of 3:1, 3:1.5, 3:2, and 3:3. The excess con-
centration of PO] "~ in the precursor solution reduces the lattice
constant, increases the crystallinity and particle size, and in-
creases the photocatalytic activity of AgzPO4 compared with
that with the Ag+/P03_ ratio of 3:1. The Ag/P 3:1.5 sample
exhibited the strongest photocatalytic activity due to its high
crystallinity, small particle size and lowest electron-hole re-
combination rate. This study shows the practical applicability
of AgzPO4 material for photocatalytic degradation of polluted
organic substances in the natural environment using sunlight.
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