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Materials presenting high photocatalytic performance and interesting photoluminescence emissions are
promising candidates for photodegradation of organic pollutants discharged into natural waters as well
as for development of new electro-optical devices, respectively. In this study, Ag3-2xCuxPO4 (x = 0.00, 0.01,
0.02, 0.04 and 0.08) powders were synthesized by the precipitation method. The long- and short-range
structural ordering was affected when the copper (Cu) content was increased in the lattice, as identified
by X-ray diffraction patterns, Fourier transform infrared spectroscopy and Raman spectroscopy, respec-
tively. The field emission scanning electron microscope and transmission electron microscope revealed a
particle system composed of irregular spherical-like microcrystals. The presence of Cu as well as its real
amount in the samples were confirmed by means of X-ray photoelectron spectroscopy and inductively
coupled plasma-atomic emission spectrometry, respectively. On increasing Cu level, a slight variation
was noted on the photocatalytic activity of Ag3-2xCuxPO4 powders for degradation of rhodamine B under
visible light irradiation. A photodegradation mechanism was proposed in details. The photoluminescence
emissions were explained by electronic transitions involving intermediary energy levels in the band gap.
The origin these energy levels was related to defects caused by the substitution of Ag by Cu in the crys-
talline structure.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction trial dye is RhodamineB (RhB) (also commercially calledBasic Violet
Currently, the environmental problems have been considered
one of the main concerns of the modern community, especially
when it comes to water contamination. In this context, the organic
dyes and pigments commonly used in the production line of some
specific industries (textiles, leather, cosmetics, paper, etc.) have
been discharged as untreated effluents into natural water resources
or wastewater systems. These chemical substances are categorized
as nature aggressor agents due to their high levels of toxicity and
potential mutagenic and carcinogenic effects, resulting in serious
risks to human health and severe impacts on ecosystems [1–4]. In
particular, the textile industries are the largest consumer of organic
dyes, presenting an annual production estimated at around 700,000
metric tonnes. However, 10–25% of these textile dyes are lost during
thedyeingprocess, and2–20%are incorrectly discharged as aqueous
effluents without any treatment process [5,6]. A well-known indus-
10), which is widely employed for the dyeing of cotton, weed, and
clothes as well as in the preparation of ballpoint pen inks and stamp
pad inks, and so on [7,8]. RhB is a non-volatile toxic substance and
highly soluble in water, methanol and ethanol; hence, if swallowed
by humans or animals, this dye causes serious irritations to the skin,
eyes and respiratory system [9–11].

Due to increasing uncontrolled situation regarding the contam-
ination of natural water sources, an international race has been
motivated by scientists and environmentalists in order to find
alternative solutions to prevent or minimize this grave global prob-
lem. Focused on this purpose, several treatment techniques based
on biological, physico-chemical and photochemical processes have
been developed over the years, for example, anaerobic/aerobic
treatments [12], fungal discoloration [13], membrane separation
[14], adsorption method [15], coagulation process [16], Fenton
degradation [17], photocatalysis [18–20], and so on. Among all
these different methods and from a practical point of view,
the semiconductor-based photocatalytic degradation (PD) is an
attractive route because of its important advantages, including
low cost, easy to handle, reaction induced by visible or ultraviolet
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electromagnetic energies, minimal formation of secondary waste,
no sludge disposal, mild temperature and pressure conditions
[21,22]. The effectiveness of PD comes from its ability to produce
highly reactive species, as hydroxyl (OH⁄) and superoxide radicals
(O0

2), which are strong oxidizing agents responsible for degradation
of different organic pollutants in aqueous medium [23–29].

In recent years, several researches have demonstrated that
silver-containing materials exhibit an efficient photocatalytic per-
formance [30–43], especially the silver phosphate (Ag3PO4) [44].
For example, Yi et al. [45] adopted for the first time the Ag3PO4

as active photocatalyst for specific purposes of water splitting
and waste-water cleaning. This pioneering study provided the first
formal scientific evidence on the strong photooxidative activity of
this material to decompose organic contaminants. From this publi-
cation, other relevant studies have reported the importance of this
semiconductor oxide as photocatalyst. Botelho et al. [46] corre-
lated theoretical and experimental results to explain the morpho-
logical evolution and photocatalytic response of Ag3PO4

microcrystals composed of distinct particle shapes. Dong et al.
[47] showed that the calcining process performed at different tem-
peratures was able to improve the photooxidation property of this
material by the creation of oxygen vacancies on the surface of the
particles (increase of active sites). Li et al. [42] described a mecha-
nism for the photocatalytic efficiency of Cu2O/Ag3PO4 composites
for the photodegradation of methylene blue (MB). According to
these authors, photogenerated carriers can be easily separated, so
that more holes can be found on the VB of Ag3PO4, while the addi-
tional electrons can enrich the CB of Cu2O. These positive and neg-
ative charges promote the appearing of reactive species (hydroxyl
and superoxide radicals) responsible for the efficiency in the PD
process of MB. In a similar research, Lv et al. [43] explained that
the high photocatalytic activity (PA) of Cu/Ag/Ag3PO4 heterostruc-
tures is arising from the effective separation of photogenerated
carriers driven by the photoinduced potential difference generated
at the metal-semiconductor heterojunction interface.

Another important property discovered in Ag3PO4 is photolumi-
nescence (PL). Some studies previously published have demon-
strated that this ceramic oxide exhibits broadband PL spectra
with maximum emissions located in blue or green regions of the
visible electromagnetic spectrum [48–54]. Thus, PL of this material
can offer commercial opportunities and promising technological
applications for the development of electronic components and
equipments, for example, light-emitting diodes (traffic light sig-
nals, automotive lighting), lamps (illuminated advertising panels),
lasers (dental repair, medical surgery).

In theory, a simple and efficient strategy to improve the PA,
structural stability and PL property of Ag3PO4 is though the inser-
tion of metal atoms in this crystalline lattice [55–57]. Therefore, in
our present study, Ag3-2xCuxPO4 (x = 0.00, 0.01, 0.02, 0.04 and 0.08)
powders were prepared by the simple precipitation method. The
copper (Cu) atoms incorporated in this crystalline lattice induced
a remarkable reduction in the average particle size as well as an
improvement in structural stability of this photocatalyst during
the first decomposition cycles of RhB solution under visible light
irradiation at room temperature. Based on these experimental evi-
dences, a photocatalytic reaction mechanism was proposed and
discussed in detail. Moreover, the Cu content was able to change
the final PL response of this phosphate matrix.
2. Materials and methods

2.1. Synthesis

Ag3-2xCuxPO4 powders were synthesized by the precipitation
method at room temperature, as described in Ref. [48]. Silver
nitrate (AgNO3) (99.8%, Vetec), diammonium hydrogen phosphate
((NH4)2HPO4) (98.6%, J. T. Baker) and copper nitrate trihydrate (Cu
(NO3)2�3H2O) (98–102%, Synth) were chosen as chemical starting
precursors. Initially, for the synthesis of Ag3-2xCuxPO4 with x =
0.00, 3 mmol of AgNO3 and 1 mmol of (NH4)2HPO4 were separately
dissolved in beakers containing 50 mL of deionized water. There-
after, (NH4)2HPO4 solution was quickly added into the AgNO3 solu-
tion, resulting in the instantaneous formation of Ag3-2xCuxPO4 (x =
0.00) precipitates (yellow coloration). This resulting mixture was
maintained in constant stirring at room temperature for 10 min.
Finally, the solid precipitates were separated from the liquid phase
via centrifugation, washedwith deionizedwater and acetone for six
times, and dried in a lab oven at 60 �C for 12 h. On the other hand,
for a stoichiometric composition of Ag3-2xCuxPO4 (x = 0.01, 0.02,
0.04 and 0.08), these powders were synthesized by using 1 mmol
of (NH4)2HPO4, 2.98, 2.96, 2.92 and 2.84 mmol of Ag+ ions and
0.02, 0.04, 0.08, and 0.16 mmol of Cu2+ ions, respectively. In the
preparation of these Ag3-2xCuxPO4 powders, both Cu(NO3)2�3H2O
and AgNO3 precursors were dissolved together in 50 mL of deion-
ized water. The following experimental steps adopted in this syn-
thesis were the same for the preparation of Ag3-2xCuxPO4 (x = 0.00).

2.2. Characterizations

The structural analysis of Ag3-2xCuxPO4 powders was performed
via X-ray diffraction (XRD) by using a D/Max-2500PC diffractome-
ter (Rigaku, Japan) with CuKa radiation (k = 0.154184 nm). Data
were collected over 2h ranging from 10� to 110� with a scanning
scan rate and step size of 0.2�/min and 0.02�, respectively. X-ray
photoelectron spectroscopy (XPS) was performed by using an
ESCA + spectrometer (ScientaOmicron, Germany) with a high-
performance hemispheric analyzer (EA 125) adjusted with a pass
energy of 50 eV. A monochromatic AlKa (1486.6 eV) radiation
was used as excitation source. Survey and high-resolution spectra
for the main regions were recorded by using energy steps of 0.5 eV
and 0.05 eV, respectively. The binding energies of all XPS spectra
were calibrated in reference to C1s peak at 284.8 eV, corresponding
to adventitious carbon. Charge neutralization was necessary dur-
ing these measurements in order to stabilize uneven charges found
on the surface of the samples and ensure a better peak shape.
CasaXPS [58] software was used to analyze the XPS spectra, in
which the core-level signals were individually fitted with
Gaussian-Lorentzian functions and adopting a background sub-
traction according to Shirley method. The chemical composition
of all samples was estimated by means of inductively coupled
plasma-atomic emission spectrometry (ICP-AES) by using an iCAP
650 analyzer (Thermo Fisher Scientific, USA). Fourier transform
infrared (FTIR) spectroscopy was performed by using a Bomem-
Michelson MB-102 spectrophotometer. For these measurements,
pellets were conformed in a composition of 1 wt.% of sample mixed
with 99 wt.% of cesium iodide (99.9%, Aldrich). These measure-
ments were recorded at a spectral resolution of 4 cm�1, over
wavenumbers ranging from 450 cm�1 to 4000 cm�1. Raman spec-
troscopy were measured by using a T6400 spectrometer (Horiba
Jobin-Yvon) coupled to a CCD Synapse detector, which is equipped
with an argon-ion laser of 514 nm operated at 7 mW. These spectra
were obtained over wavenumbers ranging from 50 cm�1 to 1200
cm�1. The morphological aspects were analyzed by using a field-
emission gun scanning electron microscopy (FEG-SEM) with a
Supra 35-VP microscope (Carl Zeiss, Germany) operated at 5 kV.
High-resolution transmission electron microscopy (HRTEM),
selected area electron diffraction (SAED) and high angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM), and energy-dispersive X-ray spectroscopy (EDX) were per-
formed with a TECNAI F20 microscope (Philips-FEI, Netherlands).
Ultraviolet–visible (UV–vis) spectra were measured on a Varian
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Spectrophotometer (Cary 5G, USA) operated in diffuse-reflection
mode. PL spectra were performed at room temperature by using
a Monospec 27 monochromator (Thermal Jarrel Ash, USA) coupled
to a R446 photomultiplier (Hamamatsu Photonics, Japan). A kryp-
ton ion laser (Coherent Innova 200 K, USA) was used as excitation
source (k = 350 nm). The incident laser power on each sample was
maintained at 15 mW.

2.3. Photocatalytic activities

The photocatalytic performances of Ag3-2xCuxPO4 powders
under visible light irradiation were evaluated by using RhB in
aqueous solution as representative pollutant. For these experi-
ments, 50 mg of each sample was dispersed in 50 mL of dye solu-
tion (1 � 10�5 mol�L�1) by means of an ultrasound bath (model
1510, Branson, USA) on a frequency of 42 kHz for 15 min. Before
illumination, the suspension was magnetically stirred in the dark
for 30 min to establish an adsorption-desorption equilibrium
between dye and photocatalyst. The first aliquot (2 mL) was col-
lected and considered as time zero. Afterwards, the photocatalytic
system equipped with six lamps (Philips TL-D 15W/54-765, 15 W,
visible wavelengths range from 380 nm to 680 nm, kmax � 440 nm)
illuminated the reaction medium, which was maintained at 20 �C
by means of a thermostatic bath. Aliquots were collected at prede-
termined time intervals and immediately centrifuged (13,800 rpm
for 20 min) in order to separate the precipitates from the RhB solu-
tion. Variations in the maximum absorbance band of RhB (kmax =
554 nm) were monitored by using a V-660 UV–vis spectropho-
tometer (Jasco, Japan). The reusability and stability of Ag3-
2xCuxPO4 powders (x = 0.00 and 0.01) as photocatalysts were inves-
tigated by three cycle runs.

2.4. Detection of reactive species

The experimental procedures used to identify the reactive spe-
cies was similar to the photodegradation tests. In this case, differ-
ent kinds of scavengers, such as isopropanol (ISO) (99.5%, Synth),
p-benzoquinone (BQ) (99%, Merck), and di-ammonium oxalate
monohydrate (AO) (99.5%-101%, Merck) were introduced into the
RhB solution containing the photocatalyst. The molar concentra-
tions adopted for these scavengers were all controlled at 1 �
10�3 mol�L�1 and 5 � 10�3 mol�L�1, respectively.
3. Results and discussion

3.1. Long-range structural ordering

XRD patterns were employed to detect possible changes on
crystallographic phases and/or degree of crystallization in Ag3-
2xCuxPO4 powders in response to the addition of Cu in this struc-
ture. Initially, all detectable peaks were indexed to the body-
centered cubic phase with space group P43n (Inorganic Crystal
Structure Database ICSD No. 14000) [59] (Fig. 1A). No secondary
phases were observed in these diffractograms, suggesting that
the Cu atoms were incorporated in the host lattice.

Another important feature detected in these diffractograms was
the slight broadening of XRD peaks with the increase of Cu content
in Ag3-2xCuxPO4 powders. This structural behavior can be easily
identified by means of the most intense reflection peak from the
(2 1 0) crystal plane (Fig. 1B). The full width at half maximum
(FWHM) of this peak was used in the Debye-Scherrer equation
[60] (Eq. S1 in Supplementary Material (SM)) to estimate the
coherent crystalline domain size (D) of each sample (Table S1 in
SM). As can be seen in this table, the broadening in XRD patterns
as well as the decrease in D values are both attributed to the cre-
ation of defects (bulk, surface and interface), which are able to
reduce the long-range structural ordering [61]. These defects are
arising from a perturbation caused by the occupation of Cu species
in sites commonly belonging to Ag in the body-centered cubic
structure. Although both atoms have a coordination four, they have
different ionic radius (0.73 Å for Cu2+ and 1.15 Å for Ag+) [62].

The Rietveld refinement (RR) is a powerful tool to extract struc-
tural details from diffraction data of any crystalline solid. This
approach is based on a least-squares fit between the theoretical
and observed line profiles of XRD patterns [63]. In our study, the
RR was employed to estimate the lattice parameters and unit cell
volumes of Ag3-2xCuxPO4, mainly analyzing any influence induced
by the substitution of Ag by Cu atoms. The structural refinements
were performed by using the general structure analysis system
(GSAS) software with the EXPGUI graphical interface [64]. The
optimized parameters were scale factor, background with the Che-
byschev polynomial of the first kind, shift lattice constants, profile
half-width parameters (u, v, w), isotropic thermal parameters, lat-
tice parameters, strain anisotropy factor, preferential orientation,
and atomic functional positions. In addition, the peak profile func-
tion was modeled by using a convolution of the Thompson-Cox-
Hastings pseudo-Voigt (pV-TCH) [65] with an asymmetry function,
described by Finger, which accounts for the asymmetry resulting
from axial divergence [66]. The theoretical diffraction pattern
adopted in all refinements was taken from ICSD No. 14000 [59].
The RR plots and their respective structural results for each sample
are displayed in Fig. S1 and Table S2 (SM).

In a first observation, there is a good fit between the theoretical
and observed XRD patterns in all RR plots, which can be proven by
the acceptable values of goodness of fit (v2) and R-factors (RBragg,
Rwp and Rp). This information supports the confirmation in XRD
patterns on the absence of secondary phases in Ag3-2xCuxPO4, inde-
pendent of the Cu concentration. In addition, the obtained struc-
tural data are in perfect agreement with other studies previously
published [46,48]. It was noted a slight difference in the lattice
parameters and unit cell volume of Ag3-2xCuxPO4 (x = 0.08) in rela-
tion to other samples. This behavior can be due to the substitution
process of Ag by Cu, leading to a rearrangement in the local geom-
etry of [AgO4], [CuO4] and [PO4] clusters.

The RR results inserted as input variables in the Visualization
for Electronic and Structural Analysis (VESTA) software [67]
allowed to model typical Ag3-2xCuxPO4 structures, in which both
Ag and P atoms are coordinated to four oxygen (O) atoms (tetrahe-
dral [AgO4] and [PO4] clusters) (Inset in Fig. S1A) [48,68,69]. In a
schematic representation, the substitution of an Ag site by a Cu
atom did not cause a collapse of the crystalline structure (Inset
in Fig. S1B).
3.2. X-ray photoelectron spectroscopy (XPS)

The elemental identification and chemical state in the surface
region of Ag3-2xCuxPO4 powders were investigated by XPS analysis.
Typical XPS survey spectra of Ag3-2xCuxPO4 with x = 0.00 and 0.08
are illustrated in Fig. S2 (SM). The peak identification revealed
the presence of Ag, P, Cu and O in the samples, except in Ag3-
2xCuxPO4 with x = 0.00 and 0.01 (this is not shown here), in which
the Cu peak was not detected. In this last case, as the Cu concentra-
tion is too low, it is impossible to affirm the existence of this ele-
ment in this sample by XPS.

High-resolution spectra for Cu2p levels (Fig. 2A) exhibited an
improvement in the signal of the peaks with the continuous
increase of Cu content. The noise is arising from the relatively
small Cu amount as doping element. The two main Cu2p peaks
observed at 934.3 eV and 953.6 eV are ascribed to Cu2p3/2 and
Cu2p1/2 levels related to Cu2+ ions, respectively. The broad peaks



Fig. 1. (A) XRD patterns of Ag3-2xCuxPO4 (x = 0.00, 0.01, 0.02, 0.04 and 0.08); (B) magnified XRD patterns for highest intensity peak.
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at 942.4 eV and 962.3 eV are typical satellite lines found in Cu2p
spectra [70,71].

The existence of Ag on the surface of Ag3-2xCuxPO4 powders was
investigated by means of Ag3d core levels. Ag M4N45N45 and Ag
M5N45N45 Auger lines (Fig. S3 in SM) were used for the identifica-
tion of Ag states [72]. The Auger line at 356.8 eV, in addition to the
absence of small loss features in Ag3d spectra, confirmed the exis-
tence of Ag+. The Ag3d peaks were fitted maintaining a 2:3 ratio
between Ag3d3/2 and Ag3d5/2 levels corresponding to the spin-
orbit splitting. For Ag3-2xCuxPO4 with x = 0.00, 0.01, 0.02 and 0.04,
each of these Ag3d core levels were fitted into two components,
i.e., at 367.40 eV and 368.39 eV for Ag3d5/2, and at 373.46 eV and
374.42 eV for Ag3d3/2, respectively (Fig. 2B and Fig. S4A-B in SM).
According to the literature [73–79], the components observed at
368.39 eV and 374.42 eV are attributed to metallic silver (Ag0). In
this case, XPS analysis of Ag3d energy levels suggest that the Ag0

species are randomly dispersed on the surface of these samples.
It is important to emphasize that Ag0 was not detected as sec-
Fig. 2. Cu2p XPS spectra of (A) Ag3-2xCuxPO4 (x = 0.01, 0.02, 0.04 and 0.08). (B and C) Ag
ondary phase in the diffractograms because of the low detection
limit imposed by the XRD technique (�3% in a two-phase mixture)
(Fig. 1A). In addition, the other two more intense components at
367.4 eV and 373.46 eV are due to Ag+ belonging to [AgO4] clusters
of Ag3PO4 phase.

On the other hand, the samples with high Cu concentration (x =
0.04 and 0.08) presented their Ag3d5/2 and Ag3d3/2 peaks well-
deconvoluted into just one component, which is specific of a same
oxidation state (Ag+). This evidence indicates that the increase in
the occupation of Ag sites by Cu atoms is able to create a high den-
sity of structural defects via modifications in bond lengths and dis-
tortions in bond angles (as oxygen vacancies) of both inter and
intraclusters ([AgO4], [CuO4] and [PO4]) [80]. Consequently, these
defects have the ability to stabilize the cubic structure and prevent
the reduction of Ag0 on the surface.

The most notable changes in XPS spectra of Ag3-2xCuxPO4 pow-
ders were detected for the O1s core level. The curve fitting made
for this spectrum revealed three spectral components, which pre-
3d and (D–E) O1p XPS spectra of Ag3PO4 and Ag3-2xCuxPO4 (x = 0.08), respectively.
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sented fluctuations on the binding energies, FWHM and peak shape
from one sample to another (Fig. 2D–E and Fig. S4D–F in SM). In
these figures, O1s component situated at around 530 eV is
belonged to PAO bonds of [PO4] clusters, while the other two found
approximately from 531 eV to 532 eV are relative to O states aris-
ing from hydroxyl groups (HAO) chemisorbed on the surface [81].
The presence of P5+ in all samples was confirmed through binding
energy of P2p core level, which exhibited a single peak centered at
132.38 eV [73,82] without changes in its profile (Fig. S5 in SM).

3.3. Inductively coupled plasma atomic emission spectroscopy (ICP-
AES)

The high sensitivity and excellent detection capability pre-
sented by ICP-AES is a good alternative to estimate the real Cu
amount found in Ag3-2xCuxPO4 powders. ICP-AES results in relation
to the stoichiometric composition for the empirical Cu content
(mol%) in all samples are summarized in Table 1.

The ICP-AES technique estimated that practically half of the Cu
content was incorporated by the phosphate matrix in relation to
the stoichiometric calculation. Despite this contrast, an important
observation was the confirmation of Cu in Ag3-2xCuxPO4 (x =
0.01), which had not been detected by XPS spectra (Fig. 2A). Base
on this evidence, we assume that the low Cu amount added in this
sample is predominantly concentrated in the bulk than on the
surface.

3.4. Short-range structural ordering

FTIR and Raman spectra were employed to identify the chemi-
cal nature and short-range structural ordering of Ag3-2xCuxPO4

powders, respectively. FTIR spectra obtained for our samples are
shown in Fig. 3A, in which were noted typical vibrational bands
related to [PO4] clusters of Ag3PO4 phase. For example, OAPAO
bending vibrations was detected at 537 cm�1, PAOAP symmetric
stretching vibrations at 672 cm�1, PAOAP asymmetric stretching
vibrations at 857 cm�1, vibrations of isolated [PO4] clusters at
985 cm�1, asymmetric stretching vibrations of chain terminating
of [PO4] clusters at 1075 cm�1 and asymmetric stretching vibra-
tions of [PO4] clusters at 1377 cm�1 [46,83,84]. The other two
absorption bands found at 3324 cm�1 and 1648 cm�1 are due to
OAH stretching vibrations and HAOAH bending vibrations, both
arising from residual water molecules adsorbed on the surface of
the powders [84,85]. In practice, these FTIR spectra consolidate
the supposition on the absence of any kind of impurity in these
phosphates.

Raman spectra of Ag3-2xCuxPO4 powders are illustrated in
Fig. 3B. According to theoretical calculations previously published
[48], Ag3PO4 is characterized by a total of 18 Raman-active modes;
however, our samples exhibited only seven of these respective
modes. For example, the rotation and external vibrations were ver-
ified at 70 cm�1 (T2) and 225 cm�1 (T2), respectively. The two
broad bands with low intensity located at around 411 cm�1 (E)
and 553 cm�1 (T2) are ascribed to symmetric and asymmetric
bending vibrations of [PO4] clusters, respectively. PAOAP symmet-
ric and asymmetric stretching vibrations were detected at 914
Table 1
ICP-AES results for Cu content in Ag3-2xCuxPO4 powders.

Theoretical (mol%) Experimental (mol%)

0 0.00
1 0.50 ± 0.0004
2 0.94 ± 0.0005
4 1.99 ± 0.0006
8 4.38 ± 0.0009
cm�1 (A1) and 955 cm�1 (T2), respectively. The small band at
1007 cm�1 (T2) is arising from terminal O bond vibrations in
[PO4] clusters [48,85–87]. The existence of Raman-active bands is
a common nature of materials with short-range structural ordering
[88]. In our Raman spectra, there is a gradual loss in the definition
of these bands with the increase of Cu content in the Ag3-2xCuxPO4

lattice. Similarly to long-range structural ordering (XRD patterns in
Fig. 1A), this phenomenon confirms that there is also a reduction in
the local ordering because of the formation of structural defects
caused by the incorporation of Cu species in Ag sites.

3.5. Morphological aspects

FEG-SEM micrographs performed at low and high magnifica-
tions revealed that the Ag3-2xCuxPO4 powders, independent of the
Cu fraction inserted in this host lattice, are composed of several
irregular spherical-like microcrystals conformed in an aggregated
assembly (Fig. 4). According to Botelho et al. [48], after the origin
and interaction of the crystallites with the subsequent formation
of primary particles, there is the predominance of particle-
particle collision events. In a next stage, these particles are able
to remain attached in a common crystallographic orientation (ori-
ented attachment) accompanied by a growth process via coales-
cence, so that any misorientation in the solid-solid interface
(imperfect oriented attachment) results in the creation of defects
in this region [89,90]. Our micrographs also showed that the con-
tinuous addition of Cu (from x = 0.01 to 0.08) in the samples pro-
moted a remarkable reduction in the average particle size (from
0.34 lm to 0.09 lm) as well as in a narrower particle size distribu-
tion (Fig. 5 and Fig. S6 in SM). Therefore, the substitution phe-
nomenon with Cu has a key importance in the growth process of
spherical-like microcrystals. As previously described, these Cu spe-
cies influenced in the coherent crystalline domain size (Table S1 in
SM), which play a crucial role on the genesis, growth and final
arrangement of the particle system. In contrast, even in high con-
centrations, the presence Cu in the phosphate structure was not
able to avoid the spontaneous appearing of irregular Ag0 nanos-
tructures on the surface of the microcrystals, when subject to the
accelerated electron beam of FEG-SEM [48].

In general, a considerable number of published papers
[48,56,76,84,91] has demonstrated the formation of these
spherical-like microcrystals by means of other experimental
routes. This evidence indicates that the final particle shape is con-
trolled by the strong covalent character of PAO bonds (lattice for-
mer) in relation to the ionic character of AgAO bonds (lattice
modifier), even with the addition of other doping elements occupy-
ing the Ag sites.

TEM and HAADF-STEM analyses were performed in Ag3-
2xCuxPO4 (x = 0.08) to investigate both morphological aspects and
compositional homogeneity. This sample was chosen because of
the high Cu content found in this crystalline lattice. In Fig. 6a,
low magnification TEM micrograph proved that the spherical-like
microparticles do not have a hollow structure. The SAED pattern
corresponding to this image consisted of a series of concentric
rings, which is a common feature of polycrystalline materials
(Fig. 6b) [92]. This ring diffraction pattern was indexed to (2 0 0),
(2 1 0), (3 1 0), and (3 2 1) crystalline planes of cubic Ag3PO4 phase,
in good agreement with the XRD patterns reported in ICSD No.
14000 [59]. Fig. 6c shows a high magnification TEM image of a
microcrystal, in which a HRTEM analysis was carried out on its
edge (white square). HRTEM indicated that these microcrystals
are composed of several nanoparticles, whose interplanar distance
of a single particle was approximately 0.25 nm, corresponding to
(2 1 1) plane of Ag3PO4 phase (Inset in Fig. 6c). The HAADF-STEM
and EDX mapping showed a uniformity of all elements Ag, P and
Cu in Ag3-2xCuxPO4 (x = 0.08) microcrystals (Fig. 6d). As pointed



Fig. 3. (A) FTIR and (B) Raman spectra of Ag3-2xCuxPO4 (x = 0.00, 0.01, 0.02, 0.04 and 0.08), respectively.
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out in XPS spectra (Fig. 2A) and ICP-AES (Table 1), this analysis also
supports that the Cu atoms were incorporated in the host lattice,
resulting in a good distribution of this element in both bulk and
surface.

3.6. UV–vis absorption spectra and band gap energy

The band gap energy has an important impact on the selectivity
and performance of the physical properties of semiconductors,
especially for technological purposes focused on the fabrication
of electro-optical devices, photovoltaic cells, photocatalysts and
so on [93–95]. An alternative to manipulate the band structure of
solids is to introduce new acceptor and/or donor levels in this for-
bidden region. Generally, these additional energy levels can be cre-
ated manipulating the kind and concentration of dopant element
in a particular crystalline lattice or inducing the formation of struc-
tural defects by means of an accurate control on the experimental
parameters of a specific synthetic route [96]. In resume, the most
common methodology employed to determine the band gap
energy of semiconductors is based on UV–vis absorption spectra
[97].

Typical UV–vis absorption spectra of Ag3-2xCuxPO4 powders are
illustrated in Fig. S7 in SM, in which the Egap values were estimated
by using the Kubelka-Munk equation [98] for indirect allowed
electronic transitions [68]. The Egap results of all samples are dis-
played in Table 2. In this table, Egap values exhibited slight differ-
ences when more Cu atoms substituted Ag in the crystalline
structure. This phenomenon caused a symmetry break, as a
response to changes provoked in bond lengths as well as distor-
tions in atomic bonds, resulting in the appearing and redistributing
of intermediary energy levels in the band gap.

3.7. Photocatalytic performance

The PA of Ag3-2xCuxPO4 powders was evaluated by monitoring
the degradation of RhB under visible light irradiation. In this case,
the behavior of the maximum absorption band of this organic dye
(centered at 554 nm) was carefully checked with the time evolu-
tion by means of UV–vis absorption spectra (Fig. S8 in SM). In
the absence of catalysts, the photolysis of RhB was practically neg-
ligible (at around 3.64%), after 24 min of exposure to visible light
(Fig. 7). Adopting the PA of Ag3-2xCuxPO4 (x = 0.00) as a standard
behavior, a slight loss in PD was noted in the other powders (x =
0.01, 0.02, 0.04 and 0.08) when more Cu was inserted (Fig. 7 and
Fig. S8 in SM). Thus, the defects generated in the samples (bulk,
surface and interface) by this element act as recombination cen-
ters, which have the ability to trap photo-generated electrons in
a very short period of time [99]. Consequently, this mechanism
can be considered one of the main agents responsible for minimiz-
ing the photocatalytic performance of Ag3-2xCuxPO4 powders. In
addition, UV–vis spectra did not record any evidence on the forma-
tion of undesirable by-products during the photocatalytic tests.

The reaction kinetics responsible for PD of RhB, with and with-
out the presence of catalysts, was well-described by a pseudo-first
order rate law, as expressed by the following equation [100]:

� Cn

C0

� �
¼ kt ð3:1Þ

where Cn is the concentration of RhB at time t, C0 is the initial con-
centration of RhB, and k is the reaction rate constant.

The k values (min�1) were graphically determined from the
slope of �ln(Cn/C0) as a function of the irradiation time (Fig. 7B).
Theoretically, a low k reflects in a limited PA of the catalyst. All k
values obtained for Ag3-2xCuxPO4 powders are listed in Table 3,
which confirmed that high Cu amounts decrease the PA of these
materials.

In principle, the photocatalytic property of any material is
intrinsically related to some fundamental factors, such as struc-
ture, band gap energy, chemical composition, morphological
aspects, surface area, among other [101,102]. From the surface
point of view, the photocatalytic efficiency of Ag-based materials
can be extremely influenced by the presence of Ag0 on its surface
[103–105]. According to the literature [105], the photogenerated
electrons in the photocatalytic reaction are able to reduce part of
Ag+ ion found on the surface of Ag3PO4 to form Ag0. These species
act as recombination centers of photogenerated electron-hole (e0-
h�) pairs, so that an excessive amount decrease the PA of the
catalyst.

Based on this experimental observation, again the XRD and
FEG-SEM analyzes were performed in Ag3-2xCuxPO4 powders after
the photocatalysis tests to identify any evidence of Ag0 on the sur-
face of the microcrystals. Firstly, XRD patterns indicated the
appearing of the (1 1 1) peak arising from Ag0 (Fig. 8A). However,
the intensity of this peak regularly decrease with the increase of
Cu added as element substituent in Ag3-2xCuxPO4. In addition, typ-
ical FEG-SEM images of Ag3-2xCuxPO4 powders (x = 0.00 and 0.01)



Fig. 4. Low and high-magnification FEG-SEM images of Ag3-2xCuxPO4 microcrystals
with x = 0.00 (a, b), 0.01 (c, d), 0.02 (e, f), 0.04 (g, h) and 0.08 (i, j), respectively.

Fig. 5. Average particle size distribution of Ag3-2xCuxPO4 (x = 0.00, 0.01, 0.02, 0.04
and 0.08) microcrystals.

Fig. 6. Ag3-2xCuxPO4 (x = 0.08): (a) low magnification TEM image; (b) SAED pattern;
(c) high-magnification TEM image and HRTEM analysis (Inset); (d) HAADF-STEM
image and EDX mapping showing the elemental distribution of P, Ag, and Cu. The
magenta square in HAADF-STEM image was the selected area for EDX analysis.

Table 2
Egap values of Ag3-2xCuxPO4 powders.

Ag3-2xCuxPO4 Egap (eV)

x = 0.00 2.45
x = 0.01 2.46
x = 0.02 2.44
x = 0.04 2.46
x = 0.08 2.47
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showed that the pure phase has a higher concentration of irregular
Ag0 nanostructures on its surface than the other sample containing
the Cu substituent (white circles in Fig. 8B). Also, the digital photos
(Insets in Fig. 8B) revealed a color change (from light yellow to dark
yellow) in these powders after photocatalysis reactions, as a conse-
quence of this growth phenomenon of Ag0. In fact, both XRD and
FEG-SEM measurements proved that the loss in PA of our samples
was caused by the high concentration of structural defects origi-
nated by the substitution of Ag by Cu than due to the action of
Ag0 on the surface of the microcrystals. As previously explained,
these defects stabilize the phosphate structure, inhibit the growth
of Ag0 nanostructures, and act as trapping centers of photogener-
ated e0-h� pairs. It is important to highlight that the growth of
Ag0 nanostructures, after the photocatalysis reaction, causes also
the formation of new structural defects. These defects promoted
a rearrangement of intermediary energy levels in the band gap,
increasing the Egap values (Fig. S9 in SM).

Another photocatalytic test performed on the Ag3-2xCuxPO4 with
x = 0.00 and 0.01 to verify the structural stability and photocat-
alytic performance was the recyclability. After three cycles of pho-



Fig. 7. (A) Photocatalytic activity and (B) pseudo-first order kinetics for pho-
todegradation of RhB solution without and with Ag3-2xCuxPO4 (x = 0.00, 0.01, 0.02,
0.04 and 0.08), respectively.

Table 3
The k values of Ag3-2xCuxPO4 powders.

Ag3-2xCuxPO4 k (min�1) R2* SD**

x = 0.00 0.1945 0.9956 0.0046
x = 0.01 0.1880 0.9690 0.0119
x = 0.02 0.1067 0.9506 0.0086
x = 0.04 0.0361 0.9180 0.0038
x = 0.08 0.0109 0.8429 0.0016
Without catalyst 0.0016 0.9276 0.0001

* R2 = correlation coefficient.
** SD = standard deviation.
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todegradation, XRD patterns revealed the presence of diffraction
peaks related to secondary phases (Ag0 and silver peroxide
(Ag2O2)) [106] in both powders (Fig. S10A-B in SM). However,
the absence of the peak at around 41� related to Ag2O2 phase for
Ag3-2xCuxPO4 (x = 0.01) indicated a slight structural stability of this
material in relation to the pure phase. On the other hand, Ag3-
2xCuxPO4 (x = 0.00) showed an effective PD of approximately 99%
for RhB in all cycles, while the sample containing Cu atoms in its
structure presented a substantial loss in PA until the end of the
third cycle (56% in the PD of RhB) (Fig. S10C-D in SM). This behav-
ior can also be observed in all recycle tests by means of UV–vis
absorption spectra of the maximum absorption band of RhB (cen-
tered at 554 nm) as a function of the time evolution (Fig. S11 in
SM). Moreover, FEG-SEM images of these powders exhibited a
gradual degradation of the particle shapes with the increase in
the number of cycles (Fig. S12 in SM). Beside of the appearing of
asymmetrical Ag0 nanostructures on the surface of the spherical-
like microcrystals, the growth of some plate-like microcrystals
since the second cycle was identified in this system (Inset in
Fig. S12 (h)). In principle, these plate-like microcrystals can be aris-
ing from Ag2O2 phase [106]. In this case, these results reinforce the
concept previously described that the insertion of Cu atoms in the
lattice of this phosphate promotes a structural stability (mainly in
the first cycle of photocatalysis), but with a consequent loss in PA
because of several structural defects originated by the substitution
process of Ag by Cu.

In order to identify the photocatalytic mechanism of Ag3-
2xCuxPO4 with x = 0.00 and 0.01, some tests were conducted to
ascertain the main reactive species responsible for photocatalytic
process. Thus, ISO, BQ and AO were added to the photocatalytic
system as scavengers for hydroxyl radicals (OH⁄), superoxide rad-
icals (O0

2), and photogenerated holes (h�), respectively [91,107–
109]. For the pure sample (Fig. 8C), BQ resulted in a weaker effect
in the photocatalysis while the AO significantly inhibited this prop-
erty. No change in the photocatalytic process was detected with
the ISO. Therefore, h� presented a key role in the PD of RhB than
the O0

2 and OH⁄, respectively. On the other hand, when the Ag3-
2xCuxPO4 (x = 0.01) was used as catalyst, both BQ and AO promoted
a pronounced modification in PA in relation to ISO, indicating that
both h� and O0

2 species contributed more strongly than the OH⁄

(Fig. 8D).
According to the literature [80,110], the existence of defects in

the structure of a semiconductor facilitates the polarization pro-
cess, leading to electronic transitions between ordered and disor-
dered clusters with the formation of e0-h� pairs. In our study, a
model based on complex clusters was proposed to explain the PA
of Ag3-2xCuxPO4 powders for the photooxidation of RhB. During
the photocatalytic reaction, CuO3Vo

� ]d, [CuO4]o� and [AgO3Vo
� ]d clus-

ters react with the adsorbed water (H2O) and/or RhB, while the
ordered ½AgO4�0o clusters interact with the adsorbed oxygen (O2)
species, as indicated from Eqs. (3.2)–(3.13).

RhB!hv RhB� ð3:2Þ

½AgO4� xo þ ½AgO3V
x
o �d !

hv ½AgO4�0o þ ½AgO3V
�
o�d ð3:3Þ

½AgO4��o þ ½AgO3V
�
o�d !

hv ½AgO4�0o þ ½AgO3V
��
o�d ð3:4Þ

½CuO4��o þ ½CuO3V
x
o �d !

hv ½CuO4� xo þ ½CuO3V
�
o�d ð3:5Þ

½CuO4�0o þ ½CuO3V
�
o�d !

hv ½CuO4��o þ ½CuO3V
x
o �d ð3:6Þ

½AgO3V
�
o�d � � �H2OðadsÞ !hv ½AgO3V

x
o �d � � �HO�

ðadsÞ þH� ð3:7Þ

½CuO4��o � � �H2OðadsÞ !hv ½CuO4� xo � � �HO�
ðadsÞ þH� ð3:8Þ

½CuO3V
�
o�d � � �H2OðadsÞ !hv ½CuO3V

x
o �d � � �HO�

ðadsÞ þH� ð3:9Þ

½AgO3V
�
o�d � � �RhBðadsÞ !hv ½AgO3V

x
o �d � � �RhB�

ðadsÞ ð3:10Þ

½CuO3V
x
o �d � � �RhBðadsÞ !hv ½CuO3V

x
o �d � � �RhB�

ðadsÞ ð3:11Þ

½CuO4� xo � � �RhBðadsÞ !hv ½CuO4� xo � � �RhB�
ðadsÞ ð3:12Þ

½AgO4�0o � � �O2ðadsÞ !
hv ½AgO4� xo � � �O0

2ðadsÞ
ð3:13Þ

where H� and O0
2 are species that can interact, generating the perhy-

droxyl radical (HO2
� ), which contribute for PD of RhB. The subscripts

(ads) in these equations indicate that are adsorbed species. The sub-
scripts (o) and (d) significate ordered and disordered, respectively.



Fig. 8. (A) XRD patterns of Ag3-2xCuxPO4 (x = 0.00, 0.01, 0.02, 0.04 and 0.08) and magnified XRD patterns indicating the presence of the (1 1 1) peak (*) arising from Ag0; (B) low
magnification FEG-SEM images of Ag3-2xCuxPO4 (x = 0.00 and 0.01) microcrystals, demonstrating the regions with the growth of Ag0 (white circles). Insets show the digital
photos of the powders after photodegradation tests; Effects of different scavengers on the degradation of RhB by using Ag3-2xCuxPO4 with (C) x = 0.00 and (D) 0.01,
respectively.
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The superscripts (0) and (�) are ascribed to negatively and positively
charged species in the lattice, respectively. The defects in the lattice,
represented by oxygen vacancies (Vo), are found in different charge
states in the disordered lattice, such as V x

o (neutral states), Vo
� (single

positive charged states – capture one electron) and Vo
�� (double pos-

itive charge states – capture up to two electrons).
After several photooxidation cycles under visible light irradia-

tion for 24 min, the PD of RhB by means of formed oxidant species
(HO�

2, O
0
2, and HO�) occurs, according to Eq. (3.14).
RhB !HO�
2þO0

2þHO�
CCOþ CO2 þH2O ð3:14Þ
Fig. 9. Schematic representation of a photocatalytic mechanism for photodegrada-
tion of RhB by using Ag3-2xCuxPO4. The defects in [AgO4] and/or [CuO4] clusters in
the lattice are able to produce highly reactive species in Ag3-2xCuxPO4 powders,
which are responsible for photodegradation of RhB.
where CCO indicates the colorless organic compounds.
This proposed mechanism for PD of RhB by using Ag3-2xCuxPO4

powders as catalysts is shown in Fig. 9.
According to Eqs. (3.2)–(3.14), structural defects (for example,

vacancy oxygens) are created because of variations in bond lengths
and/or distortions in bond angles in [AgO4 ], [CuO4 ] and [PO4] clus-
ters, especially due to the substitution of Ag sites by Cu atoms into
the lattice. These defects creates additional energy levels between
VB and CB, causing the polarization of the crystalline structure via
formation of e0-h� pairs. Thus, the [MO4]� and/or [MO3Vo

� ] (M ¼ Ag
and/or Cu) clusters can effectively react with H2O to form OH⁄,
improving the redox capacity for photodegradation of RhB under
visible light irradiation. Moreover, the electrons in ½AgO4�0 clusters
have enough energy to reduce O2 to O0

2, which is a strongly reactive
specie in the photocatalytic process.
3.8. Photoluminescence spectra

The PL spectrum can be a useful approach to a qualitative
understanding of the band structure of semiconductors. In general,
the radiative recombination involving electronic transitions among
different energy levels in the band gap yield different visible PL
emissions (narrow or broadband). These energy levels are com-
monly classified in deep- and shallow-level defect states



Fig. 10. PL spectra of Ag3-2xCuxPO4 (x = 0.00, 0.01, 0.02, 0.04 and 0.08).
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[111,112]. The deep states are located almost at the center of the
band gap and far from the band edges, which give rise to green,
yellow, orange, and red emissions. The shallow states are located
near the band edges, in which those closest to conduction band
are responsible for violet and blue emissions [112,113].

Fig. 10 shows PL spectra performed at room temperature of Ag3-
2xCuxPO4 powders by using an excitation wavelength of 350 nm. In
a first observation, all spectra exhibited a broadband profile (com-
mon phenomenon of a variety of semiconductors), indicating the
participation of numerous electronic transitions between energy
levels [114–116]. Another point to be considered is that the excita-
tion wavelength (�3.54 eV) is higher than the band gap found for
our samples (from 2.16 eV to 2.30 eV); therefore, the contribution
of band-to-band electronic transitions also have a significant
impact on the final PL spectrum. In principle, the origin these inter-
mediary energy levels are due to defects arising frommodifications
in bond lengths and/or distortions in bond angles (as oxygens
vacancies) of both inter and intraclusters ([AgO4], [CuO4] and
[PO4]) because of the perturbation caused by the substitution pro-
cess of Ag by Cu. As clearly observed in Fig. 10, there is a progres-
sive reduction in PL intensity when the Cu amount was
proportionally increased in the crystalline lattice, whose behavior
reflects in an increase in the density of defects. Moreover, the max-
imum emission was observed at around 446 nm (blue light), indi-
cating a majority participation of additional energy levels known
as shallow-level defect states (near from the conduction band)
arising from tetrahedral [PO4] clusters [46,48]. It is important to
point out that extrinsic defects (cracks, pores, growth of Ag0)
caused by the synthesis conditions during the formation process
of the microcrystals have a certain degree of contribution in other
lower emissions that compose all broadband PL spectrum.
4. Conclusion

In summary, Ag3-2xCuxPO4 (x = 0.00, 0.01, 0.02, 0.04 and 0.08)
powders were successfully synthesized by the precipitation
method at room temperature. The sharp and well-defined diffrac-
tion peaks proved that all samples have a long-range structural
ordering. On the other hand, the slight broadening of XRD peaks
with the increase of Cu content was attributed to the creation of
defects (bulk, surface and interface) caused by the atomic substitu-
tion of Ag by Cu in the host matrix. According to RR results, all
powders crystallized in a body-centered cubic phase with space
group P43n, without any evidence of secondary phases. XPS spec-
tra and ICP-AES data showed that Cu atoms were well-
incorporated in Ag3-2xCuxPO4. In addition, XPS spectra also detected
the existence of Ag0 on the surface of these powders. The short-
range structural ordering was confirmed by means of FTIR and
Raman spectra, which exhibited typical vibration modes arising
from PAO bonds of [PO4] clusters. As revealed in FEG-SEM and
TEM micrographs, all powders are composed of several irregular
spherical-like microcrystals conformed in an aggregated profile.
These micrographs also indicated that depending on the Cu con-
centration, there is a reduction in the average particle size of the
microcrystals. UV–vis spectra suggested a profile governed by indi-
rect allowed electronic transitions, which yielded different Egap val-
ues for Ag3-2xCuxPO4. This phenomenon was mainly ascribed to the
appearing of intermediary energy levels in the forbidden region, as
a consequence of the creation of defects induced by the substitu-
tion process of Ag by Cu. When adopted as catalysts, the samples
presented an effective PA for the degradation of RhB. The lowest
photocatalytic efficiencies were noted in Ag3-2xCuxPO4 (x = 0.04
and 0.08), indicating a high density of defects in these structures.
As these defects act as trapping centers of photogenerated e0-h�

pairs, there is a gradual loss in PA of these catalysts. The maximum
PL emissions were verified in the blue region of the visible electro-
magnetic spectrum, suggesting a major participation of shallow-
level defect states (near from the conduction band) arising from
[PO4] clusters.
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