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ARTICLE INFO ABSTRACT

Keywords: The present study highlights the efficiency of AgsPO4 photocatalyst with a band gap of 2.25 eV, synthesized by a
Photocatalysis green and one-pot simple mechanochemical method, towards photodegradation of orange G under visible
Ag3PO4

irradiation. The phase structure, morphology, and optical properties of mechano-synthesized AgsPO4 were
investigated using X-ray diffraction, Scanning Electron Microscopy, Thermogravimetric Analysis, Fourier
Transform Infrared, the Brunauer-Emmet-Teller surface area, and UV-vis diffuse reflectance spectroscopy. DFT
calculations were also conducted for band gap energy prediction. The photocatalytic activity of the sample was
evaluated using a central composite design for surface response methodology (CCD-RSM) to determine the
optimal conditions for Orange G (OG) removal. The photocatalytic activity of AgsPO4 was approximately 93 %
within 20 min of reaction under irradiation for 24.6 mg/L and 11 mg/L of AgsPO4 and Orange G, respectively.
Trapping experiments confirmed that peroxides and hydroxyl radicals are the dominant active species in the

Mechanochemical method
DFT calculations
Band gap energy- Orange G

photodegradation process.

1. Introduction

Because of population and economic growth resulting in natural
resources depletion, valorization of these sources has been becoming a
necessity not only to synthesize sustainable materials and producing bio-
energy as well, but also to cope with environmental issues such as
pollution [1,2]. Water constitutes a fascinating substance in our life and
its treatment by removing dye pollutants that affects negatively both
human health and ecosystem, is an outstanding topic [3]. To this end,
researchers counted on several technologies to deter with this specific
problem, such as ion exchange removal [4], ozonation [5], catalytic
reduction [6], adsorption [7], coagulation [8],biological/aerobic treat-
ment [9], membrane filtration [10,11] and photo-catalysis
[12,13,14,15,16]. This letter consisting of an advanced and common
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technology, involves the absorption of light by semiconductor particles
that intervening thereafter to through an oxidation reaction to eliminate
dangerous compounds from wastewater [17,18,19]. The evolution of
photocatalysis technique started when Fujishima and Honda worked on
TiO4 electrode photocatalyst for water splitting [20]. Nevertheless,
though various polymorphic forms this material has (rutile 3.0 eV,
anatase 3.2 eV, and brookite 3.3 eV), it cannot be used as a visible light
photocatalyst. Thence, its modification by doping and parameters
influencing its photocatalytic activity were investigated [21].

In this context,phosphate based semiconducting materials are widely
used in photocatalysis [22,23,24,25], supercapacitors [26] and elec-
trocatalysis [27]. Their prominence as photocatalysts is ascribed to their
attractive optical properties including band gap energy. The band gap
energy of a semiconductor is the required energy for an electron
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transition from valence band to the conduction band, and its calculation
is a key to anticipate photophysical and photochemical properties of
semiconductors [28].

Among these materials, silver phosphate has drawn much attention
after its discovery as a visible light active photocatalyst thanks to the
indirect band gap energy that was found to be 2.4 eV. The striking
photo-catalytic activity of this material is ascribed to its electronic
structure, contributing to the maintaining of a large dipole in AgsPOy,
leading to the distortion of AgO, tetrahedral as well as to the separation
of (e’/h™) pairs by attracting holes and repulsing electrons. Moreover, it
is suggested that Ag defects will allure photo-excited holes owing to
their unoccupied states, and then hinder the recombination of (e/h™)
pairs [29,30,31].

By virtue of the interesting characteristics of silver phosphate, it was
the subject of many studies for the photodegradation of dyes over thir-
teen year period from 2011 to 2023 (Fig. 1), owing to its forbidden band
width. Furthermore, single AgsPO4 [32] and its composites such as
AgsPOy/reduced graphene oxide/BioMoOg [33], PANI/Ag3PO4/
NiFe304 [34], and p-AgsP0O4/n-ZnO/C [35] proved an improved pho-
tocataltic activity. In adition to Nd2SnpO7/BizSnyO7/AgsPOy4 [36],
Ag3P0O4/Fe304/Cep [371, AgsPO4/GO [38] and AgsPO4/Polyndole [39]
that could behave as well as potential candidates for antimicrobial ap-
plications thanks to their excellent activity against prevalent bacteria.
On the other hand, it has been reported that the photocatalytic activity
of silver phosphate with respect to dye photodegradation depends on
many factors such as synthesis method, solution pH, dye concentration,
and photocatalyst concentration [40]. These parameters have a signif-
icant effect on the morphology of AgsPO4. Further thoughts,
morphology has a closed relationship with the exposed facets of the
crystals considered affecting the properties of catalysts. Studying
AgsPO4 with various nanostructures [37,38,39,40], depicted that
rhombic dodecahedrons owned the elevated performance which was
associated to the higher surface energy of {110} facets. Once the
aqueous AgsPO4 suspension is irradiated with photons energy greater
than its band gap, the first step consists of the generation of (¢’/ h™) pair
leading to the formation of strong oxidants, including hydroxyl radical
and superoxide radical anion (eq (1)-(4).

Ag3PO, +hv—AgsPOs + hyy +egy @
AgsPO, (hy;) + OH,,—~AgsPO, + OH 2
Ag3PO, (hyy) + H,0—AgsPO, + OH + HY &)
Ag3PO, (ey) + 0, —~AgsPO4 + Oy (C))
Pollutant + OH —oxidation products 5)
Pollutant + h,,—oxidation products (6)
Pollutant + e, —reduction products 7)
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Table 1
Properties of Orange G dye.
Name Orange G
Nature Anionic dye
A max (nm) 478
Molecular weight (g/mol) 452.38
Molecular structure oM R

The interest in improving photocatalytic activity of silver phosphate by
narrowing its band gap energy for instance, has driven to many studies
on developing photocatalytic heterojunctions and doping [45]. Herein,
it is worth mentioning that the synthesis method only can be sufficient
and crucial to reduce this optical property.

The present study demonstrated an enhanced band gap energy of
AgsPO4 photocatalyst synthesized by a simple solid-solid method for the
photodegradation of Orange G. In addition, response surface method-
ology (RSM) was used for the statistical design of experiments to
discover the effect of some operational parameters on the removal ef-
ficiency including catalyst dose and pollutant concentration. Finally, a
scavenger study was carried out to investigate the photoactive species
involved in the photodegradation process, along with DFT calculations
to predict the theoretical band gap energy of the silver phosphate
photocatalyst.

2. Experimental
2.1. Chemicals

Silver nitrates AgNOs and diammonium hydrogen phosphate H
(NH4)2PO4 were purchased from Acros Corp (Belgium). Orange G
(C16H10N2Na07S,) whose properties are given in Table 1., was ob-
tained from Shanghai Aladdin Chemistry Corp (China).

2.2. Synthesis procedure

The photocatalyst concerned in this work which is AgsPO4 has been
fabricated through a simple synthesis method [46]. In a typical pro-
cedure as it is shown in Fig. 2, AgNO3 (1.5 g) and (NH4)2HPO4 (0.777 g)
were subjected to grinding for 10 min until the mixture became a yellow
powder. Therefore, the resulting muddy was put in a beaker and stirred
magnetically in the presence of deionized water for ten minutes, and
then gets centrifuged (3000 rpm, 15 min) to remove the impurities,
followed by drying in the oven at 80 °C for 12 h. This operation was
carried out twice to ensure a high purity of the synthesized
photocatalyst.

2.3. Characterization techniques

The crystalline state of the obtained product was characterized by X-
Ray diffraction (XRD) on a Rigaku Smart Lab SE X-ray diffractometer
(XRD) in the 20 range of 10-70° with CuKa radiation (A = 1.5406 A). The
morphology and the size along with the elementary composition of the
prepared product were verified using a field emission scanning electron
microscope (JEOL JSM-6460LAV) from Japan and energy dispersive X-
ray spectrometer (EDS) with X-ray photon energy of about 20 keV,
respectively. Thermogravimetric analysis (TGA) was carried out TA
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Fig. 2. Schematic diagram of agzPO4 powder synthesis.

instrument, the sample powder was heated from room temperature to
600 °C under Ny atmosphere. Fourier transform infrared (FTIR) spectra
that was recorded in the Bruker instrument between 400 cm-1 to 4000
cm-1 to identify functional groups existed in the materials. UV — vis
diffuse reflectance spectra (DRS) were recorded with a UV-Vis spec-
trophotometer (JASCO V-730) using BaSOj as the reference in the range
of 250 to 850 nm. The absorbance of the samples was determined at 482
nm in a UV-Vis spectrophotometer (JENWAY 7205). The as prepared
sample was also subjected to N, adsorption/desorption isotherms
analysis (BET and BJH methods).

2.4. Photocatalytic tests

The photocatalytic activity of solid AgsPO4 was evaluated by the
photodegradation of Orange G under visible light irradiation. This
procedure consists of mixing the chosen quantities of Orange G and
AgsPO4 photocatalyst, then the suspension was put in an ultrasonicator
bath for 15 min to homogenize the solution. Thereafter, the suspension
was placed in dark for 20 min to achieve adsorption—desorption equi-
librium. A 250 W Xenon lamp was used as a source of visible light and
the experiment was carried out under ambient atmospheric conditions.
The suspension was taken out every four minutes and centrifuged (4000
rpm) to remove the photocatalyst particles then the absorbance was
measured in a UV-Vis spectrophotometer.

2.5. Design of experiments

Getting some knowledge about a system to be studied allows us to
achieve the high performance of an experimental design of this system.
In this context, numerous factors can affect the photocatalytic degra-
dation of hazardous materials such as dye concentration, catalyst
amount, pH and reaction temperature [47]. The optimization is a perfect
mathematical tool for adjusting variables in a process to discover the
appropriate factors leading to the desired outcome [48]. It can be car-
ried out using response surface methodology (RSM) and simplex opti-
mization. In this work the photodegradation reaction was subjected to
the response surface modeling (RSM) based on a central composite
design (CCD), which is a frequent model used in environmental appli-
cations [49]. The number of total experiments (N) needed can be
calculated by the equation N = 2¥ + 2#k + S, where k corresponds to the
number of factors, 2¥ is the cubic runs coming from factorial design, 2*k

Table 2

Experimental Range and Levels of the Independent Test Variables.
Factors Low (—1) Middle (0) High (+1)
AgsPO, (mg/L) 15 20 30
Orange G (mg/L) 10 15 20

and S are the axial runs and the number of central points respectively.

Since the advanced oxidation processes aim to remediate wastewater
by removing contaminants as dyes, the experimental measured response
(Y) was the photodegradation percentage of Orange G. Two factors were
considered: AgsPO4 concentration (15-30 mg/L) and Orange G con-
centration (10-20 mg/L) as shown in Table 2..

The dye removal efficiency can be determined from equation (8),
where C, represents the initial concentration and C is the concentration
at time t.

C —-C
Y% = T*lOO ®

o

The response surface analysis was performed using Minitab software
version 21.1 to correlate the dependent and independent variables.

2 2
Y=po+ Y BXi+ D BXE+ DD AKX ©
i=1 i=1

i j=irl

Where Y is the predicted response; fy the constant coefficient; f; the
linear coefficients; f; the quadratic coefficients; f; is the interactive
effects coefficient. X; and X; are independent factors.

2.6. Computational method

Through our study, all geometrical, electronic, and optical properties
calculations were performed within the framework of Density Func-
tional Theory (DFT) as part of the Vienna Ab Initio Simulation Package
(VASP) [46,47,48]. The (2522p4)—e1ectrons in Oxygen, (3523p3)—e1ec—
trons in Phosphorus, and the (4p®4d'%5s!)-electrons in Silver were used
as valence electrons, and the generalized gradient approximation in the
form of Perdew Burke Ernzerhof (PBE) [53] functional was adopted self-
consistently through the approach of the Projector Augmented Wave
(PAW) [54] by Kohn — Sham electron wave functions expanded with an
energy cutoff of 520 eV. The Monkhorst-Pack K-point [55] of 8 x 8 x 8
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Fig. 3. X ray pattern of AgsPO,.

and 16 x 16 x 16 grid were used respectively for structural and elec-
tronic properties of the AgsPO4 bulk. For AgsPO4 bulk full relaxation, all
Ag-, P-, and O-atoms as well as lattice constants were permitted to be
fully optimized using ISIF = 4. The contributions of dispersive in-
teractions were taken into consideration by the DFT + D3 method [56].
The experimental value of the electronic band gap is often significantly
underestimated when calculated using the standard GGA-PBE method.
To address this, electronic properties were calculated using DFT
augmented with the Hubbard U term (DFT + U approach). This
adjustment particularly accounts for the correction of localized or

Chemical Physics Letters 856 (2024) 141681
3. Results and discussion
3.1. XRD analysis

X-Ray Diffraction analysis was carried out to ensure an accurate
synthesis of silver phosphate by achieving the phase structure and the
purity of the material. According to the XRD measurement as shown in
Fig. 3, AgsPO4 was successfully synthesized and its crystal structure was
compatible with the body-centered-cubic phase with the space group P-
43n (JCPDS 06—0505) [31]. The characteristic peaks of AgsPO4 powder
at 21.1°, 29.9°, 33.3°, 36.8°, 42.7°, 48.0°, 52.9°, 55.2°, 57.3°, 61.8°,
66.1°, 70.1°, 72.1°, and 73.9° were indexed to the (011), (002), (012),
(112), (002), (013), (222), (023), (123), (004), (114), (024), (124), and
(233) diffraction planes, respectively [59]. The Rietveld refinement
analysis was applied to enhance the understanding of the crystalline
structure of the sample, confirming the successful synthesis of AgsPO4
without the presence of any impurity phase. The profile refinement
process utilized the Fullprof program software, employing the Pseudo-
Voigt peak shape function. Multiple parameters were refined itera-
tively throughout the analysis, encompassing zero shifts, scale factors,
background, lattice, line, atomic positional, and site occupations. The
residual fitting intensity, as depicted by the line (Yops-Ycal), displayed
variations near zero on the intensity scale, indicating the high quality of
the structural refinements (Fig. 4). The statistical parameters, including
Ruwps Rp, and Xz, exhibited relatively low values, underscoring the good
agreement between the refined XRD pattern and the experimental data
points (Table 3). Additionally, the refined lattice parameters and unit
cell volumes are provided in Table for further insights into the structural

Table 3

Lattice parameter, unit cell volume and sta-
tistical parameters of quality obtained by
rietveld refinement for agsPOy4.

strongly correlated electrons. In the context of the Simplified Local Rp (%) 412
Density Approximation (LSDA) + U method, on-site Coulomb interac- Rup (%) 25.1
tion terms have been incorporated for specific elements. These include a 2 1.94
U-J term of 10.9300 for Oxygen (O) in the p orbital, and a U-J term of ?/((AA% 212'212
16.01 for Silver (Ag) in the d orbital [57,58]. -
Yobs
—— Ycalc
— Yobs-Ycalc
| Bragg position
E)
\J
>
=
[2)
C
Q
+
£
I (N . I N e
WWWWMMWWNMM‘W — NN i ‘H\VMWWWMWMWWW%WWWM«WWM
' I ' I I ' I ' I '
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2Theta(Degree)

Fig. 4. Rietveld refinement of AgsPO,4 phase.
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characteristics. A decrease in the cell volume and lattice parameters was
observed compared to ICSD no. 1,400,030 [60]. This behavior is typi-
cally associated with the synthesis method, which introduces various
types of structural defects, such as vacancies and local lattice disorders.
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Fig. 6. SEM images of AgzPO, particles at different scales.
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The modeling of the AgsPOy4 structure was conducted based on the
Rietveld refinement results using the Visualization for Electronic and
Structural Analysis (VESTA) software (Fig. 5). The AgsPO4 phase con-
sists of tetrahedral [PO4] and [AgO4] clusters. The [AgO4] clusters
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Fig. 8. TGA pattern of AgzPO,.

exhibit significant distortion, resulting in two types of O-Ag-O bonding
angles.

3.2. SEM observations and EDX analysis

The additional morphologic characterization of the AgsPO4 particles
was investigated through SEM analysis. The results as shown in Fig. 6
indicate that AgsPOy4 particles synthesized by solid-solid route exhibit
an irregular spherical shape with different particle size which is both the
same and similar in a small portion to that obtained through precipita-
tion [61-64] and hydrothermal [65] methods. In addition, though
similar precursors used as for the as prepared AgsPOy4, the synthesis of
AgsPO4 particles by precipitation [66] reveals a cauliflower shape,
indicating the direct effect of synthesis method on the morphology. EDX
analysis was investigated as presented in Fig. 6, to further confirm the
purity of the synthesized AgsPOj4. Assigned peaks of Ag, P and O atoms
were detected without any impurity peaks. Thus, the synthesized pho-
tocatalyst is only composed of silver, phosphorus, and oxygen without

Wavenumbers (cm™)

Fig. 9. FTIR spectrum of AgsPO, particles.

other elements. According to the study by SEM-EDX mapping as shown
in Fig. 7.a, the morphology of AgsPOy4 is well ordered and possesses a
homogeneous distribution of particle size. The weight and atomic per-
centage of Ag, P and O are presented in the bar chart of Fig. 7.b. while
the experimental weight percentages of Ag, P and O are 81.01 %, 6.40 %
and 12.59 % respectively, the theoretical fractions were found to be
77.31 %, 7.39 % and 15.28 %. Hence, these close values prove the
efficient yield of the synthesis method.

3.3. TGA analysis

The thermal stability of AgsPO4 was examined by using thermogra-
vimetric analysis under Ny gas from 5°C to 800 °C. The TG curve as
shown in Fig. 8, demonstrated that silver phosphate is thermally a du-
rable material with a slight weight loss of 2 % up to 400 °C, depicting
almost an identical thermal stability to the previous studies
[63-66,69,70]. This characteristic proves the potency of AgsPO4 for a
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Fig. 10. Absorbance spectra (a) and Tauc plot (b) of AgzPO,.

wide variety of other catalytic applications, including thermocatalysis,
and photothermal catalysis.

3.4. ATR-FTIR spectroscopy

In order to get further information about both the nature and
composition of the surface of synthesized AgsPO4, Attenuated Total
Reflection Fourier Transform Infrared (FTIR) spectroscopy was used.
TheATR-FTIR spectra of raw AgsPO, which was recorded from 400 cm ™
to 4000 cmlas shown in Fig. 9, demonstrates the presence of two peaks
at approximately 970 cm ™! and 551 cm™2 which are attributed to the
stretching vibration modes of P-O band of POy, especially of the bulk
AgsP0O4 as mentioned by Thomas et al [71]. According to the previous
studies Ag3POy, it can be concluded that Ag-O bond is not detectable by
FT-IR analysis. However, using Raman spectroscopy as a complemen-
tary analysis revealed that the corresponding symmetrical vibration of
the AgO bending bond is located at 113 cm ™! as mentioned by Abd
El-Sattar and co-workers [72].

3.5. UV-vis diffuse reflectance spectroscopy (DRS)

Optical and electronic properties AgsPO,4 determined by using
diffuse reflectance spectroscopy (DRS) [73]. In this work UV -vis-diffuse
reflectance spectrum was collected on Jasco V-750 spectrophotometer
where barium sulfate (BaSO4) was used as a reference. Fig. 10 shows the
UV — visible spectra of the solid AgsPO4 photocatalyst. The band gap
energy (Egap) value was calculated using the Kubelka — Munk equation
and Tauc method [74]. The silver phosphate sample depicted an Eg
value of 2.25 eV which is roughly equivalent to a wavelength of 551 nm.
Therefore, making indeed the as-prepared material a visible light active
photocatalyst.

The valence band edge potential (EVB) and conduction band edge
potential (ECB) of AgsPO4 were calculated using Mulliken electro-
chemical equation [75].

(10$)

P

EVB =X— Ee+05Eg (11)

Band gap (ev)

B ) 0

2.44 (ev) 238 (6v) 2. 4 o) 2.30(ov) 2.38 (Bv) 245(eV) 2, 4 (ov) 251 (eV

Precipitation
Hydrothermal

lon exchange
mechano-synthes

\

shape

Fig. 11. Band gap of AgsPO, synthesized by different methods Vs. shapes [40-44,50-52,61-70,78,79].
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ECB =X Ee — 05Eg (12)

where, E represents the energy of free electron on the hydrogen scale (~
4.5 eV/NHE), E; is the energy of band gap, and x refers to the electro-
negativity of AgsPO4 = 5.96 eV. The estimated ECB and EVB of AgsPO4
are found to be 0.335 eV and 2.585 eV, respectively.

As shown in Fig. 11, most studies on AgsPO4 photocatalyst synthe-
sized by different wet methods, demonstrated that its band gap energy is
about 2.30 to 2.51 eV. On the one hand, AgzPO4 synthesized by different
methods using the same precursors depicted approximately a closed Eg
value (2.38-2.45 eV) with a particle size ranging from 200 nm to 500
nm, asserting the influence of synthesis method on the optical proper-
ties. On the other hand, the biggest particle size though solid AgsPO4
has, its band gap (2.25 eV) is smaller than that of the other materials,
which indicates that the particle size and band gap energy are reversely
or normally proportional. This was proved before when Lin et al [76]
synthesized TiO for the photodegradation of 2-Chlorophenol. They
discovered that while the particle size decreased, the band gap
decreased as well. However, for ultra-fine TiO; particles the band gap
increased. Depending on morphology, the lowest band gap energy was
obtained with spherical and irregular spherical shapes. This factor has a
significant impact on the optical properties of photocatalysts as it is
mentioned by Suwanboon et al [77]. Briefly, considering hydrothermal,
precipitation and ion exchange techniques, solid-solid method is
another key strategy to decrease the band gap energy of silver
phosphate.

3.6. BET surface area assessment

Nitrogen adsorption-desorption experiments were carried out to
determine the pore size and structure of the silver phosphate. Specific
surface area and porosity were determined using the Bru-
nauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) method
respectively. Fig. 12, illustrates an isotherm of AgsPO4, which exhibits
in the P/PO range of 0-0.98. The desorption curve is nearly identical to
the adsorption curve, with no discernible hysteresis loop, due to the
minimal amount of No. Mainly, Ag3PO4 presents a similar type II
adsorption isotherm.

The BET analysis report shows that silver phosphate possesses a
decreased surface area of 3.84 m?/g indicating a non-porous structure
[80], along with a pore volume and diameter of 0.0032 cm®/g and 1.01
nm respectively (Table 4).

Sper BET surface area, Vp total pore volume, and Dp BJH adsorption

Chemical Physics Letters 856 (2024) 141681

Table 4

Textural properties of the AgsPOy.
Sample Sper (Mm% g™ 1) Vp (em®* g™ 1) Dp (nm)
AgsPO4 3.8400 mz/g 0.0032 1.0100

average pore diameter.
3.7. Statistical analysis of Orange G degradation

Before the optimization, preliminary experiments were carried out to
determine the effectiveness of the photocatalyst to remove Orange G
from aqueous solution (Fig. 13). It was found that photodegradation
efficiency could be achieved with 30 mg/L and 10 mg/L of catalyst and
dye concentration respectively. The removal percentage of orange G
attained 96 % after 20 min of irradiation and the photocatalytic
degradation was proved to be a first order reaction. The rate constant
was calculated from the equation (13), and it was found to be K =
0.1766 min~!. Where [OG] is the concentration of orange G at time t and
[OG]g consists of the initial concentration.

0G] _ 1 (13)

7660 =

To identify the optimal values of both variables in relation to the pho-
todegradation process, an experimental design was carried out consid-
ering the amounts of AgsPO4 (15-30 mg/L) and Orange G (10-20 mg/
L). It was concluded through RSM technique and based on desirability
function, that the degradation of Orange G as shown in Fig. 16.a is
promoted at 24.65 mg/L and 11.07 mg/L of AgsPO4 and the pollutant
successively (Table 6). Table 4 shows the real and recorded values. Most
of the experiments showed a significant degradation (more than 80 %)
in the presence of the photocatalyst. Based on these photodegradation
results, the empirical relationship between the response (Y) and the two
parameters which are catalyst dose (X1) and Orange G amount (X2) was
obtained as shown in equation (14).

Y(%) = —15.5+10.77*X1 — 1.975*X1 — 0.2102 X1*X2 14

ANOVA was used to evaluate the convenience and significance of the
provided model, and the results are given in Table 5.. The quantitative
correlation between experimental and predicted values can be evaluated
by the square of determination coefficient, it was found to be 90.4 %,
implying that 90.4 % of the variation can be explained considering X1
and X2 as model parameters. Another index of significance which is
Fisher’s F-value or the ratio between the mean square and residual error
of the model is equal to 13.24, being larger than the critical point (2.36),
which indicates that the model is a good predictor for the photo-
degradation of orange G. In the same context, the pareto chart demon-
strates the effect of the parameters. As is clearly observed in Fig. 14,
pollutant amount, photocatalyst concentration and its square are the
most pre-eminent. Whereas concentrations interaction and the square of
pollutant concentration are insignificant since their bars are below the
reference line of response. Additionally, the 3D response surface plots
and contour plots were plotted as shown in Fig. 15 (a and b). They
illustrate the effects of silver phosphate and Orange G loading on the
response (degradation efficiency). It can be observed that while the
photocatalyst amount increases, degradation efficiency rises sharply.
However, the greatest the pollutant concentration is, the lowest degra-
dation efficiency is.

3.8. Photocatalytic evaluations

Given that semiconductors own a feeble adsorption capacity; that is
to say, a short time is enough for the adsorption equilibrium, such as 30
min, 20 min and 10 min as chosen elsewhere [818283].Some tests were
completed within 20 min under the optimal conditions, to evaluate the
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Fig. 13. Uv-Vis spectral analysis of the degradation of OG using AgzPO4 with different concentrations.

photocatalytic activity of solid—solid AgzPO4. The photodegradation
profile of Orange G is given in Fig. 16.a. The curve demonstrates that
when the mixture is exposed to darkness, the adsorption of orange G on
Ag3sPOy surface rises slightly. Luo et al, illustrated that the adsorption of
dye molecules including crystal violet (0.64 pmol/g) methylene blue
(0.87 pmol/g) in comparison with Orange G (0.2 umol/g) and methyl
orange,is crucial for the photodegradation process [84]. This compli-
cation is ascribed to the interaction between an anionic dye (OG) and
AgsPO4 maintaining a negative charge [85]. During the irradiation in
the presence of solid AgsPO4 photocatalyst, the photodegradation effi-
ciency reached about 93.02 % in a twenty-minute period under optimal
conditions, which is in some extent consistent with the predicted
removal efficiency (98.75 %). This prominent photocatalytic activity is

further manifested by the absorption variation of Orange G character-
istic band at 482 nm. Fig. 16.a shows that four minutes of irradiation
were enough for a sharp decrease of the band intensity (about 50 % of
degradation), then it almost disappeared after 20 min. Conversely; in
previous studies where AgsPO4 synthesized by precipitation was used as
a photocatalyst, the removal efficiency of Orange G was declined with
about 25 % and 80 % [84,86]. Thus, the photocatalytic activity of the
solid synthesized AgsPO4 contributed mainly to the removal of orange G
instead of the adsorption as mentioned before.

From Table 7, it can be clearly observed that single AgsPO4 depicted
aremarkable photocatalytic activity for the photodegradation of Orange
G in a short period in comparison with the other photocatalysts obtained
by doping or by heterojunction construction. This demonstrated the
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Table 5
Two-factor RSM-CCD matrix with response parameter
Runs 1 2 3 4 5 6 7 8 9 10 11
Photocatalyst 15 15 20 20 12.93 27.07 20 20 20 30 30
(mg/L)
Orange G 10 20 7.93 22.07 15 15 15 15 15 10 20
(mg/L)
Yexp(%) 82.2 43.5 89.7 71.6 66.6 91.5 89.2 89.5 90.4 96 81.2
Yeatc(%) 79 59.2 91.3 72.2 58 92.3 86.1 86.1 86.1 98 78.8
ability to synthesize silver phosphate with respect to different materials pollutants is important to describe the photodegradation mechanism.
obtained by desperate techniques leading to the high photocatalytic Responsible radicals of Orange G decomposition are determined thanks
activity. to a scavenger study using three photoactive species including iso-

Understanding the interactions between photocatalysts and propanol (IPA), Ethylenediaminetetraacetic acid disodium (EDTA) and

10
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Table 6
Optimum values for optimal Orange G degradation.

Solution ~ Photocatalyst ~ Pollutant  Degradation fit =~ Composite desirability
mg/1 mg/1 %
24.6548 11.0722 98.7503 1

Ascorbic acid that reveal the generation of holes ™M), peroxides radicals
(*O3) and hydroxyl radicals (*OH) respectively [87]. In this context,
Fig. 17.b demonstrates that the photodegradation efficiency of Orange G
over AgsPO4 was approximately 72 % after 20 min. This slight decrease
in the presence of isopropanol, indicates that the role of this scavenger
was insignificant during the photodegradation mechanism. On the other
hand, the removal percentage of Orange G was affected strongly by the
addition of both EDTA and ascorbic acid with 5.61 % and 3.07 %
consecutively. Thus, peroxides and hydroxyl radicals are paramount
active species in the photodegradation of orange G in the presence of
AgsPO4. The proposal mechanism for this process is given in Fig. 18.
When AgsPO4 semiconductor is excited by solar radiation, an electron
(e) from the valence band edge (EVB) moves to the conduction band
edge (ECB), generating a hole (h™) in the valence band (VB) and forming
an electron-hole pair. The (e” and h™) pairs oxidize water molecules to
hydroxyl radicals (*OH) using hole (h), and reduce the oxygen to the

Chemical Physics Letters 856 (2024) 141681

superoxide radicals (*O5") through electron (e-). The generated radicals
intervene in the photodegradation orange G molecules to HyO and CO.

3.9. DFT calculations

We initially conducted an in-depth analysis of the geometrical
structure of bulk AgsPO4 compound. The full optimization based on the
PBE-GGA yielded an equilibrium lattice parameter of 6.014 A, aligning
notably consistent with previously reported theoretical and experi-
mental values. As illustrated in Fig. 19.a, the cubic structure of AgsPO4
possesses a P-43n symmetry with a space group of 218, with each atom
being tetrahedrally coordinated. Importantly, the presence of the
[PO41* tetrahedron, which, due to its robust P-O bonds, tends to
diminish the covalent aspect of the Ag-O bonds. This distinctive feature
of the structure seems to be a key factor in hindering the hybridization
between Ag’s 4d and O’s 2p orbitals. Consequently, this leads to the
emergence of spatially extensive Ag s-Ag s hybrid bands at the con-
duction band minimum (CBM). Such a configuration of charge distri-
bution at the CBM is indicative of a reduced effective mass for the
photoexcited electrons, thereby facilitating efficient carrier transport to
the surface.

Furthermore, to elucidate the electronic characteristic and the pho-
togenerated charge migration mechanism within the bulk AgsPO4

Analysis of Variance
Source DF AdjSS AdjMS F-Value P-Value
Model 5 222015 444,03 13,24 0,002
Linear 2 178245 891,22 26,58 0,001
Photocatalyst mg/I 1 1023,81 1023,81 30,53 0,001
Pollutant mg/I 1 758,64 758,64 22,63 0,002
Square 2 633,02 316,51 9,44 0,010
Photocatalyst mg/I*Photocatalyst mg/I 1 421,57 421,57 12,57 0,009
Pollutant mg/I*Pollutant mg/I 1 172,71 172,71 5,15 0,058
2-Way Interaction 1 87,33 87,33 2,60 0,151
Photocatalyst mg/I*Pollutant mg/I 1 87,33 87,33 2,60 0,151
Error 7 234,72 33,53
Lack-of-Fit 3 234,14 78,05 545,79 0,000
Pure Error B 0,57 0,14
Total 12 245487

Term

BB

AB

Factor Name

A Photocatalyst mg/I

B Pollutant mg/I
b T T T T T T
[o] 1 2 3 4 5 6

Standardized Effect

Fig. 14. Pareto chart for the photodegradation of Orange G.
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Fig. 16. (a) UV-Vis spectral of the degradation of OG by AgsPO, and (b) plots of (Ln (Co/C)) versus irradiation time.

compound, extensive DFT calculations were conducted. Initially, the
accuracy of the computational method used to determine electronic
properties was assessed by calculating the band structure of bulk AgsPO4
using various approaches. Fig. S1 illustrates the computed band struc-
ture using the GGA-PBE method. The computed band structure revealed
an indirect bandgap of 0.16 eV, significantly underestimating the
experimentally measured value of approximately 2.25 eV. Conse-
quently, an alternative calculation approach was sought, leading to

12

electronic property calculations employing the density-functional the-
ory DFT + U approach. This approach yielded an indirect band gap of
2.19 eV for bulk AgsPOu4, occurring at the M (VBM) and I' (CBM) points
as depicted in Fig. 19.b. A notable characteristic of the electronic
structure of bulk AgsPOy is its highly dispersive CBM, resulting in a
small effective mass of photoexcited electrons. The CBM primarily
comprises the delocalized 5 s orbitals of Ag atoms, facilitated by the
formation of metallic Ag-Ag bonds that embrace the [PO4]3' tetrahedral
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Table 7
Comparison of Orange G (OG) degradation over AgsPO,4 with other photocatalysts.
Photocatalyst Synthesis method Bnad gap Experimental conditions Degradation Refs
(eV)
ZrOy precipitation 2.70 250 W Xenon lamp (A = 365 nm). 100 mg of photocatalyst, 20 100 % in 180 min [88]
ppm OG
B-TiO, Sol-gel 3 5 W UV light 97 % in 120 min [89]
0.5 g/L of photocatalyst,
10 mg/L OG.
Mn-doped ZnO chemical method. 2.60 30 mg/L of photocatalyst, 10 mg/L OG. 94 % in 60 min [90]
ZnO/biomass activated hydrothermal 2.84 500 W tungsten lamp 70 % in 60 min [91]
carbon nanocomposite 1 g/L of photocatalyst, 50 mg/L OG.
ZnFe,04 reduction-oxidation 1.85 Xenon lamp 95 % in 60 min [92]
0.5 g/L of photocatalyst, 100 mg/L OG.
Cu-Ni/TiO, coprecipitation 2.90 500 W halogen lamp. 1 g/L of photocatalyst, 50 mg/L OG. 54.9 % in 60 min [93]
sepiolite-TiO, microwave-hydrothermal 3.08 300 W Xe lamp. 98.8 % in 150 min [94]
nanocomposites 0.8 g/L of photocatalyst, 10 mg/L OG.
nitrogen-doped TiO, Calcination 2.8 500 W Xenon-arc lamp 96.29 % in 150 [95]
1 g/L of photocatalyst, min
25 mg/1 OG
WO3/g-C3Ny Ultrasound assisated 2.66 35 W Xe lamp. 97 % in 60 min [96]
procedure 0.2 g/L of photocatalyst,
20 mg/L OG.
ZnO NPs/HS Physical mixing 2.93 8 W Philip’s lamp, 94.3% in 120 min  [97]
100 mg of photocatalyst,
50 mg/L OG
Fe-MOF-NH, Solvothermal 2.69 300 W Xe lamp. 100 % in 10 min [98]
100 mg/L of photocatalyst,
50 mg/L OG.
TiOy Gelation 3.04 125 W Philip’s lamp. 100 % in 90 min [99]
25 mg of photocatalyst,
10° M OG.
AgsPOy4 Solid-solid 2.25 250 W Xenon lamp 93.02% in 20 min  This
24.6 mg/L of photocatalyst, work
11 mg/L OG.
1,0 100
(a) No scavenger (b)
081 80
0,6 60

Fig. 17. (a) Profile of Orange G reduction and (b) trapping experiments of active species in the presence of AgsPO,4 under visible light.
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Fig. 19. DFT calculation results of bulk AgsPO,. (a) Fully optimized unit-cell structure of cubic AgzPO4, With a schematic illustration of the Tetrahedral [PO,4] and
[Ag04] clusters. Red, purple, and gray spheres represent Oxygen, Phosphorous, and Silver atoms, respectively. (b) Electronic Band structure with corresponding Total
DOS (black line) and the PDOS (other colored lines). (c) Isosurfaces of the band-decomposed partial charge density of the valence band maximum (VBM) and

conduction band minimum (CBM).

units, thereby enhancing the transfer of photoexcited electrons.
Conversely, the VBM is predominantly characterized by O 2p and Ag 4d
orbitals, with relatively flat energy bands near the VBM contributing to a
large effective mass of photoexcited holes. Further insight into the
characteristics of the band edges is provided through the band-
decomposed partial charge density for the VBM and CBM as illustrated
in Fig. 19.c. Notably, these plots demonstrate that the VBM primarily
consists of states from P and O atoms, with the P-O plane facilitating a
dense route for charge conduction.

4. Conclusion

In summary, we have reported the synthesis of AgsPO4 by mecha-
nosynthesis. The characterization of the prepared AgsPO4 material
revealed its purity and its stability, what opens the door to multiple
future studies for different thermal applications. Indeed, this study
emphasizes the promoted band gap energy of silver phosphate (2.25 eV)
by virtue of the synthesis method. This statement was supported by DFT
calculations confirming the approximate optical property. Furthermore,
the photocatalytic activity of AgsPO4 was evaluated through the pho-
todegradation of orange G under visible light and the experiments
proved the efficient removal of the dye pollutant under visible light
irradiation.
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