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In this paper, we report on the superior photocatalytic properties of silver orthophosphate (Ag;P0O,) sub-mi-
crocrystals prepared using different synthesis methods: precipitation (PM), precipitation-calcination (PM-C), and
precipitation-hydrothermal (PM-H), on the degradation of Rhodamine B (RhB) cationic dye and methyl orange
(MO) anionic dye using white-light-emitting diodes (WLEDs). The structure of the AgzPO, sub-microcrystals
obtained was investigated by X-ray diffraction (XRD), Rietveld refinement, micro-Raman (M-Raman), and
Fourier transform infrared (FT-IR) spectroscopy. The X-ray photoelectron spectroscopy (XPS) was used to in-
vestigate the surface chemical composition and states. The shape, average crystal size, and morphological
changes were observed using field emission scanning electron microscopy (FE-SEM). The results indicated that
all samples have cubic body-centered, P 43 n (218) space group, with the following crytallite size: PM
(103.4 nm), PM-C (56.7 nm) and PM-H (123.8 nm). Also, it was observed the optical band gap values of 2.23,
2.15 and 2.16 eV of the samples PM, PM-C and PM-H, respectively. For both dyes, the PM-C sample has higher
photodegradation efficiency (98%) and apparent quantum efficiency (¢x = 0.081) in relation to PM and PM-H
samples. In addition, especially to RhB, the apparent quantum efficiency of samples practically remains un-
changed by three photocatalytic cycles due to use of white light emitting diode (WLEDs) illumination.

1. Introduction

The general formula for metal phosphates or metal orthophosphates
can be written as A;PO,, where A is a monovalent (A" = Li, Na, K, or
Rb)s-alkaline metal, Cu, or Ag [1-3]. A literature survey revealed that
among these phosphates, silver phosphate (Ags;PO,4), a yellow pre-
cipitate insoluble in aqueous solutions, has been studied the most [4].
The simplest, most common synthesis method for Ag;PO, is the pre-
cipitation reaction between silver nitrate (AgNO3) and dibasic sodium
phosphate dodecahydrate (Na,HPO412H,0) or tribasic sodium phos-
phate (NasPO,) [5]. AgsPO4 may form crystals with different shapes,
which sensibly depend on the method of preparation, capping agent
[6], surfactant [7], pH conditions [8], and solvent [9], which can
change the direction of growth and produce different crystalline

structures [10,—13]. The electronic structure of the AgsPO, crystals is
cubic with P43n) space group, Ty symmetry point group, and two

* Corresponding author.

molecular formula units per unit cell (Z = 2) [14]. The unit cells exhibit
the same chemical coordination (equal to four), but are formed by
highly distorted tetrahedral [Ag04] clusters and undistorted tetrahedral
[PO4] clusters [15].

The increasing degradation of natural resources due to anthropic
action has reached catastrophic dimensions, and this can be observed
through alterations in the environment. Thus, the monitoring and mi-
tigation of polluting industrial waste emissions have become urgent
[16,17].

In this context, the treatment of effluents using adsorption [18,19]
and catalytic processes [20,21] was studied and employed. Among the
processes studied, advanced oxidative processes (OAPs) are currently
attracting the interest of several research groups, since they have the
advantage of degradation of several persistent organic compounds,
without the use of other potentially contaminating oxidants. [22-24].

Among AOPs, heterogeneous photocatalysis has been gaining
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prominence since 1972, and has become an alternative for solving en-
ergy and environmental problems [25]. Due to the pioneering work by
Asahi et al. [26] and Zou et al. [27], new advances have been made not
only to improve the quantum efficiency of photocatalysts under visible
light but also to develop new semiconductor materials with desired
energy bands for efficiently converting photons to electrons [28-30].

Semiconductors are good alternatives as photocatalysts in the field
of environmental engineering, and can also be used to produce and
store energy [31-33]. For these purposes, there are three characteristics
that are wish for a semiconductor: high efficiency in the separation of
electron/hole (e~ /h™) pairs under light radiation, low recombination
ratio of electron/hole (e~ /h™), and high visible light absorption
[34-36].

In this context, AgzPO, crystals have demonstrated a good photo-
catalytic performance, as well as an indirect band gap of ~2.36 eV and
2.43 eV for direct band gap, ideal for the absorption of visible light with
wavelength < 530nm [13,37]. It should be noted that the band gap
values of AgsPO, tend to increase with the reduction of particle size
[381, as well as the wavelength range in which it absorbs varies with
the morphology [10,13].

The oxidation-reduction capacity of AgsPO4 when irradiated under
a specific wavelength is due to its maximum valence band (MVB) of
2.67 V over the standard hydrogen electrode (SHE), which is greater
than the potential of reduction of water ( = 1.23 V), which justifies the
formation of O, from water; However, since the minimum conduction
band (MCD) of 0.24 V is greater than the reduction potential of the 2H™
/ H, pair ( = 0.008), AgzP0O, is not able to reduce water to obtain H,
[371.

The photocatalytic property of this semiconductor is due to its
electronic structure, since its valence band (VB) is constitued by states
(2p) of the oxygen and (4d) of the silver. While, the conduction band
(CB) presents the states (5 s and 5p) of the silver, which are hybridized,
causing energy dispersion and favoring the transfer of the electrons to
the surface in all directions [39-41].

The presence of "d states" in the conduction band hinders the mo-
bility of the electrons, favoring the recombination of the pair e " /h™,
which suggests reduction of the photocatalytic activity. However, the
ions 3Ag* and PO,>~ present in the crystalline lattice inhibit the effect
of the d orbitals on the CB of AgsPO,, contributing to the separation of
the Ag (5 s) orbitals present in the CB of Ag(4d) and O (2p) found in VB.
Thus, the high photocatalytic performance of AgsPO,4 can also be at-
tributed to the absence of character d in BC [110].

Although the Ags;PO, presents excellent photocatalytic perfor-
mance, the main obstacles for its practical applications are the photo-
corrosion during the photocatalytic process. and loss of photocatalytic
efficiency due to inactivation due to the formation of Ag® particles on
the surface of the photocatalyst [37].

Recently, some studies have demonstrated that the crystal size and
morphology [38,42,43], presence of certain crystalline faces
[8,12,13,44], effect of the localized surface plasmon resonance (LSPR)
induced by metallic Ag nanoparticles [44-46],synthesis methods
[5,47-49], and use of blue light emission diodes (LEDs) as radiation
sources [50] directly influence the photocatalytic performance of
AgzPOy4,

Since the emergence of blue LED based on AllnGaN and subse-
quently the development of high gloss white-light-emitting diodes
(WLEDs) in 1996 by Nakamura and Fard [51,52], these devices have
been attracting the interest of researchers due to the possibility of de-
veloping compact photocatalytic reactors using energy-efficient, rela-
tively long life expectancy, flexible, improved luminous intensity, and
easily adjustable emission wavelength luminous devices [53,54].

Therefore, in this paper, we reported the effects of different synth-
esis methods (precipitation, precipitation-calcination, and precipita-
tion-hydrothermal) for obtaining AgzPO, sub-microcrystals with pho-
tocatalytic properties using WLEDg. Moreover, we investigated the
structure of the obtained AgzPO4 sub-microcrystals using X-ray
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diffraction (XRD), Rietveld refinement, and micro-Raman (M-Raman)
and Fourier-transform infrared (FT-IR) spectroscopy. The optical be-
havior of the AgsPOmicrocrystals was analyzed using UV-vis diffuse
reflectance spectroscopy. Finally, the superior photocatalytic properties
of the AgsPO4 microcrystals prepared using different synthesis methods
were analyzed for fast degradation of Rhodamine B (RhB) cationic dye
and methyl orange (MO) anionic dye using an InGaN-based WLED with
incorporated Phosphor (A = 645-430 nm) [55] for the first time.

2. Experimental section
2.1. Materials

Silver nitrate (AgNO3), sodium hydrogen phosphate (Na,HPO,),
RhB (95% purity), and MO (85% purity) were purchased from Sigma-
Aldrich. Deionized water was obtained using a Purelab Option-Q Elga
model DV-25 deionizer. All reagents used in this study were of analy-
tical grade. The Ags;PO, sample was prepared using the precipitation
method. Thus, 76.4 mg AgNO; and 21.3 mg Na,HPO, were dissolved in
3 and 1 mL deionized water, respectively. The solutions were sonicated
for 10 min and gradually diluted using deionized water to a volume of
500 mL. The solution was protected from ambient light. It should be
noted that the temperature varied naturally from 4 to 18 °C, while the
pH remained approximately 6.5. After 72 h, the precipitate powder was
oven-dried at 60 °C for 3 h. The sample thus synthesized was called PM.
An aliquot of the PM sample was thermally treated in a muffle furnace
at 150 °C for 6 h, without air flow. Hereafter, this sample is referred to
as the PM-C sample. Another aliquot was hydrothermally treated. Thus,
0.2g of the PM sample was dispersed in 100 mL deionized water,
transferred to a Teflon beaker, and autoclaved in a stainless-steel re-
actor at 150 °C for 6 h. The powder was subsequently centrifuged, se-
parated and dried at 60 °C for 3 h. This sample is here after referred to
as the PM-H sample. All synthesized powders were stored in appro-
priate amber vials.

2.2. Materials characterization

The diffraction patterns were obtained in the 26 range of 10-110°
with a step of 0.02°, time of 1s, and a scanning rate of 1°min~".
Structural and microstructural analyses of the XRD data were per-
formed using Rietveld refinement utilizing the Toolbar software
FullProf Suite Program®version 3.00. The Bragg peak profile was
modeled using the modified Thompson—-Cox-Hastings pseudo-Voigt
convolution with axial divergence asymmetry (TCHZ-pV). The angular
dependence of the peak shape and full width half maximum (FWHM)
were defined using the function determined by Caglioti, Paoletti and
Ricci [56]. The instrument contribution to the width of each peak was
estimated and subtracted by obtaining the U, V, W, X, and Y parameters
using the Rietveld refinement of the XDR standard CeO, sample [57].
The anisotropic microstructural effect was treated using the Voigt ap-
proximation based on the Gaussian and Lorentzian contributions to the
profile of the diffraction peak, and the anisotropic size enlargement was
described in terms of a linear spherical harmonic combination of the
refractable coefficients corresponding to the m 3 m class of Laue [58].
The apparent “shape” of the crystallite was obtained using Gfourier®, a
program available in the Fullprof software package. The Williamson-
Hall (W-H) method was used to explain the effect of size and micro-
strain on the amplification of the diffraction peak and the effects of
anisotropic deformation were considered using Stephen’s formalism
[59].

Raman spectra were obtained using a Bruker model SENTERRA
device in the 200-1200 cm ™ 'spectral region with an automatic re-
solution of 3cm ™! and laser with an output power of 5mW and a
wavelength of 532 nm. The device was also equipped with an Olympus
BX50 microscope. We obtained the FTIR spectra by applying the dilu-
tion method to KBr pellets in the 400-4000 cm ™! range, using a



J.F. Cruz-Filho, et al.

Shimadzu IR Prestige-21 spectrometer with a resolution of 4 cm™*. In

addition, FE-SEM was performed using a FEI brand, Quanta FEG model
field emission electron source. The morphology of the synthesized
powders and the distribution of the particle size obtained using the
graphical editor Gimp® version 2.8.16 were estimated from the mi-
crographs.

The spectra of the X-ray photoelectron spectroscopy (XPS) were
obtained using ThermoFisher Scientific™ model K-alpha™ with Al Kal
X-ray (hv = 1486.6 Ev) radiation source.

Finally, UV-vis spectroscopy was performed using a model UV-2600
Shimadzu spectrophotometer in the 200-800 nm wavelength range to
obtain diffuse reflectance spectra. The obtained results were used to
estimate the bandwidth energy values by applying the Kubelka-Munk
functions [60].

2.3. Photocatalytic activity evaluation

The photocatalytic performance of the PM, PM-C, and PM-H pow-
ders were individually evaluated for the degradation of RhB and MO
dyes in 10 mgL~'aqueous solutions. For each catalytic assay, 25 mg of
the synthesized powder was dispersed in 25 mL RhB dye solution and
kept under magnetic stirring at 30 °C in a glass cell 6 cm from the ir-
radiation source.

The photocatalytic reactor for the degradation reaction consisted of
an arrangement of WLEDs with a luminous flux (®v) of 85 1m and
relative power density of 15 mW m~2 (Fig. S1). Before irradiation, the
suspension was kept for 30 min in the dark under magnetic stirring to
establish the adsorption/desorption equilibrium of the RhB dye on the
surface of the catalysts. To analyze the degradation of RhB, 2 mL ali-
quots were collected and centrifuged at 6000 rpm for 10 min. The su-
pernatant was analyzed using UV-vis spectroscopy. The same proce-
dure was used for the degradation of the MO dye. The maximum
wavelengths used to calculate the percent degradation of RhB and MO
were 554 and 460nm, respectively. The percentage rate of photo-
degradation of the RhB and MO dyes was calculated using Eq. (1):

G=C 100
Co 1)

where C, is the initial concentration of the dye and C is the con-
centration measured atdifferent timesduring irradiation.

Rateofphotodegradation (%) =

2.4. Determination of photon flux and apparent quantum efficiency

To determine the photon flux and apparent quantum efficiency,
5mL of a solution of potassium ferrioxalate at 0.15mol L™! were ir-
radiated with WLEDg (645-430 nm) for 120 s. Afterward, 1 mL of that
solution was added to 4 mL of an aqueous solution of 1,10-phenan-
throline at 0.2mmol L.™! and rediluted with 20 mL deionized water.
The procedure was performed in triplicate and the average absorbance
of the Fe?* /phenanthroline complex was obtained at 510 nm. The
apparent quantum efficiencies of the photocatalysts were calculated
assuming that the degradations of RhB and MO chromophores ab-
sorbing at 554 and 460 nm, respectively, were one e~ /h* processes
(which was, of course, not true, since the number of e " /h* pairs par-
ticipating in dye degradation was much higher in reality) [61,62].

3. Results and discussion
3.1. Characterization results

The XRD patterns of the (a) PM, (b) PM-C, and (c) PM-H samples
shown in Fig. 1 demonstrate the presence of characteristic peaks for the
cubic crystal phase of AgsPO, indexed by the Inorganic Crystal Struc-
ture Database (ICSD) N2 200 972 crystallographic pattern [63].

In addition, using the (210) diffraction plane as reference, it can be
observed (inset of Fig. 1) that the diffractogram of the PM-C sample
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Fig. 1. X-ray diffraction patterns of samples: (a) PM, (b) PM-C and (c) PM-H. (d)
ICSD N° 200,972 and 64,706. Insert: displacement and enlargement of the
diffraction peak at high angle 26 having as reference the diffraction peak of the
plane (210).

undergoes displacement and broadening of all diffraction peaks at high
20 angles. This phenomenon can be attributed to the reduction of the
interplanar distance initially provoked by the non-uniform plastic de-
formation the PM-C sample underwent during calcination [64,65].

Furthermore, a discrete peak 26 = 38° (*) indexed to the (111)
plane of metallic Ag (ICSD N° 64706) was observed in the XRD patterns
of the PM-C and PM-H samples.

The Rietveld refinement compliance constants of the patterns of the
PM, PM-C, and PM-H samples shown in Fig. 2a were associated with the
following reliability indices: profile factor (R;,), weighted profile factor
(Rwp), expected weighted profile factor (Rexp), Bragg factor (Rgragg), and
adjustment factor (?), as shown in Table 1. These data suggest that the
refined samples have a cubic body centered structure and P43n (218)
spatial group, indexed in compliance with ICSD N° 200 972. Using the
atomic positions derived from the refinement data (Tab. S1), the unit
cell shown in Fig. 2b was modeled using the Vesta® software version
3.3.2 [66].In this modeled structure, the Ag and P atoms are co-
ordinated with four O atoms, resulting in tetrahedral [AgO4] and [PO,4]
clusters. Each [PO4] cluster has in its vicinity three [AgO,] agglomer-
ates bound by O atoms. The existence of two binding angles (a and p)
indicated that the [AgO4] agglomerates are highly distorted in the
network, because of the inductive effect caused by the high electro-
negativity of the clusters [15,67]. There were no significant variations
in the angles and bond lengths of the analyzed samples.

When the synthesized materials are prone to imperfect crystal-
lization, combining the Rietveld method with the profile shape model
of the diffraction peak is extremely useful. The study of structural im-
perfections using average values of powder diffraction is known as line
profile analysis or microstructural analysis [68]. This technique is based
on the analysis of the deviation of the crystallinity of polycrystalline
materials, generated by the influence of crystallite size, strain, and
microstrain of the crystalline lattice on the profile of the diffractogram
[69-71].

The W-H method proposed in 1953 involves constructing a graph
that allows the separation of the contributions of the average crystal
size and microstrain extracted from the analysis of the diffraction
profile, considering as order of reflection [69].This method is a gra-
phical representation of B cos(0)/A as a function of sin(0)/A. After
plotting the points, linear regression is used to obtain the apparent size
of the crystallite from the y intercept, while the apparent deformation
of the network, n (network microstrain), is extracted from the slope of
the line. When n = 4. < ¢ > is referred to as the apparent microstrain
of Stokes [72].

In Fig. 3a and b obtained using the W-H method demonstrates that
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Fig. 2. (a) Rietveld refinement using an anisotropic model and apparent crystallite size form (insert of the Figures) obtained from the refinement of the spherical
harmonic coefficients of the XRD patterns of samples: PM, PM-C and PM-H. (b) modeling of cell unit AgsPO, crystals.

Table 1 voltage anisotropy [73]. This effect is related to the broadening of the
Rietveld refinement parameters PM, PM-C and PM-H samples and parameters diffraction peak caused by the microstrain, which is in agreement with
indexed in the catalog database. the fundamental dispersion theory, since it is expected that the size of
Cell Parameters (&)  Quality Indices the contribution of the microstrain to the enlargement of the peak will
(a=b=c) be uniform, while the contribution of the increase in the microstrain is
Sample *Bp  *Rwp *Rexp *X° *Rp COE;I volume directly proportional to the reciprocal space [74].
(A9 The positive slope of the linear adjustment suggests that the dif-
PM 6.011(5) 105 134 1041 1.66 487 217.24 fraction peak broade{ling’is related to the prevalence of the microstrain
PM-C  6.013(5) 125 125 1031 1.00 3.90 217.45 effect on the crystallite size [75].
PM-H  6.011(2) 107 132 9.92 1.77 4.24 217.20 Sample PM-H (Fig. 3c) shows a better fit of the dispersion of the
ICSD N° 200,972 6.009(6) - - - - - 217.03

points around the linear fit. This demonstrates that the hkl-anisotropic
effects are slightly more discrete compared to those of the PM and PM-C
samples. Thus, it was expected that the diameter of the crystallites was
approximately the same in all hkl-anisotropic directions and conse-
quently the sample had spherical morphology [76].

The apparent crystallite size distribution of the PM-C, PM, and PM-
H samples was obtained at the end of the Rietveld refinement (Fig. 2)

*Rp= profile factor; *R,,, = weighted profile factor; *Res, = expected weighted
profile factor; *Ryraag= Bragg factor and x2 (adjustment factor).

the PM and PM-C samples show a significant degree of dispersion for
the points around the linear fit compared to those of the PM-H samples
(Fig. 3c) and qualitatively suggest the presence of a high degree of
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Fig. 3. Graphical representation of the Williansom-Hall method for the analyzed samples: (a) PM, (b) PM-C and PM-H (c).
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associated with the use of linear combinations of spherical harmonics
for the amplification of the diffraction peak from the anisotropic Lor-
entzian size expansion effect. This effect demonstrated the distribution
of the apparent size in relation to each reciprocal network vector (Table
S2) [77,78].

It was possible to obtain the distribution graph of the apparent
crystallite size (inset of Fig. 2a—c) from the refinement of the spherical
harmonic coefficients, using the Gfourier® software, version 04.06. The
overall apparent average crystallite sizes of the PM, PM-C, and PM-H
samples were 103.4, 56.7, and 123.8 nm, respectively.

The PM-C sample showed a significant increase in network micro-
strain (1 = 6.03) compared to those of the PM (n = 2.07) and PM-H
(n = 1.4) samples in the contact region between particles during the
sintering of the material. This increase was facilitated by line defects
(dislocations) [79,80]. During calcination, the decrease in the crystal-
lite size induced by the diffusion of matter and vacancies through the
bulk and the contours of the contact zone of the particles justified the
contraction of the structure at a given temperature [81,82]. For the PM-
H sample, the increase in crystallite size and reduction in n was influ-
enced by the dissolution and recrystallization of the sample during the
hydrothermal process leading to highly crystalline materials due to
more energetic conditions [83].

Quantitative analysis was performed using diffraction profile ana-
lysis, proposed by Hugo M. Rietveld, is widely accepted and has as main
advantage to minimize or eliminate inaccuracies due to preferential
orientation, microabsorption, diffraction peak overlap and detection of
amorphous phases or phase traces present in the sample [84,85].
However, there are two preconditions to be followed: (i) the quantified
phase is the crystalline phase and (ii) the crystalline structure is known
[86].

The diffraction profiles of the samples analyzed quantitatively by
the Rietveld method (Fig. S2) demonstrated the massive proportion of
(1.8%) Ag® in the sample PM-C and (0.8%) for the PM-H sample. The
presence of the Ag® phase is due to the thermal and hydrothermal
treatments in which the samples were submitted respectively [48,87].
Although, the quantitative refinement by the Rietveld method shows
that the presence of Ag® for the sample PM-C and PM-H is below the
detection limit for the XRD technique ("5 mol%) [88].

However, it is important to note that the quantitative method using
the Rietveld method presented values close to that reported in the lit-
erature for the sample PM-C in the range of 100-200 °C [89]. As shown
in Fig. 1, it was not possible to observe diffraction spikes for the planes
of metallic Ag in the PM sample.

Raman spectra are shown in Fig. 4, where eight active vibrational
modes characteristic of the phosphate group [PO4] can be observed.
The intense narrow band at 909 cm ™! is attributed to the symmetrical
terminal oxygen stretch of the [PO,4] clusters, and the low intensity
bands at 953 and 1001 cm ™~ * are related to the asymmetric stretches of
the [PO4] cluster. Moreover, broad bands at 409 and
542 cmflcorresponding to the flexion of the [PO4] cluster were

T Positions of Active Raman modes |

;_:é Ag, PO, microcrystals
v

—4906.5

999.3

Normalized intensity (arb. units)
956.5

T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000
Raman shift (cm")

Fig. 4. Raman spectra of PM (a), PM-C (b) and PM-H (b) samples.

18

Journal of Photochemistry & Photobiology A: Chemistry 377 (2019) 14-25

(b)

/)
-

0 B

>

551 b——

Normalized transmittance (arbit. units)
868

= =3
g = g

T T T T T T T T T

2500 2250 2000 1750 1500 1250 1000 750 500

Wave number (em™)
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observed. Lastly, the band at 712 cm™'was attributed to the symme-
trical stretching of the P—O—P bonds [90].

From the FTIR spectra in Fig. 5, it can be observed that the samples
synthesized in this study have characteristic bands at 1620 cm ™! that
are attributed to the asymmetric stretch of the OH bond of the water
molecules. In addition, the 551 cm ™! band represents the asymmetrical
and symmetrical stretching of the O=P—O bonds [91]. Moreover, three
lower-intensity bands at approximately 868, 1015, and 1400 cm !
were observed. The first two bands can be attributed to the symmetrical
and asymmetric stretching of the O—P—O bonds, respectively, and the
last one to the vibrational stretching of the double bond of the P=0
group [92,93].

The size and morphology of the AgzPO,4 samples were investigated
using FE-SEM, and the results are shown in Fig. 6.

From Fig. 6a, it can be observed that the PM sample predominantly
consists of cubic particles, although rhombic dodecahedral particles can
also be observed. In addition, the average particle size in this sample
was approximately 500 + 97 nm (inset of Fig. 6a).

The micrograph of the PM-C sample in Fig. 6b shows sintered par-
ticles formed due to thermal treatment at 150 °C for 6 h, which may
have induced the diffusion mechanism among particles causing the
sintering of the material [64,65], as already mentioned when discussing
the structure of the synthesized samples.

The hydrothermal treatment for the PM-H sample promoted a
change in the structure of the particles, as seen in Fig. 6¢. This sample
shows spherical particles with an average particle size of approximately
526 + 110nm (inset of Fig. 6¢).The spherical morphology may be
related to the physical phenomenon known as the Ostwald growth,
where particle growth is favored by the dissolution and recrystallization
of the material tothe detriment of the smaller particles at a given
temperature [94,95].

To determine the region of radiation absorption and the E; values of
the samples, diffuse reflectance spectroscopy (DRS) in the UV-vis re-
gion was carried out.

From Fig. 7a, we can observe a similarity among the DRS spectra of
the PM, PM-C, and PM-H samples, which absorb visible light with a
wavelength smaller than 530nm [8]. In addition, as shown in the
quantitative method the rather low Ag°® content in the PM, PM-C and
PM-H samples did not exhibit significant increase in plasmonic ab-
sorption in UV-vis spectra around 340 nm [96].

Fig. 7b—d shows indirect E; for PM, PM-C, and PM-H samples. It can
be observed that E, of the PM sample (2.23 eV) was slightly higher than
those obtained for the PM-C (2.15 eV) and PM-H (2.16 eV) samples. The
decrease in Eg observed for the PM-C samples compared to that of the
PM samples may be related to the structural deformations in the crys-
talline lattice, aside from the presence of oxygen vacancies [15,35,97].
The decrease in E,; of the PM-H sample can be correlated with the in-
crease in particle size observed after the hydrothermal treatment [5].
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Fig. 6. FE-SEM micrographs of samples (a) PM, (b) PM-C and (c¢) PM-H.

XPS spectra were employed to further analyze the surface crystal,
elemental composition, chemical state, and electronic state. It can be
seen from Fig. S3 that the XPS survey spectra with peak identification
for all sample are similar, which contain the elements of Ag, P, O and C.
According to Fig. 8(a—c), the high-resolution XPS spectra of the Ag 3d
orbitals region show that synthesized samples consist of two char-
acteristic peaks of the binding energies assigned to Ag 3d3/2 (374 eV)
and Ag 3d5/2, (368 eV), respectively.

Due to the asymmetry of the profile of Ag 3d peaks, the deconvo-
lution was employed and evidenced four contributions at 374.2, 375.4,
368.2 and 369.4 eV, respectively. The peaks at 375.4 and 369.4 eV can
be attributed to the metal Ag°, while the signals at 368.2 and 374.2 eV
are related to the Ag™ ions [98].

From relative peak area assigned to Ag® in Fig. 8, it was possible to
observe that amount of Ag® dispersed on the PM-C surface (60%) is
greater than that one on PM and PM-H samples (12% and 28%, re-
spectively), which corrobates with results obtained by XDR and quan-
titative analysis at the Rietveld refinement, regarding the presence of
metallic Ag on surface of these samples.

Fig. 9(a—c) show the high-resolution XPS spectra of Ols region of
PM, PM-C and PM-H samples.

According to Fig. 9(a—c), the high-resolution XPS spectra of Ols
orbitals region show the O1s peaks of all samples were decomposed into
tree contributions at 530 (Op), 531.3 (Oy) and 532.4 eV (Oyy), respec-
tively. The contribution O; peak is attributed to the non-binding oxygen
atoms of the group (P = 0). The peak Oy is associated with oxygen
vacancies or defects on crystal lattice, which were occupied by O?~ ions
before the heat treatment [98]. The contribution Oy is associated to
oxygen and water molecules on the surface [98].

In Fig. 9, the relation between the peak area of Oy; and the total area
of all O1s peaks is 42%, 15% and 8% for PM-C, PM and PM-H samples,
respectively. This indicates that the heat treatment promoted oxygen
vacancies or defects on crystal lattice, like beforehand discussed in
structural analysis from Rietveld method.

3.2. Photocatalytic activity

The photolysis results shown in Fig. 10(a) and (b) indicate that the
RhB and MO dyes did not undergo degradation under WLED irradia-
tion, suggesting that these compounds are highly stable [98,99].How-
ever, photocatalytic tests carried out in the presence of photocatalysts
demonstrated the high efficiency of the samples for the degradation of
MO and RhB dyes under WLEDs irradiation, as can be seen in Fig. 10(c)
and (d). Moreover, it can be observed that both dyes photodegraded
faster when using PM-C than when using PM-H or PM, the last one
being the least efficient of the samples.
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This behavior can be attributed to the presence of Ag® in the PM-C
and PM-H samples, as already illustrated by the XRD patterns (Fig. 1)
and demonstrated by the Rietveld quantitative refinement (Fig. S2) and
XPS spectra (Fig. 8). It is known that the effect of high temperature
sintering allows intimate contact not only between the semiconductor
particles, but also between semiconductor particles and metal particles
[100]. Proximity facilitates the migration of the photogenerated car-
riers between semiconductor particles, as well as between semi-
conductor and metallic particles. [100].

The contact between Ags;P0,4/Ag relative to PM-C sample should be
more compacted to PM-H. Thus, migration of the photogenerated car-
riers between Ag3PO,, Ag be easier in relation to sample PM-C and PM-
H. Finally, the electrons occupied in the CB AgsPO, reduce further Ag*
ions to metallic Ag° on the PM-C. This may be the other reason why
high temperature calcination favors the formation of metallic Ag® in
relation to sample PM-C.

In addition, the highest catalytic efficiency of the PM-C sample may
also be related to the decrease in crystal size associated with the pre-
sence of microstrain, as presented in the microstructural analysis and
the density of oxygen vacancies (V6s) on the surface of the material
generated by sintering during the thermal treatment [101-103]. How-
ever, the same effect was not observed for the three catalytic cycles for
the PM-H sample, since the hydrothermal synthesis method increased
the size of crystallites and promoted the decrease in microstrain com-
pared to those of the PM and PM-C samples, while possibly exerting a
negative influence on the catalytic efficiency.

Therefore, the higher photocatalytic activity of the PM-C sample
compared to those of the PM and PM-H samples is perhaps owing to the
degree of defects produced during the thermal treatment, because
photocatalytic activity is related to the diffusion of vacancies that in-
creases the density of VOs on the surface of the catalyst [104,105].
Thus, the existence of surface defects can greatly influence the effi-
ciency of e " /h™ separation, low recombination, and the corresponding
photocatalytic activity. It is worth noting that mass defects can also be
generated during the thermal treatment and could introduce electron
capture sites and e~ /h* recombination, thus hindering the photo-
catalytic activity.

By contrast, surface and sub-surface defects, when overlap with the
effect of mass defects, can contribute to e " /h* separation, promoting
the formation of available surface traps, making recombination diffi-
cult, facilitating the adsorption of the pollutant, and promoting an in-
crease in photocatalytic activity [106-108].

It was observed that even when using photocatalysts, the degrada-
tion of MO was slower and/or less efficient than of that RhB. This can
be related to the cationic nature of RhB and the anionic nature of MO,
RhB being preferentially adsorbed onto the negatively charged surface



J.F. Cruz-Filho, et al.

i
11 —Agpo, ()
o] HORECI Tl

Normalizcd Absorbancce

: —AgPOPMH(150°CIoh)

v

LI I B B B S B BN A N R B

00 250 300 350 400 450 00 350 60

Wavelenght (nm)

o
=

= AgP0,PC(0°CY)
| Linar o Ag PO PVC 15°CI1)

-~ Extrapolation of Linear fit

©)

o~ oo
ri

.
1

-
N

[F(RY/sv]'"? (arb. units)

'l"l'l']llll'[lllll

00

B
Photon energy (¢V)

Journal of Photochemistry & Photobiology A: Chemistry 377 (2019) 14-25

2

310, (5 ®)
) — Lo AgRO, P (25°C)
10~ Entrapolation ofLinear it

.
1

-
N

=
n

=
oo
2

E =13V

ol

[F(RYrv]'? (arb. units)

00 'l‘I:.‘I'I'I'I'l'I'I‘
0202203 242526272829%0
Photon energy (eV)
20

e 45 O PVLH (10°C6 )
1 Livearftof Ag PO PVLH (50°C)

= Extrapolation of Linear it

(d)

E= N oo
rt

e
L

-
N

=

E =116¢V
)

=

[F(RY s v]'? (arb. units)

00

Photon energy (eV)

Fig. 7. UV-vis (a) and indirect band gap spectra obtained using the Kubelka-Munk method of the samples: (b) PM, (c¢) PM-C and (d). PM-H.

of the Ag3;PO,4 sub-microcrystals [89].

To evaluate the photochemical stability of the AgzPO,4 samples, we
carried out three photocatalytic degradation cycles for MO and RhB for
each sample under WLEDs irradiation. The results are shown in
Fig. 11(a—c).

Further investigations were focused on exploring the stability of the
AgsPO,4 samples for the degradation of MO and RhB dyes. As shown in
Fig. 11a, a smooth and progressive reduction occurred in the photo-
catalytic performance of the PM-C and PM-H samples for the de-
gradation of the MO dye during the three photocatalytic cycles. This
can be related to the photoreduction of Ag® during the catalytic cycles
[109].

As can be seen from Fig. 11, the photodegradation of MO was lower

20

than that of RhB. It is important to highlight that the wavelength range
in the emission spectrum of the WLEDs capable of photoactivating
AgsPO,4 (Apeax = 460nm) [55] and obtained experimentally (ESI Fig.
$9.1), coincided with the absorption range of the chromophore groups
present in the MO dye (Apeax = 460 nm). This parameter may have a
significant contribution to the low activity during the photocatalytic
tests for the RhB dye (Apeax = 554 nm).

It is important to note that due to the relatively low light flux
(15mW m~2) and the wavelength specific to the excitation of the
semiconductor (< 530 nm), of WLEDs, using in the photocatalytic re-
actions improved the photocatalytic performance of AgzPO, during the
reaction cycles by providing a significant reduction in the photocorro-
sion of AgsPOy.
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In addition, the system assembled for the development of the pho-
tocatalytic assay has important characteristics that differs from con-
ventional photocatalytic reactors which are: (i) the homogeneity re-
lative of the radiation (the reactor is located in the region of highest
incidence of light emitted by the WLEDs 98-100% of relative incident
radiation) (Fig. S4) and the desired emission spectrum on the surface of
the photocatalyst experimentally obtained (Fig. S5), (ii) relatively
compact (20cmx 15 cm), (iii) the small distance between the source
and the catalytic reactor (7 cm), (iv) the low heat production that the
WELDs produce compared to conventional sources, as well as a re-
duction in energy consumption during the operating time of the device.

The apparent quantum efficiencies (¢) of the PM, PM-C, and PM-H
samples shown in Fig. 12 were determined from the known photon flux
value through the reactor, and were obtained using salt of the Parker
actinometer.

The results of the apparent quantum efficiency data (Fig. 12a) jus-
tify the trend in photocatalytic cycles, as observed in Fig. 11. The PM
sample, we observed an increase of 37% and 3% in catalytic efficiency
during the second photocatalytic cycle of OM and RhB. As this sample
contained no Ag® the increase in photocatalytic activity during the
second cycle can be attributed to the plasmonic effect of Ag®, which
may have formed during the first catalytic cycle, dispersed on the
surface of the catalyst. [8].

However, this yield provided by the Ag/Ags;PO, heterojunction is
below that observed for the PM-C sample. Thus, it is possible to con-
clude the contribution of the oxygen vacancies in the improvement of

the photocatalytic activity of the sample PM-C in relation to the other
samples in the degradation of the dyes [89]. In addition, oxygen va-
cancies may form a local state below the conduction band of AgzPO,,
leading to the narrowing of Eg(as confirmed by DRS UV-vis), thus in-
creasing the response of visible light.

Once irradiated under visible light, most electrons can jump from
the valence band to the local state formed by the oxygen vacancies in
the bulk, leaving the h * in the valence band. During the photocatalytic
reaction process, defects and oxygen vacancies formed can capture
photo-induced electrons, and then the recombination of electrons and
photo-induced holes can be effectively inhibited [110], leading to in-
creased photocatalytic activity.

The electrons transported to a surface of the photocatalyst reacted
with the biradical, *O,*, dissolved in the solution, forming the super-
oxide radical anion(*Q, ~) that along with the hole (h™), are considered
the main oxidant species in heterogeneous photocatalysis processes in
which AgsPO, as an active catalytic site [108,111]. However, both h™
and *O,~ can participate in reactions, giving rise to hydroxyl radicals
(*OH), which can also act on photodegradation of organic pollutants
[112].

It is also important to note the effect of the stability that the PM-C
sample holds for the photocatalytic cycles of the RhB dye. The Ag® on
the surface of the AgsPO, subjected to the calcination method plays an
important role in increasing the photocatalytic stability. This is because
Ag® can serve as a good electron acceptor, which facilitates the rapid
electron transfer by inhibiting the reduction of the Ag™ ion present in
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Fig. 9. High-resolution XPS spectra of Ols region of (a) PM, (b) PM-C and (c) PM-H samples.
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the crystalline network of AgsPO,4 during the cycles [45,96,113].

As reported in recent work of our research group [114], the excess
of Ag® and Ag,O generated during the photocorrosion process com-
promises the catalytic efficiency of the photocatalyst during the cata-
lytic process. However, it can be verified by the apparent quantum
efficiency (Fig. 12), especially for the RhB dye that the light source and
even at a distance relatively close to the photocatalytic reactor (6 cm)
contributed relatively to the delay of the photocorrosion of AgszPO,
during the cycle’s catalysts.

Important to emphasize that the relatively low values of ¢, are
caused by two factors: (i) calculations were made assuming that dye
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degradation is a process where only one e~ /h* pair effectively de-
grades, even though, during the process, a large number of carrier en-
tities participate in the complex dye photodegradation mechanism; and
(ii) the method does not take into account the fraction of light absorbed
by the catalyst in the presence of dye in the solution [115].

4. Conclusion

From the results of microstructural analysis together with the pho-
tocatalytic activity results, it was evident that PM-C showed the best
photocatalytic response among the synthesized samples owing to the
sintering effect during the thermal treatment of the sample at 150 °C for
6 h. This effect contributed to the reduction of the crystallite size and
increase in oxygen vacancies and microstructural defects on the surface
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of the sample, facilitating the separation, transfer of charges, and low
recombination fraction, while allowing the formation of active sites
under the surface of the photocatalyst. Moreover, during the photo-
catalytic assay, we observed the contribution of Ag NPs to the photo-
catalytic performance of the synthesized samples highlight the sample
PM-C. The use the compact photoreator based on white light emitting
diode (WLEDs) arrangement was presented as an efficient alternative as
it contributed to the low energy consumption and high efficiency of the
photocatalytic reactions while delaying the sharp effect of photo-
corrosion on AgszPO, sub-microcrystals during the catalytic cycles. In
addition, we observed that the adsorption of the dyes under the surface
of the catalyst and the effect of light absorption by the substrate for
specific wavelengths are important photocatalytic activity parameters.
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