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A B S T R A C T

The silver-based metal oxides have been considered good photocatalysts for the removal of organic dyes in
wastewater treatments. In our knowledge, for the first time, the photoluminescence and photocatalytic prop-
erties of silver pyrophosphate (Ag4P2O7) synthesized by the precipitation method have been investigated. The
long- and short-range structural ordering was analyzed by means of X-ray diffraction and, Raman and infrared
spectroscopies, respectively. The broadband photoluminescence spectrum revealed a typical profile arising from
electronic transitions involving intermediary energy levels in the band gap. The photocatalytic efficiency of
Ag4P2O7 was monitored for the degradation of rhodamine B and 6G under ultraviolet light irradiation. The
reusability and stability of this material as photocatalyst were checked by recycling tests. Different radical
scavengers were introduced into reaction medium to detect the main active species involved in the degradation
process of rhodamine 6G. Based on our results, a photodegradation mechanism for this synthetic organic dye by
using Ag4P2O7 photocatalyst was proposed in detail.

1. Introduction

The synthetic organic dyes are considered the most important
compounds used to add or change the color of something [1]. These
compounds have been widely employed in different industrial manu-
facturing segments, such as: cosmetic formulations [2], textile dyeing
[3], food processing [4], leather tanning [5], paper printing [6], and
color photography [7] and so on. A critical environmental problem is
the inappropriate disposal of dye-containing wastewater generated in
the industrial production lines into aquatic environments. As undesir-
able features, these kinds of dyes are potentially toxic, non-biode-
gradable or volatile, carcinogenic and mutagenic, bringing harmful
risks to human health and irreparable damage to aquatic ecosystems
[8–10]. The most traditional and important treatment methods em-
ployed to combat and minimize the toxic nature of these compounds
are bacterial and fungal discoloration [11,12], membrane separation
[13], electrochemical methods [14], coagulation [15] and photo-
catalysis [16–19]. For many researchers, the photocatalytic degradation
is an emerging and efficient technology because it offers effective ad-
vantages for wastewater treatments, such as low cost, safe to handle,
environmentally friendly reaction conditions, no sludge disposal,

absence of secondary waste [20,21].
The photocatalysis refers to the acceleration of a light-induced re-

action due to the presence of a semiconductor (photocatalyst) [22,23].
When the surface of a photocatalyst is exposed to light (energy similar
or greater than the band gap energy of the photocatalyst), electrons are
promoted from valence band (VB) to conduction band (CB), resulting in
the appearance of electron/hole pairs. These charge carriers are avail-
able to induce redox activities with the chemical species adsorbed on
the photocatalyst. The holes are able to oxidize donor molecules and
react with water molecules to produce hydroxyl radicals. In contrast,
the electrons react with oxygen to produce superoxide radicals. These
free radicals trigger a series of chemical reactions that break down the
dye macromolecules into smaller and less harmful substances (miner-
alization) [24–26]. A fundamental concept is that the photocatalytic
efficiency of a semiconductor is dependent on the band gap, effective
separation and recombination of photogenerated electron/hole pairs,
surface-related adsorption properties, morphological aspects, porosity,
chemical stability and reusability in aqueous medium [27–29].

Among the different types of semiconductors employed as photo-
catalysts, the silver-based metal oxides have demonstrated an excellent
photocatalytic response for the degradation of synthetic organic dyes

https://doi.org/10.1016/j.apsusc.2019.07.148
Received 6 April 2019; Received in revised form 5 July 2019; Accepted 16 July 2019

⁎ Corresponding author.
E-mail address: jcsfisica@gmail.com (J.C. Sczancoski).

Applied Surface Science 493 (2019) 1195–1204

Available online 17 July 2019
0169-4332/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2019.07.148
https://doi.org/10.1016/j.apsusc.2019.07.148
mailto:jcsfisica@gmail.com
https://doi.org/10.1016/j.apsusc.2019.07.148
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2019.07.148&domain=pdf


under ultraviolet/visible light irradiation [30–33]. However, few stu-
dies have been dedicated to silver pyrophosphate (Ag4P2O7). Since the
pioneering studies published by Takahashi et al. [34,35], the initial
researches related to this material were mainly focused on the struc-
tural features, ionic conductivity, optical and dielectric properties
[36–39]. With respect to photocatalytic activity, Zhao et al. [40] and
Song et al. [41] verified a high functionality of pure Ag4P2O7 phase and
Ag4P2O7-based composites for the degradation of methylene blue under
visible light illumination.

In our knowledge, Ag4P2O7 photocatalysts for the degradation of
rhodamine B (RhB) and rhodamine 6G (Rh6G) have not been reported
yet. Thus, in the present study, photocatalytic degradation of these
organic dyes (as representative pollutants) under ultraviolet light irra-
diation was tested with Ag4P2O7 synthesized by the precipitation
method. The photocatalytic potential of this material was investigated
in detail by means of the reusability and stability after three cycle runs.
The main reactive species responsible for the photocatalytic degrada-
tion were identified with the addition of different radical scavengers in
the system. Taking into account our experimental results, a photo-
catalytic mechanism for Ag4P2O7 was proposed in detail. Moreover, the
photoluminescence emissions at room temperature of this material
were also explored.

2. Materials and methods

2.1. Synthesis

Ag4P2O7 was synthesized by the precipitation method in aqueous
medium by using potassium pyrophosphate (K4P2O7, Aldrich, 99%) and
silver nitrate (AgNO3, Vetec, 99.8%) as chemical starting precursors. In
a typical procedure, 50mL of 8mM AgNO3 solution was mixed with
50mL of 2mM K4P2O7 solution at room temperature under constant
stirring for 10min. The final solid precipitate was separated from the
liquid phase via centrifugation (7000 rpm for 5min), washed with
deionized water and acetone (six times), and then dried in a lab oven at
60 °C for 2 h.

2.2. Characterization

The structural behavior of as-synthesized microcrystals was in-
vestigated by X-ray diffraction (XRD) by using a D8 Advance dif-
fractometer (Bruker AXS, Germany) with CuKα radiation
(λ=0.154184 nm). Data were collected over 2θ ranging from 20° to
60° with a scanning scan rate and step size of 0.2°/min and 0.02°, re-
spectively. The surface oxidation states and chemical composition of all
samples were investigated by X-ray photoelectron spectroscopy (XPS)
in an ESCA + spectrometer (ScientaOmicron, Germany) with a high-
performance hemispheric analyzer (EA 125). The monochromatic AlKα
radiation (1486.6 eV) was used as an excitation source. The operating
pressure in the ultrahigh vacuum chamber during the XPS analysis was
maintained at around 2× 10−9 mbar. The survey and high-resolution
spectra were recorded with energy steps of 0.5 and 0.05 eV, respec-
tively. The binding energies in all XPS spectra were calibrated in re-
ference to C1s peak (284.8 eV). XPS spectra were examined with the
CasaXPS software [42], in which the core-level signals were in-
dividually fitted with Gaussian-Lorentzian functions and background
subtraction according to the Shirley method. Raman spectrum was
collected by using a LabRAM HR800 spectrometer (Horiba Jobin Yvon,
Japan) equipped with CCD detector (model DU420A-OE-325) and he-
lium-neon (HeNe) laser (λ=632.8 nm). The infrared absorption (IR)
spectrum was acquired on an Equinox 55 Fourier-transform infrared
spectrometer (Bruker Optics, Germany), in which the Ag4P2O7 powder
was mixture with potassium bromide. The morphological features were
verified in an Inspect F50 scanning electron microscope equipped with
Schottky Field Emission source (SEM) (Philips-FEI, Netherlands). The
particle size distribution was estimated from SEM images by using the

ImageJ software [43]. Ultraviolet-visible (UV–vis) spectrum was taken
on a Cary 5G spectrophotometer (Varian, USA) operated in diffuse-re-
flection mode. The photoluminescence emission was measured at room
temperature by using a Monospec 27 monochromator (Thermo Jarrell
Ash, USA) coupled to a R955 photomultiplier (Hamamatsu, Japan). A
krypton ion laser (model Innova 200, Coherent, USA) (λ=350 nm) was
used as an excitation source. The incident laser power on the sample
was maintained at 15mW.

2.3. Photocatalytic activity

The photocatalytic activity of Ag4P2O7 under ultraviolet (UV) illu-
mination was explored for the degradation of RhB and Rh6G. For these
tests, 50mg of Ag4P2O7 were dispersed in 50mL of 1×10−5 M dye
solution via ultrasonic bath (model 1510, Branson, USA) on a frequency
of 42 kHz for 15min. Before UV illumination, the resulting suspension
was placed inside the photoreactor and maintained under constant
stirring in the dark for 30min to reach the adsorption/desorption
equilibrium. The first aliquot was collected as zero time reading. Then,
the reaction medium was completely illuminated with four UV lamps
(Philips TUV 15W SLV/25, maximum intensity at 254 nm) and main-
tained at 20 °C by means of a thermostatic circulating water bath.
Aliquots of 1mL were collected at regular intervals and posteriorly
centrifuged (13,800 rpm for 20min) to separate the precipitates from
the dye solution. The photocatalytic reaction progress was monitored
by recording variations in the maximum absorption band (554 nm for
RhB; 526 nm for Rh6G) by using a V-660 UV–vis spectrophotometer
(Jasco, Japan). After taking its UV–vis spectrum, each of the measured
aliquots was transferred back to the reaction medium (avoiding to re-
duce the volume of the system). The stability and reusability of the
photocatalyst was tested by three cycle runs for the degradation of
Rh6G.

Different radical scavengers, including isopropanol (ISO) (99.5%,
Synth), p-benzoquinone (BQ) (99%, Merck), and di-ammonium oxalate
monohydrate (AOx) (99.5%–101%, Merck) were added into Rh6G so-
lution containing the Ag4P2O7 photocatalyst to capture hydroxyl radi-
cals (OH%), superoxide radicals (O2%

−), and holes (h+), respectively.
The molar concentrations of all scavengers adopted in the photo-
catalytic experiments were 0, 1 and 5mM.

3. Results and discussion

3.1. Structural analysis

Fig. 1 shows a typical XRD pattern of as-synthesized Ag4P2O7. A
remarkable feature in this diffractogram was the presence of well-de-
fined peaks, a typical attribute of solids with long-range structural or-
dering [44]. Therefore, the precipitation reaction at room temperature
was a successful chemical route in the preparation of crystalline
Ag4P2O7 without any further heat treatment. Among all diffraction
peaks, the most intense ones found at 2θ scattering angles of 27.1°,
28.8°, and 32.4° are belonging to hexagonal phase (available in Joint
Committee on Powder Diffraction Standards (JCPDS) database n° 37-
0187). No diffraction peaks related to metallic Ag or other secondary
phases were detected. Our diffractogram is consistent with previous
reports [38,41,45]. Additional information on crystallographic para-
meters (lattice constants and unit cell volume) and conformation of Ag
and P clusters in this phosphate is currently a challenging task due to
lack of structural data for this material. According to a study published
in 1983 by Yamada and Koizumi [36], Ag4P2O7 crystals grown by
Czochralski method were well-described by a trigonal crystal system at
room temperature, containing the lattice constants a=0.9538 and
c=4.083 nm.

As a complementary technique, the Raman spectroscopy was em-
ployed as a characterization tool to monitor the local order as well as
identify the vibrational modes of this material. Based on Raman spectra
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of other pyrophosphates found in previous papers [46–49], the corre-
sponding positions of Raman-active bands detected in Ag4P2O7 were
identified. Generally, P2O7

4− species have typical vibration frequencies
associate to PO3 groups and P-O-P bridge in the lattice. In our spectrum
(Fig. 2A), the three bands located at 1000, 1048, and 1068 cm−1 are

arising from νsPO3, while the others at 698, 910, and 949 cm−1 are due
to νasPO3 and νsPO3, respectively. The δasPO3 vibrational modes were
identified at 473, 516, and 543 cm−1. The external modes assigned to
rotational and translational movements of P2O7

4− species were ob-
served at 321 and 324 cm−1. For a complete analysis, theoretical cal-
culation can be an effective approach to validate these Raman-active
modes. As this Raman spectrum exposed a profile with intense and well-
defined bands, this material also is characterized by a short-range
structural ordering [44].

In addition, IR spectroscopy was employed to extract any extra
structural information of Ag4P2O7. According to other published studies
[45,48,50,51], the fundamental vibrational bands of pyrophosphates
are arising from P2O7

4− species, normally observed over a frequency
range from 500 to 1280 cm−1. In our case, four IR-active bands were
found at 543, 705, 907 and 1117 cm−1, which were ascribed to δasPO3,
νsPOP, νasPOP, and νsPO3, respectively (Fig. 2B). The two broad bands
at 1667 and 3281 cm−1 are related to HeO bending and HeO asym-
metry stretching modes of water molecules adsorbed on the surface of
as-prepared samples, respectively [52].

The nature of the chemical surface is one of the crucial points that
influences the photocatalytic properties; therefore, XPS technique is a
good alternative to identify the chemical composition and element
valence states on the surfaces of Ag4P2O7. Fig. 3A shows a re-
presentative XPS survey spectrum, which clearly demonstrated the
existence of Ag, C, O and P in the samples. The C 1s peak is attributed to
the widespread presence of carbon in the environment. In relation to Ag
3d core level, the appearance of a well-resolved doublet Ag 3d3/2 and
Ag 3d5/2 bands was detected at around 374 and 368 eV, respectively.
Two Gaussian-Lorentzian functions (G-L peaks) were sufficiently able to
fit each of these bands, suggesting a coexistence of Ag0 and Ag+ species
(Fig. 3B). Thus, the peaks at 373.8 eV and 367.7 eV are attributed to
Ag+ of Ag clusters in Ag4P2O7 and those at 374.3 eV and 368.4 eV are
ascribed to Ag0 [37,53]. The corrected areas of each peak are propor-
tional to the number of atoms of a specific element present on the
surface of a material. Therefore, the areas corresponding to Ag 3d core
level are able to predict the Ag0 and Ag+ contents on the surface of
Ag4P2O7. The area data revealed an Ag0 concentration of approximately
41.1 at.%. On the other hand, XRD pattern did not show any evidence
of Ag0 in Ag4P2O7 (Fig. 1). According to these results, Ag0 signals de-
tected in our spectrum can be arising from X-ray light irradiation during
the XPS measurements.

The O 1s core level was perfectly fitted into two G-L peaks detected
at 530.06 eV and 532.1 eV, corresponding to PeO bonds in the hex-
agonal lattice and hydroxyl groups (HeO) chemisorbed on the surface,
respectively (Fig. 3C) [54,55]. For P 2p core level, the band detected at
binding energy of 133.2 eV was ascribed to P5+ oxidation state
(Fig. 3D) [56,57].

3.2. Morphological aspects

SEM was employed to explore the morphological features of
Ag4P2O7. Low-magnification SEM image identified a large amount of
hexagonal plate-like microparticles with smooth surfaces (Fig. 4a). This
particle shape has also been verified in diverse metal oxides synthesized
with/without the introduction of chemical additives or surfactants to
the reaction medium [58–60]. Based on this observation, we presume
that the growth proceeded according to a homogeneous nucleation
process (classical crystallization theory). In this phenomenon, the nu-
cleation occurs spontaneously and randomly when a supersaturation
regime is reached. Once supersaturated, the primary particles can grow
from solution [61]. After growth stage, these particles are able to ag-
gregate via van der Waals attractive forces [62]. Due to the appearance
of smooth surfaces in Ag4P2O7 microcrystals, the last stage of the
growth kinetics occurred through Ostwald ripening mechanism, which
involves the transfer of atoms from smaller and less stable particles to
larger ones [63].

Fig. 1. XRD pattern of Ag4P2O7.

Fig. 2. (A) Raman and (B) IR spectra of Ag4P2O7.
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Fig. 3. (A) XPS survey spectrum of Ag4P2O7 and high-resolution (B) Ag 3d, (C) O 1 s, and (D) P 2p core level spectra, respectively.

Fig. 4. (a) Low-magnification SEM image and, (b–c) average particle size and thickness distributions of Ag4P2O7, respectively.
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Performing a statistical analysis, a particle size distribution histo-
gram was obtained by measuring the dimensions (size and thickness) of
100 particles from SEM images. As deduced by fitting the size dis-
tribution with a log-normal function, the average crystal size and
thickness were estimated at 0.34 μm and 64.1 nm, respectively
(Fig. 4b–c).

3.3. Optical band gap and photoluminescence emissions

Band gap, energy difference between the top of the valence band
(VB) and the bottom of the conduction band (CB), is a critical para-
meter responsible for the performance of the electronic, optical, redox,
and transport (electrical) properties in the materials [64]. From the
point of view of photoluminescence and photocatalytic properties in
ceramic semiconductors, the optical band gap energy (Eg) plays a key
role in determining the minimum excitation wavelength to promote the
appearance of electron/hole pairs. These charge carriers effectively
contribute to photoluminescence emissions as well as in redox activities
for the degradation of organic pollutants. Another important factor
with respect to the band structure of semiconductors is that the kind
and concentration of intrinsic defects (bulk, surface and interface)
cause a local perturbation in the structure, introducing new acceptor
and/or donor levels in the forbidden region. These energy levels are
well-known as deep- and shallow-level defect states [65,66].

An efficient and alternative strategy adopted to estimate Eg of
crystalline semiconductors is by means of the UV–vis spectroscopy. A
typical UV–vis diffuse reflectance spectrum of Ag4P2O7 is illustrated in

Fig. 5A. Hirono et al. [37] reported that the Eg of this material is
characterized by an indirect optical band gap. By employing the Ku-
belka-Munk method [67] for indirect allowed electronic transitions, an
Eg value of approximately 3.38 eV was found for this pyrophosphate.
This value is in good agreement with other published papers [37,41].

The Mulliken electronegativity theory [68] was employed in our
study to clarify the CB and VB edge positions in Ag4P2O7 by means of
the Eqs. (1) and (2).

= − +E χ E E0.5VB e g (1)

= −E E ECB VB g (2)

where χ is the electronegativity of the semiconductor, Eg is the band
gap of the semiconductor, Ee is the energy of free electrons vs hydrogen
(4.5 eV) [69], ECB and EVB are the conduction and valence band edge
potentials, respectively. In these equations, by using χ=6.12 [70],
Ee=4.5 eV, Eg=3.38 eV, EVB and ECB of Ag4P2O7 were calculated at
−0.07 and 3.31 eV, respectively.

In terms of photoemission properties, the broadband photo-
luminescence spectrum of Ag4P2O7 is a typical behavior of the in-
volvement of several energy levels during the electronic transitions
(Fig. 5B). To qualitatively identify the contribution of these energy le-
vels, this spectrum was deconvoluted and perfectly fitted by using the
Pseudo-Voigt function. As a result, three distinct regions correlated to
visible light emission centers were registered, including: blue
(453 nm=2.73 eV), green (525 nm=2.36 eV), and yellow
(652 nm=1.90 eV). Pondering each region individually (area %), the
values found in ascending order were: blue (28%) < yellow
(35%) < green (37%). Conceptually, the origin of yellow, orange, and
red emissions are ascribe to deep-level defect states, while the shallow-
level defect states are responsible for violet and blue emissions [71].
Taking into account this confirmation, our photoluminescence data
exposed a greater participation of deep-level defect states in relation to
shallow-level defect states. Moreover, due to the excitation wavelength
chosen in this experiment (350 nm=3.54 eV), band-to-band re-
combination processes also significantly contributed to the re-
combination of electron/hole pairs.

3.4. Photocatalytic property

The photocatalytic efficiency of Ag4P2O7 was tested for the de-
gradation of two organic dyes (RhB and Rh6G) under UV light illumi-
nation. All photocatalytic processes were carefully monitored by mea-
suring the maximum absorption bands of these dyes (λRhB= 554 nm
and λRh6G=526 nm) at predetermined time intervals via UV–vis
spectroscopy, as illustrated in Fig. 6.

Insets in Fig. 6A–B show the molecular structures of RhB and Rh6G,
respectively. The intense absorption band centered at 554 nm for RhB,
commonly detected in UV–vis spectroscopy, is originate from π-π*
transitions (i.e., N,N,N′,N′-tri-tetraethylated rhodamine molecule) from
binding HOMO to anti-binding LUMO along the longest dimension of
the conjugated system. The presence of a shoulder at 521 nm is often
related to the dimmer of RhB [72]. On the other hand, the absorption
maximum band at 526 nm as well as the shoulder at 496 nm for Rh6G
correspond to H-aggregates of the dye associated to π-π* transitions
[73,74]. This type of aggregation consists in transition moment largely
parallel to the long axis of the molecule, forming a nearly vertical stack
[75].

Analyzing the UV spectra of RhB and Rh6G without the photo-
catalyst (Fig. 6A–B), a photolysis of 14% for RhB and 4% for Rh6G was
observed after 70min and 25min exposure to UV light illumination,
respectively. In the presence of Ag4P2O7 photocatalyst, a reduction of
the maximum absorption band in both RhB and Rh6G was noted when
the exposure time to ultraviolet irradiation was increased (Fig. 6C–D).
The highest photocatalytic activity of Ag4P2O7 was achieved for Rh6G
solution, which was able to degrade 99% of this dye after 25min

Fig. 5. (A) UV–vis reflectance spectrum and (B) deconvoluted photo-
luminescence spectrum of Ag4P2O7.
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(Fig. 6D). On the other hand, 70min were required for this photo-
catalyst to degrade 98% of RhB solution (Fig. 6C). In particular, the
degradation process of RhB is based on an oxidative attack by active
oxygen species on both N-ethyl group and aromatic chromophore ring,
causing a decrease of the maximum absorption band (λ=554 nm), i.e.,
photodiscoloration of the dye [76,77]. Another relevant concept is that
the shifting in the maximum absorption band implies the formation of
intermediates during the photodegradation reaction, such as N,N,N′-tri-
ethylated rhodamine (λ=539 nm), N,N′-di-ethylated rhodamine
(λ=522 nm), N-ethylated rhodamine (λ=510 nm) and rhodamine
(λ=498 nm) [78–80]. In our study, the photodecoloration process of
pollutant molecules was attributed to the intrinsic photooxidative ac-
tivity of Ag4P2O7 photocatalyst, without the presence of any inter-
mediate specie detected in the visible absorption spectrum. Con-
ceptually, key variables as adsorption capacity, size and type of active
sites have direct influence in the selective degradation of organic pol-
lutants [78,81,82]. Hence, molecular selective activity of Ag4P2O7 mi-
crocrystals yielded a better photocatalytic performance for the de-
gradation of Rh6G than RhB.

The reaction kinetics responsible for the degradation of RhB and
Rh6G, with and without photocatalysts, were well-described by a
pseudo-first order rate law (Fig. 7A–B), as expressed by the following
equation [83]:

=C C kt–ln( / )t 0 (3)

where k is the reaction rate constant, t is the time, Ct and C0 are the
concentrations at time t and 0 of the organic dye, respectively. The k
values (min−1) were graphically determined from the slope of – ln(Ct/
C0) as a function of the irradiation time (Fig. 7C–D). In this case, for the
degradation processes of RhB and Rh6G were estimated k values of

0.0573min−1 (R2= 0.9841) and 0.1845min−1 (R2= 0.9950), re-
spectively.

In a traditional photocatalytic experiment, reactive species are the
main agents responsible for the degradation of organic pollutants.
Usually, photoinduced species, including holes (h+), hydroxyl radicals
(OH%), and superoxide radicals (O2%

−), are expected to be involved in
heterogeneous photocatalytic reactions under appropriate light irra-
diation [84]. To facilitate the identification of which species were ef-
fective in the photodegradation process, different radical scavengers
(ISO, BQ, and AOx) were added into Rh6G solution [85]. The final
photodegradation data with the use of scavengers are shown in Fig. 7E.
Independent of the scavenger concentration, the AOx and BQ strongly
interfered in the photocatalytic process mediated by Ag4P2O7, except
the ISO. Therefore, h+ and O2%

− active species presented a greater
participation as oxidative agents during the photocatalysis. When
compared to the standard TiO2 powder commercially available (De-
gussa P25), the photocatalytic performance of Ag4P2O7 exhibited a si-
milar effectiveness for the degradation of Rh6G under UV light irra-
diation (Fig. 7F).

From the technological perspective for the wastewater treatment,
the chemical stability is an essential parameter to quantify how many
times a photocatalyst can be reused without significant losses of its
photocatalytic properties. Hence, recycling photocatalytic experiments
were performed for Ag4P2O7 photocatalyst (Fig. 8). In a first observa-
tion, there is a notable reduction in the photocatalytic performance
from one cycle run to another. In relation to first cycle run, it was noted
reductions of 43% and 52% in the photocatalytic effectiveness for the
second and third cycle runs, respectively (Fig. 8A). To ensure a better
understanding on this behavior, XRD, XPS and SEM techniques were
employed to identify some structural and morphological change in

Fig. 6. Evolution of UV–vis spectra for the degradation of RhB and Rh6G under UV illumination without (A–B) and with Ag4P2O7 photocatalyst (C–D), respectively.
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Ag4P2O7 after the photocatalysis tests.
Even after three run cycles, XRD patterns of Ag4P2O7 presented

typical reflection peaks ascribed to hexagonal phase without the iden-
tification of other additional phases (especially, metallic Ag) (Fig. 8B).
This structural stability can be corroborated with the high-resolution
XPS spectrum for Ag 3d core level acquired for the sample submitted to
the third run cycle. In this case, the corrected peak areas corresponding
to Ag0 concentration on the surface of Ag4P2O7 are very similar before
and after the recycling tests (~41 at.%) (Figs. 3B and 8C). On the other
hand, low-magnification SEM images demonstrated that the Ag4P2O7

microcrystals lost their hexagonal plate shape, i.e., the recycling pro-
cesses provoked a morphological damage (Figs. 4a and 8C). Conse-
quently, the defects generated by this phenomenon acted as trapping
centers of electron/hole pairs, affecting the availability of charge car-
riers responsible for the degradation of Rh6G and suppressing the
photocatalytic activity of Ag4P2O7.

Considering all experimental analyses previously described, a pho-
tocatalytic mechanism was proposed for the photodegradation of Rh6G
under UV illumination by employing Ag4P2O7 as photocatalyst (Fig. 9).
The electronic band structure of Ag4P2O7 was based on the data

Fig. 7. (A–B) Photocatalytic activity and (C–D) pseudo-first order kinetics for the degradation of RhB and Rh6G under UV illumination without and with Ag4P2O7

photocatalyst, respectively; (E) photodegradation rates of Rh6G by using the Ag4P2O7 photocatalyst in the presence of distinct active radical scavengers (AOx, BQ,
and ISO) at different concentrations (0, 1 and 5mmol L−1); (F) comparative analysis between P25 (commercial standard) and Ag4P2O7 photocatalyst for the
degradation of Rh6G.
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obtained for Eg (Kubelka-Munk method) [67] as well as for ECB and EVB
values estimated by Eqs. (1) and (2) [68].

When irradiated with UV light, the optical excitation leads to the
promotion of electrons (e−) from VB to CB, leaving behind holes (h+)
in the VB (Eq. (4)). The excited electrons (e−) can migrate towards the
surface of the photocatalyst and react with the adsorbed oxygen,
forming O2%

− radicals (Eq. (5)). On the other hand, photogenerated
holes (h+) react with adsorbed H2O to form hydroxyl radicals (OH%)
and proton (H+) (Eq. (6)). These h+ in the VB are able to effectively
participate in the photodegradation process of the organic dye mole-
cules via direct oxidation (formation of products (1)) and/or act to-
gether with HO2% and O2%

− to oxidize the dye in products (2) (Fig. 9).
Another significant point is that hydroperoxyl radical (HO2%) (active
specie in the photodegradation) can also be produced by the reaction
between O2%

− and H+. All possible stages involved in the photo-
degradation of Rh6G are reported in the following equations:

+ → +
− +Ag P O hν Ag P O (e h )4 2 7 4 2 7 CB VB (4)

+ → +
− −Ag P O (e ) O Ag P O O •4 2 7 CB 2(ads) 4 2 7 2 (5)

+ → + +
+ +Ag P O (h ) H O Ag P O H OH4 2 7 VB 2 (ads) 4 2 7

• (6)

+ →
+Ag P O (h ) Rh6G Products 14 2 7 VB (7)

+ →
+Rh6G Ag P O (h )/HO /OH Products 24 2 7 VB 2

• • (8)

4. Conclusion

In summary, Ag4P2O7 was successfully synthesized by the pre-
cipitation method at room temperature. This synthetic route yielded the
formation of several hexagonal plate-like microparticles. XRD pattern
revealed that this material has a hexagonal phase, whose the presence
of intense and defined diffraction peaks implied in a high degree of
crystallinity. Raman and IR spectra exhibited typical vibration fre-
quencies associated to PO3 groups and P-O-P bridge arising from
P2O7

4− species. UV–vis spectrum presented a profile governed by in-
direct electronic transitions, in which Eg was estimated at around
3.38 eV. The maximum photoluminescence emission was detected in
the blue region of the visible electromagnetic spectrum, confirming a

Fig. 8. (A) Cycle run curves by using Ag4P2O7 photocatalyst for the degradation of Rh6G under UV illumination; (B) XRD patterns, (C) high-resolution Ag 3d core
level spectrum (for the photocatalyst used in the third cycle run) and (D) SEM images of Ag4P2O7 after recycling tests.

W. da S. Pereira, et al. Applied Surface Science 493 (2019) 1195–1204

1202



higher participation of shallow-level defect states in the forbidden re-
gion. In terms of photocatalytic property, Ag4P2O7 presented a superior
performance for the degradation of Rh6G (25min) in relation to RhB
(70min). The use of radical scavengers into Rh6G solution revealed
that the h+ and O2%

− active species have an effective participation in
the photodegradation. Despite the structural stability, recycling tests
showed a significant reduction in the photocatalytic efficiency of
Ag4P2O7. This behavior was ascribed to the appearance of several de-
fects (traps of electron/hole pairs) in the microcrystals during cycle run
stages. In particular, Ag4P2O7 is promising candidate for the formation
of heterostructures with other materials for purposes focused on the
degradation of other contaminants under ultraviolet/visible irradiation.
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