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Abstract: Nanoemulsion technique based on Ouzo effect was applied for the
fast and simple synthesis of Ag;PO, at room temperature. X-ray powder dif-
fraction analysis and Raman spectroscopy reviled that synthesized powder was
single-phase. Using scanning electron microscopy analysis, it was found that
the synthesized Ag;PO, particles were near-spherical shape with an average
diameter of 100 nm. The high value for the specific surface area of obtained
powder was measured by Brunauer—Emmet-—Teller method. Finally, the Ag;PO,
product was used as a photocatalyst for the photodegradation of crystal violet
dye in an aqueous solution. Nanoemulsion strategy procedure provides a
simple pathway to obtain a highly efficient single-phase Ag;PO, photocatalyst.
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INTRODUCTION

The assembly of organic dyes and unsafe wastage from industries produce
environmental problems, such as air and water pollution. Many techniques have
been developed for the removal of organic dyes from wastewater, including ads-
orption, photocatalysis, anaerobic treatment, membrane filtration, chemical oxid-
ation, etc.!=3 One of the most promising technologies to address the issues of
environmental pollution is the direct use of sun light energy.# Among them,
semiconductors based photocatalyst used for treating wastewater and organic dye
pollutants under ultraviolet (UV) and visible (Vis) light irradiation are especially
interesting due to their high efficiency, destruction ability, and availability. How-
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ever, some photocatalysts can only be excited by UV light. It is well-known that
the UV region occupies only approximately 4% of the entire solar spectrum,
while 43 % of the energy belongs to Vis light. Therefore, the development of
novel photocatalysts, particularly Vis light-responsive catalysts, are necessary for
the efficient utilization of solar energy in photocatalysis, and for these reasons,
there is an increasing interest in pursuing an ideal photocatalyst to effectively
utilize the Vis light of solar radiation.

Among many photocatalyst materials, silver orthophosphate (Ag3zPOg4) has
attracted considerable attention since Yi et al. discovered it in 2010.5-7 In the last
few years, many efforts have been devoted to further improving and optimizing
the photocatalytic activity and stability of Ag3PO4. It was found that photodeg-
radation activity and applications of this phosphate are profoundly dependent on
its size, morphology, and specific surface area, and thus the photocatalytic effici-
ency of AgzPOy4 can be improved by controlling the morphology and crystal
structure of the material. Therefore, great attention has been paid on devising
appropriate synthesis processes for obtaining efficient Ag3PO4 catalysts. Many
methods have been evolved that as result produces various morphologies and
sizes of AgzPOy4, which include spheres,3-10 dodecahedrons,!! tetrahedrons,!!,12
cubes,!3:14 mesocrystals,!! concave trisoctahedron,!5 gyro shape,!® etc. How-
ever, their practical application is restricted because of several limiting factors,
for instance, the tedious work involved in the preparation and removal of the
surfactants and/or templates. Particularly, the templates or surfactants are not
eco-friendly and not suitable for large-scale production.!? Hence, it is still an
important research field to find an economic and green method for controlling the
size and morphology of AgzPO4. Although a large number of modifications have
been adopted in the synthesis techniques, the optimum synthesis conditions are
still required.

In this contribution, the presented work demonstrates the successful syn-
thesis of AgiPOy4 via an effortless and very efficient nanoemulsion synthesis
method, based on the Ouzo effect. Nanoemulsions represent a special class of
liquid disperse systems, with droplet diameters smaller than 100 nm.!8 Spon-
taneous emulsification occurs when a strongly hydrophobic oil is dissolved in a
water-miscible solvent. This effect is nanoemulsification and it is usually called
the Ouzo effect!920 where the Ouzo is a liquor that consists of anise oil dispersed
in ethanol. When water is added to the Ouzo, the dissolved anise oil spontane-
ously nucleates into many small droplets, without the help of a surfactant. These
small droplets scatter light causing the sample to appear milky white. The Ouzo
effect offers the possibility of obtaining a pure nanopowder, without using any
surfactants or templates, because emulsification occurs almost simultaneously in
the entire volume.2!
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X-Ray powder diffraction (XRD) accompanied with the Rietveld refinement
procedure enabled the crystallite size, structure and phase composition of a syn-
thesized sample to be explored. Raman spectroscopy was used in order to con-
firms the composition purity of the obtained sample. The morphological pro-
perties were studied by field emission scanning electron microscopy (FE-SEM)
and Brunauer—-Emmett-Teller (BET) measurements. The pore size distribution
(PSD) was estimated by applying the Barett—Joyner—Halenda (BJH) method. The
photocatalytic activity of as-prepared Ag3PO4 product was investigated by
photodegradation of crystal violet (CV) dye in an aqueous solution. A simple
procedure for the synthesis of the effective photocatalyst was demonstrated.
According to the authors’ knowledge, this method was used for the very first
time for the synthesis of AgzPO4 nanomaterial.

EXPERIMENTAL

Ag;PO, nanoparticles were synthesized using analytical grade AgNOj (Riedel-de Haén,
99 % purity) and (NH4),HPO, (Riedel-de Haén, 99 % purity). Analytical grade acetone was
the solvent used for making the nanoemulsion. For the synthesis, 3/100 mole of AgNO; was
desolved in 0.05 dm? of acetone and then mixed with 1/100 mol of (NH,),HPO, which was
desolved in 0.05 dm? of water (the ratio of acetone and aqueous solution phases in nanoemul-
sion was 1:1). The pH in the aqueous (NH4),HPO, solution was adjusted to 11 with sodium
hydroxide (1 M) prior to mixing. The mixed solutions were stirred for 5 min using a magnetic
stirrer. No surfactant was used in any of the synthesis processes. A nanoemulsion (milky
white, almost transparent liquid) was obtained that was immediately centrifuged to avoid par-
ticle agglomeration and then washed three times using ultra-pure deionized water. Finally, the
slurry of nanoprecipitates was dried in an oven at 50 °C, for 12 h, in order to obtain a dry powder.

The phase purity and crystallinity of the produced powder were examined using X-ray
diffraction (Raguku Ultima IV, Japan). The X-ray beam was nickel-filtered CuKe; radiation
(4=10.1540 nm, operating at 40 kV and 40 mA). The XRD data were collected at 26 from 15
to 80 © at a scanning rate of 2 °min-!. Phase analysis was realized using PDXL2 software (ver-
sion 2.0.3.0),22 with referece to the patterns of the American Mineralogist Crystal Structure
Database (AMCSD).2? Calculation of the average crystallite size (D) was performed using
the Scherrer formula, Eq. (1):24
_ 0.94 1

Pcosl
where A is the wavelength of the X-rays, 6 is the diffraction angle, f is the corrected half-
width for instrumental broadening S = (5, — fs), Pm 1S the observed half-width and f; is the
half-width of the standard CeO, sample.

The specific surface area and the pore size distribution of Ag;PO, were analyzed using
Surfer (Thermo Fisher Scientific, USA). The PSD was estimated using the BJH method?’ to
the desorption branch of isotherms and mesopore surface, and the micropore volume were
estimated using the ag-plot method.2

The morphology of the dried nanoprecipitates was characterized by a Hitachi S-4800
field emission gun scanning electron microscope, with electron energies of 20 kV in high
vacuum. The samples used for FE-SEM characterization were coated with 5 nm thin layer of

hkl
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Au/Pd using a standard sputtering technique. The results from FE-SEM measurements showed
a sample area of 2.5 umx2.5 pm (275,000 magnification).

The photocatalytic ability of the synthesized Ag;PO, nanomaterial was studied using the
degradation of the organic dye crystal violet as a test. The examination the photodegradation
of the cationic dye CV was chosen because in all literature data the photodegradation of this
dye by Ag;PO,_ as a photocatalyst is the least researched. Vis irradiation was applied in order
to evaluate the photocatalytic activity of the Ag;PO,4 photocatalyst. The light source was 4 Vis
tungsten—halogen lumps, every with a power of 60 W. A quartz cell was used for the photo-
catalytic degradation test. The reaction was maintained at ambient temperature. The acidity of
the solutions was not additionally adjusted, and pH values were in the range from 6.7 to 7.0.
In a typical experiment, aqueous suspensions of the dye (initial concentration 500 umol dm)
and 50 mg of the synthesized Ag;PO, photocatalyst powder were placed in a beaker. The
volume of the test solution (the CV colour solution) was ¥ = 0.05 dm?. Prior to irradiation, the
suspension was magnetically stirred in the dark for 1 h to ensure the establishment of the ads-
orption/desorption equilibrium. The suspension was kept under constant air-equilibrated con-
ditions. In addition, the same experiment was reperformed in a combination of UV + Vis
irradiation, using 4 UV low-pressure Hg vapor lamps, each with power 28 W, and 4 Vis tung-
sten—halogen lumps, each with power 60 W.

RESULTS AND DISCUSSION
Phase structure and morphology of the porous nanospheres

The crystallinity and phase purity of the obtained product was first examined
by X-ray diffraction. The XRD pattern of the as-synthesized samples (Fig. 1)
revealed that the AgzPO,4 phase was already forming at room temperature. The
synthesized powder is single-phase and all the diffraction peaks can be well ind-
exed to cubic Ag3POy4 (space group P-43n), which is in accordance with the stan-
dard data AMCSD Card No.: 0017250.23 There were no other characteristic
peaks of impurities or secondary phases. The diffraction peaks were broadened
that indicates the presence of small crystallite (nanocrystals) in the sample.
According to the calculation based on the Scherrer Equation, the crystallite size
of as synthesized samples was about 4 nm (Table I). The calculated cell para-
meters were a = b = ¢ = 0.6017208(3) nm. These results are in good correlation
with literature data.27-28

The inset in Fig. 1 represents the crystal structure of AgzPO4 modeled using
Vesta© software version 3.3.2.29 It depicts the cubic structure of Ag3PQy, in
which six Ag atoms occupy only the 6d Wyckoff position and have 4-fold coor-
dination by four O atoms resulting in tetrahedral [AgO4]; the P atoms are each in
[PO4] tetrahedra, while the O atoms possess 4-fold coordination surrounded by
three Ag atoms and one P atom. The isolated and regular [PO4] tetrahedra cons-
truct a body-centered cubic lattice structure. In this modeled structure, the Ag and
P atoms are coordinated with four O atoms, resulting in tetrahedral [AgO4] and
[POy4] clusters. Each [PO4] cluster has in its vicinity three [AgO4] agglomerates
bound by O atoms. The existence of two binding angles (a and f) indicated that
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the [AgO4] agglomerates are highly distorted in the network, because of the
inductive effect caused by the high electronegativity of the clusters.30

.' ) N“_ J_ L b Fig. 1. XRD pattern of the synthesized

AgzPO, Inset: Unit-cell structure show-

amcsd code: ing the polyhedron configuration of the
# 0017250, 1 ILa : cubic Ag;PO,. Red, yellow, and grey
(L 2 30 40 50 80 70 80  gpheres represent O, P, and Ag atoms/

20/° /polyhedrons, respectively.

TABLE I. Calculated crystallographic parameters after refinement using PDXL2 software of
the synthesized Ag;PO, crystal structure

Atom Wickoff position X y z Position occupation
Ag 12h 0.22419 0 0.5 1.5

P 2a 0 0 0 0.5

(0] 8e 0.1467  0.1467 0.1467 2.5

a/nm 0.6017208(3)

Raman analysis

Further, Raman spectroscopic analysis was performed to confirm the pre-
sence of AgzPOy4 single phase. The Raman spectra of an as-synthesized Ag3POy
sample is displayed in Fig. 2. According to literature data,30 AgzPOy4 presents a

912
1004
000 800 1000 Fig. 2. Raman spectra of an as-synthesized
Raman shift, cm” Ag;PO,4 sample.
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total of 18 Raman-active modes. However, in this work, only two Raman-active
modes were identified, both related to the PO43~ clusters. The strong and sharp
absorption peak centered at about 912 cm! is attributed to the PO43~ symmetric
stretching vibration of O-P—O bonds.3! A small and broad peak at 1004 cm! is
attributed to the PO43~ asymmetric stretching vibrations of the same bonds.32
The Raman spectra confirmed the formation of single-phase AgzPQOy4.

Morphology characterization

Further investigation was performed by FE-SEM technologies to charac-
terize the morphology and crystal structure of the as-obtained Ag3zPO4 nanomat-
erial. FE-SEM micrographs of the as-synthesized Ag3zPO4 powder are shown in
Fig. 3, particles with near-spherical shapes with an average diameter of 100-200
nm could be observed. Their morphology also resembles platelets. However,
higher magnification (Fig. 3b) revealed that the particles are more likely irre-
gular-shaped spheres. Some particle aggregation also occurs. The formation of
spherical Ag3POy4 nanoparticles is due to the Ouzo effect, which occurs in the
present synthesis method.33 This characteristic endows the as-prepared Ag3POy
porous nanospheres with a large surface area, which could affect their physico-
chemical properties.

(b)

20.0kV 8.5mm x500k SE(M} ¢ \

8.5mm 2 00kSE(M) s [

Fig. 3. FE-SEM micrographs of an as-synthesized Ag;PO, sample: a) magnification 2000x;
b) magnification 5000x.

Adsorption isotherms — BET experiments

Nitrogen adsorption isotherms for an Ag3PO4 sample, as the amount of N,
adsorbed as a function of relative pressure at —196 °C, are shown in Fig. 4. It
could be seen from the analysis that the adsorption—desorption hysteresis loop of
the sample can be classified as Type IV,34 which is associated with mesoporous
materials (Fig. 4). The shape of the hysteresis loop is of type H3. Isotherms rev-
ealing type H3 hysteresis do not exhibit any limiting adsorption at high P/P,
which is observed with non-rigid aggregates of plate-like particles giving rise to
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slit-shaped pores.35 Specific surface areas calculated by the BET equation, SRgT,
are listed in Table II. The SggT value is 42 m2 g-1. The pore size distribution, as
determined with the BJH method, is shown in Fig. 5. The sample is micro- and

mesoporous with one peak pore radius at 2.0 nm. The median pore radius (rmeq)
is 2.9 nm (Table II).

.
30
25 I
'Tc” 20 4
z |
E 15 4 il
< i
10 4 Il
&-
i _gwutn™
’ --..rno-"""
0 fummn u® 8 ol . ‘ . _Fig. 4. Nitrogen adsorption isotherms of
00 0.2 04 08 08 10 AgiPO4. Black square symbols — adsorp-
PIP, tion, red circle symbols — desorption.

TABLE II. Porous properties of the synthesized Ag;PO,4 nanomaterial

SBET / 1’1’12 g_l Smeso / mZ g—l Smic / 1’1’12 g_l Vmeso / dm3 g-l Vmic / dm3 g_l "med / nm
42 24 18 3.2x107 2.1x10° 2.9

The og-plot, obtained based on the standard nitrogen adsorption isotherm.
The straight line in the medium ag-plot region gives a mesoporous surface area
including the contribution of the external surface, Speq0, determined by its slope,
and the micropore volume, Vyjc, is given by the intercept. The calculated poro-

sity parameters (Smeso> Smics Vmeso, Vmic) are given in Table II. An og-plot ana-
lysis confirmed that the sample was micro- and mesoporous.
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Fig. 5. Pore size distribution of Ag;PO,.
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The specific surface area of a photocatalyst is a major parameter to measure
the characteristics of the material, and its size has a great impact on its photocat-
alytic properties. It was shown that the specific surface areas of samples pro-
duced by the simple nanoemulsion synthesis method have larger specific surface
areas than the products of other methods. For example, starting from the same
components, but using the precipitation method and the ion-exchange method of
synthesis, the authors obtained 8.7 and 1.2 m2 g-! specific surface areas of the
synthesized Ag3zPQy, for the above-mentioned methods, respectively.3¢ On the
other hand, the specific surface area that was obtained using the nanoemulsion
technique was 42 m? g-!, which is 5 times higher than in the case of the sample
obtained by the precipitation method and even 35 times higher than the specific
surface area obtained in samples synthesized by the ion-exchange method. In
addition, the particle size for the precipitation method is mainly centered on 0.3—
—0.4 um, while the ion-exchange method predominantly ranges from 6 to 10 pum.
In the present work, the particle size was the same as the crystallite size (since
the crystallite is not glued together into bigger agglomerated particles). This
smaller size of crystallites (particles) makes a significant contribution to obtain-
ing higher values of the specific surface area. It could be explained by a higher
ratio of surface to volume of the nanomaterials. Namely, it is known that nano-
particles have a relatively larger surface area when compared to the same volume
of material made up of bigger particles. As particle size decreases, the surface
area per unit volume increases. Therefore, materials made of nanoparticles have a
much greater surface area per unit volume ratio compared with materials made
up of bigger particles. As the surface area per mass of a material increases, a
greater amount of the material can come into contact with surrounding materials,
thus affecting reactivity and making the material much more efficient for photo-
degradation of pollutant dyes.

Photocatalytic degradation of crystal violet dye

The photocatalytic activities of the as-prepared AgzPO4 samples were eva-
luated by the degradation of the cationic crystal violet dye. First, blank experi-
ment was performed by irradiating an aqueous solution of the dye derivates in the
absence of photocatalysts and a spectrophotometic analysis of the irradiated
samples did not show any measurable loss of the dye (black squares in Fig. 6)
indicating that irradiation alone is not capable of degrading CV dye. The effect of
Ag3zPOy4 on the removal of CV dyes was investigated and the results are pre-
sented in Fig. 6. First, the photodegradation of CV dye on the synthesized
Ag3PO4 photocatalyst with UV + Vis irradiation was evaluated (red dots in Fig.
6) The Ag3zPO4 photocatalyst exhibited very good photocatalytic activity for CV
dye photodegradation under Vis irradiation. After Vis irradiation for 30 min, 87
% of CV had been photodegraded. The degradation kinetics suppresed slightly
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when only Vis light was used (blue triangles in Fig. 6). These results show that
the synthesized AgzPO4 nanomaterial works as an excellent photo-catalyst.

0.016 -

0.014 N
I
0.012 | \ = Blank
| e UV +VIS
”E 0.010 - \ —&— VIS
=
— 1 ~
g 0008 - \t\\
£ T~
o 0.006 ‘"“\\\m
0.004 — .
0.002
0.000 —F 11—
0 5 10 15 20 25 30

Irradiation time, min

Fig. 6. Photocatalytic degradation of CV dye by Ag;PO,4 nano-spheres sample, blank experi-
ment (black squares), illuminated with UV + Vis (red dot) and only Vis light (blue triangle).

In the literature data, just a few research papers that deal with photodegrad-
ation of crystal violet dye using Ag3POy4 photocatalyst were found. Luo and co-
authors37 obtained similar results but with two-times higher concentrations of
used photocatalyst. Namely, after Vis irradiation for 30 min, 93.0 % of CV dye
was photodegraded, but the initial concentration of Ag3;PO4 photocatalyst pow-
der was 100 mg of the synthesized AgzPOy4 photocatalyst powder.33 This means
that a more than two-times more efficient material was obtained in the present
work, which could be explained by the morphology of synthesized powders.
Compared to the sample used in the present work, the AgzPOy4 used previously
had a much larger particle size (about 4000 nm) and consequently a much
smaller specific surface area (0.24 m2 g—1).34 These are the reasons for the super-
ior efficiency of the sample that was obtained in this using nano emulsification
technique, also called the “Ouzo effect”.2!

It seems that material synthesis using the nanoemulsion method could be
related to the excellent physical and chemical properties of AgzPQy, e.g.: a
higher value of the specific surface area, the presence of individual crystal
phases, the small size of the crystallite/particles, efc.

CONCLUSIONS

A simple and low-cost nanoemulsion synthesis technique based on the Ouzo
effect has been successfully used for the preparation of a Ag3PO4 photocatalyst.
Single-phase Ag3PO4 was obtained at room temperature, with crystallite size
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~100 nm. The synthesized sample was micro- and meso-porous, with a specific
surface area of 42 m2 g-!. The applied synthesis route gives a material with a
much higher value of the specific surface area in comparison to the other syn-
thesis methods that are described in the literature. This is very important when it
comes to the application of photocatalyst. The particles were spherical in shape,
with the size of about 100200 nm. This research showed that synthesized
AgiPOy4 photocatalyst is efficient for the photodegradation of aqueous CV dye
solutions under Vis light. The present study indicates that this simple, effortless,
and very efficient synthetic process provides a simple pathway to obtain a highly
efficient single-phase AgzPOg4 photocatalyst. For these reasons, it is believed that
this synthesis method could be applied for large-scale production. Plans for the
future are to perform immobilization of photocatalytic material on an extremely
porous filter (e.g., made of Al,O3 ceramic) in order to allow easy extraction of
photocatalytic material from wastewater.
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N3BOJI

CHHTE3A BUCOKO E®MKACHOT Ag;POs POTOKATATUTUUKOI HAHOMATEPUJAJIA
[TPOJECOM HAHOEMYJI3U®PUKAITUJE

MAPHIJA TIPEKAJCKA FOPBEBUR', ATEKCAHIIPA 3APYBUIIA’, AHA KAJIMJAITVC', BUJbAHA BABUR’,
CBETJIAHA BYTYJIUJA', JEIEHA MAJIETAIUIKHR' 1 BPAHKO MATOBUR'

1ﬂa60pau70puja 3a matiepujane, Uncluutiyw 3a HyKkeapHe Hayxe ,Bunua“ — HHCTUy i 0 HAUUOHATHOL
3nauaja Petiyonuxe Cpouje, Ynugep3uitieil y Beoipagy, tiowitiancku pax 522, 11001 Beoipag, Z,HeﬂapWJwau
3a xemujy, ITpupogrno—matiematuuuxu Gaxynieini Ynusepsuttiewia y Huwy, Buweipagceka 33, 18000 Huw u
3Hucruuu7yu7. 3a pusuxy Beoipag, Yrnusep3suiueii y Beoipagy, ITpeipesuya 118, 11000, Beoipag
HaHoemymn3noHa MeTona 3acHOBaHa Ha ,0uzo edekTy" NpUMemeHa je 3a jeJHOCTaBHy U
Opsy cunTesy AgsPOs Ha cOOHOj TeMnepaTypH. AHanuse Judpakuije pEHATEHCKUX AUjarpamMa
npaxa ¥ PamMaHOBe CIIeTPOCKONHMje MoKasalu Cy Jia je CHHTeTHCaHU npax MoHodasaH. Mero-
IIOM CKeHupajyhe enekTpoHCKe MUKpPOCKONHje yTBpheHo je na cy cuHTeTHcaHe yectuie AgsPOq
cepHor obnuka, mpoceuHor mpeunrnka 100 nm. Bucoka BpemHOCT crieljuduUHe MOBPLINHE
nobujeHor mpaxa MepeHa je Brunauer—-Emmet—Teller metonom. JobujeHu HaHomnpax AgsPOs
kopuurheH je kao ¢oTokatanusaTop 3a GoTomerpagauyjy KpUCTaaHo bydoudacte doje y Boje-
HUM pacTBOpHMa. Pe3ynTaTu cy mokasanu MOTIYHY Aerpafanujy Ipu KpaTKOM BpEMEHY 3pa-
yemwa. 3aK/bydyje ce Ia je MeTofla HaHoeMyn3udUKalWje jeIHOCTaBaH HAa4yMH 3a J00Hjame
BUCOKO-edukacHor moHodasHor AgsPO4 oTokaranusaropa.

(TTpumisero 3. Hopembpa 2021, peBuaupaHno 27. jyHa, mpuxsaheHo 28. jyna 2022)
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