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Abstract: Four silver phosphate-based materials were successfully synthesized, characterized, and
evaluated, together with TiO2, in the photodegradation of synthetic dyes (tartrazine, Orange II,
rhodamine, and Brilliant Blue FCF) under two irradiation sources centered at 420 and 450 nm. Scanning
Electron Microscopy (SEM) images showed different topologies of the synthesized materials, whereas
diffuse reflectance spectra demonstrated that they display absorption up to 500 nm. Degradation
experiments were performed in parallel with the silver materials and TiO2. Upon irradiation
centered at 420 nm, the abatement of the dyes was slightly more efficient in the case of TiO2—except
for Orange II. Nevertheless, upon irradiation centered at 450 nm, TiO2 demonstrated complete
inefficiency and silver phosphates accomplished the complete abatement of the dyes—except for
Brilliant Blue FCF. A careful analysis of the achieved degradation of dyes revealed that the main
reaction mechanism involves electron transfer to the photogenerated holes in the valence band of
silver photocatalysts, together with the direct excitation of dyes and the subsequent formation of
reactive species. The performance of TiO2 was only comparable at the shorter wavelength when
hydroxyl radicals could be formed; however, it could not compete under irradiation at 450 nm since
the formed superoxide anion is not as reactive as hydroxyl radicals.

Keywords: conduction band; hole; hydroxyl radical; mechanism; superoxide anion; titanium dioxide;
valence band

1. Introduction

The availability of drinking water of good quality is essential to human development. However,
there is a stress on natural water resources associated with the increasing population trend that could
be mitigated by adopting more sustainable policies to minimize water pollution, such as managing
waste effectively. In parallel, more efficient treatments for wastewater are still desirable and constitute a
current demand [1–4]. Synthetic dyes are among the contaminants that are recalcitrant to conventional
wastewater treatments [5], and although most of them are not intrinsically toxic, they pose problems to
water-based ecosystems because they remain fairly stable under visible light, acting as light filters that
would otherwise be used by algae and other aquatic plants [6]. Moreover, they exhibit a huge variety
of chemical structures that make their degradation challenging [7].

Advanced oxidation processes such as photo-Fenton and the use of the heterogeneous
semiconductor TiO2 are among the photocatalytic approaches that have been tested to produce the
abatement of these contaminants [8,9]. In both cases, under solar light irradiation, the highly oxidizing
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hydroxyl radical is produced, which subsequently degrades most organic compounds, regardless of
their chemical structure [10]. However, several disadvantages limit the practical applications of TiO2.
Among them are its large intrinsic band-gap (Eg of approximately 3.2 eV), which limits the use of solar
light to the UV region (only approximately 4% of solar radiation), and the energy waste associated
with fast recombination of the photogenerated free e− in the conduction band (CB) and the hole (h+) in
the valence band (VB) [11]. Thus, different attempts have been made to enlarge the capability of TiO2

to absorb visible light, such as preparing hybrids with other metals [8,12–15]. Moreover, the synthesis
and use of other semiconductors has also been reviewed [16–18].

On the other hand, the potential of a semiconductor to produce a hydroxyl radical from the h+

photogenerated in the VB depends, among other things, on the potential value. When such a value is
below the redox potential of the hydroxyl radical (E◦ OH/H2O = +2.27 V vs. normal hydrogen electrode
(NHE)) [9], the generation of this intermediate is not thermodynamically feasible; however, h+ (VB)
could be oxidizing enough to produce the abatement of the pollutants through direct electron transfer.

Moreover, if the semiconductor is able to absorb visible light, it could be even more efficient
than TiO2 at producing the solar photodegradation of dyes in wastewaters. In this sense, the recently
synthesized Ag3PO4 appears to be a suitable alternative, since it can absorb solar light of wavelengths
shorter than 530 nm as a result of its indirect band-gap of 2.36 eV and direct transition of 2.45 eV [19,20].
Interestingly, its highly dispersive conduction and valence bands result in an unlikely recombination of
electron-hole pairs. The band edge potential values determined for the CB and VB of Ag3PO4 are 0.45
and 2.9 eV, respectively [19,21]. Thus, the formation of OH· radicals from the holes photogenerated in its
VB is thermodynamically feasible, whereas the formation of superoxide anions is thermodynamically
disfavored because E◦ (O2/O2·

− = −0.33 V vs. NHE) [22] is more negative than the CB of Ag3PO4.
Furthermore, the CB e− of Ag3PO4 could reduce O2 to H2O2 through a two-electron reduction E◦

(O2/H2O2 = +0.87 V vs. NHE) [22]. Nonetheless, being thermodynamically feasible does not guarantee
that a reaction will proceed because kinetics also play a crucial role [23].

In the literature, controversial results have been reported on the generation of hydroxyl radicals
and superoxide radical anions upon the illumination of Ag3PO4 in the photocatalytic degradation of a
variety of pollutants [24–35]. Nevertheless, excited Ag3PO4 could still act as an oxidant via h+ (VB).

Furthermore, new composites such as Ag3PO4/TiO2 (3/97, wt.% ratio) have been demonstrated to
be efficient in the photodegradation of p-nitrophenol [36] and in the decomposition of isopropanol by
visible light photosensitization of Ag3PO4, probably as a result of the hole transfer from Ag3PO4 to TiO2

and subsequent hydroxyl radical generation, although a rigorous study to evaluate the contribution of
the different reactive species to the degradation of isopropanol has not been performed [37].

With this background, in the present paper, we intended to compare the performance of OH·
vs. h+ (VB) in the photodegradation of a variety of synthetic dyes. With this purpose, we prepared
Ag3PO4 with different morphologies and used them together with commercial TiO2 and a hybrid
Ag3PO4–TiO2 to compare their efficiency in the photodegradation of a variety of dyes using artificial
light. The selection of dyes included tartrazine, Orange II [38], rhodamine B [39] and Brilliant Blue
FCF (Table 1; Figure 1 and Figure S1). Tartrazine and Orange II constitute two examples of azo dyes
that have been mainly used as color additives in food and beverages; rhodamine B is a synthetic
xanthene-like dye with wide applications in biology as a tracer, and Brilliant Blue FCF belongs to the
family of triphenylmethane dyes and is commonly used to color beverages, dairy products, powders,
and syrups.
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Table 1. Photophysical properties and electrochemical data of the selected synthetic dyes [40]. NHE:
normal hydrogen electrode.

Dye Max (nm) (M−1 cm−1) Eox (dye+/dye,
V vs. NHE)

E (HOMO–LUMO
Gap, eV)

Eox * (dye+/1dye *,
V vs. NHE)

Tartrazine (TZ) 429.5 [41] 20,810 [41] +1.25 [42] 2.33 −1.08 [41]
Orange II (OII) 480 [43] 15,400 [43] +0.76 [44] 2.36 [45] −1.60 [45]

Rhodamine B (RhB) 545 [43] 106,000 [43] +1.15 [46] 2.22 [46] −1.07 [46]
Brilliant Blue FCF (BB) 625 [47] 97,000 [47] +1.06 [42] 1.86 −0.80
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Figure 1. Chemical structures of the selected synthetic dyes. 

2. Results and Discussion 

2.1. Characterization 

Four different photocatalysts were prepared following slight modifications of previously 
reported protocols. The morphology of the synthesized materials was determined by means of SEM 
(Figure 2). Figure 2a shows cubic Ag3PO4 in a variation in magnification (2600×, top left, to 28,200×, 
bottom right). Regular cubes are seen, and these have equidistant edges and flat faces with an average 
diameter of 1360 nm [20]. Figure 2b shows the rhombic dodecahedron Ag3PO4 in a range of 
magnifications (6000×, top left, to 34,700×, bottom right). Though irregular, a common rhombic 
dodecahedron shape can be seen throughout, which accords with previously reported composites. 
The images show a smaller average diameter than those previously described (a mean diameter of 
340 nm vs. reported 600 nm) and a higher polydispersity [20]. Figure 2c illustrates synthesized 
spherical Ag3PO4 catalysts with irregular sizes in a variation in magnification from 11,300× (top left) 
to 90,400× (bottom right). Finally, Figure 2d shows the hybrid Ag3PO4–TiO2 catalyst in a variation in 

Figure 1. Chemical structures of the selected synthetic dyes.

2. Results and Discussion

2.1. Characterization

Four different photocatalysts were prepared following slight modifications of previously reported
protocols. The morphology of the synthesized materials was determined by means of SEM (Figure 2).
Figure 2a shows cubic Ag3PO4 in a variation in magnification (2600×, top left, to 28,200×, bottom right).
Regular cubes are seen, and these have equidistant edges and flat faces with an average diameter of
1360 nm [20]. Figure 2b shows the rhombic dodecahedron Ag3PO4 in a range of magnifications (6000×,
top left, to 34,700×, bottom right). Though irregular, a common rhombic dodecahedron shape can be
seen throughout, which accords with previously reported composites. The images show a smaller
average diameter than those previously described (a mean diameter of 340 nm vs. reported 600 nm)
and a higher polydispersity [20]. Figure 2c illustrates synthesized spherical Ag3PO4 catalysts with
irregular sizes in a variation in magnification from 11,300× (top left) to 90,400× (bottom right). Finally,
Figure 2d shows the hybrid Ag3PO4–TiO2 catalyst in a variation in magnification from 3600× (top
right) to 56,700× (top left). The bottom image illustrates large Ag3PO4 particles with flat surfaces and
smaller TiO2 particles deposited on the surface [48].
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Figure 2. SEM Images of the synthesized photocatalysts: (a) Cubic Ag3PO4, (b) rhombic dodecahedron
Ag3PO4, (c) spherical Ag3PO4, and (d) hybrid Ag3PO4–TiO2.

The potential of the synthesized catalysts to act as visible-light photocatalysts was initially
investigated by recording their diffuse reflectance spectra. The absorbance (F(R)) was obtained by
a transformation based on the Kubelka–Munk function (Figure 3a). All Ag3PO4 photocatalysts
significantly absorbed in the visible region, with the rhombic dodecahedrons, spheres, and hybrid
heterostructures absorbing up to 500 nm and the cubes extending the absorption by up to 525 nm.
They showed a clear improvement in the absorbance of the solar spectrum when compared to TiO2,
which has a measured upper absorbance limit of 385 nm. The band-gap values were determined
from the intercepts of the Tauc plots obtained by plotting (F(R) * h)1/2 versus photon energy (h) in
eV (Figure 3b). The determined indirect band-gap values of Ag3PO4 were slightly dependent on the
morphologies: 2.32, 2.35, and 2.26 eV for the cubes, rhombic dodecahedrons, and spheres, respectively.
The hybrid Ag3PO4–TiO2 catalyst gave two values: 3.09 and 2.28 eV, in agreement with the present
two substances; finally, the determined band-gap value for the commercial TiO2 was 3.23 eV. All the
experimental values were similar to those reported in the literature for analogous materials [9,19,37].
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Figure 3. Kubelka–Munk diffusion reflectance UV–visible spectra (a) and Tauc plots for indirect
band-gap determination (b) of the synthesized Ag3PO4-based catalysts and the commercial TiO2: cubes
(red), rhombic dodecahedrons (blue), spheres (pink), hybrid Ag3PO4–TiO2 (green), and TiO2 (black).
Linear fittings to estimate the band-gaps are shown.

2.2. Photocatalytic Activity

The photocatalytic performance of the different photocatalysts was evaluated by assessing the
degradation of the selected synthetic dyes under artificial irradiation. To compare the efficiency of
the h+ vs. the OH· or the injection of an e− from the excited states of the dyes into the CB of the
photocatalysts, two different irradiation sources were tested: (i) fluorescent lamps with emission
centered at 420 nm where all the semiconductors and the azo dyes absorbed and (ii) LEDs centered at
450 nm where only Ag3PO4, Ag3PO4–TiO2 and the azo dyes absorbed, although a small contribution of
rhodamine B (RhB) and Brilliant Blue FCF (BB) in the absorption cannot be disregarded. The irradiation
times were fixed to ensure that bleaching was not competitive, and controls in the dark were also
performed (see Figures S4–S6).

Figure 4 shows the photodegradations achieved upon irradiation centered at 420 nm, and Table 2
contains the pseudo-first order rate constants determined for all the combinations of dye/photocatalyst
(see Figure S8 for the linear fittings to a pseudo-first order model). A degradation percentage higher than
90% was achieved in the case of tartrazine (TZ), regardless of the photocatalyst used. The Ag3PO4 cubes
showed less efficiency than other Ag3PO4 materials, while TiO2 appeared to be slightly more successful
than the rest of the Ag3PO4 catalysts. In the case of Orange II (OII), the observed photodegradation
followed a completely different trend, as in this case, Ag3PO4 photocatalysts were much more efficient
than TiO2. Finally, in the case of RhB and BB, their photodegradations in the presence of Ag3PO4

were generally much slower than those observed for TZ and OII, while when TiO2 was used, similar
values to those found for the azo dyes were determined. Thus, the filter action of the dyes did not
appear to have an influence on the performance of TiO2, regardless of the absorbance at 420 nm for
OII being approximately one third of that of TZ or the fact that RhB and BB could not absorb/filter
light at 420 nm (Table 1 and Figure S1). Analogously, the potential contribution of the direct excitation
of the dyes followed by the injection of an e− into the CB of TiO2 looked negligible; thus, results
pointed to the hydroxyl radical as the oxidant responsible for the degradation of the studied dyes in
the photodegradations catalyzed by TiO2 [44,49]. On the contrary, in the case of the Ag3PO4 materials,
the values of the pseudo-first order rate constants for the photodegradations of these dyes could be
related to their chemical structure, as RhB and BB are more reluctant to oxidation than the TZ and OII
azo dyes.
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Figure 4. Relative concentration of tartrazine (TZ) (a), Orange II (OII) (b), rhodamine blue (RhB)
(c), and Brilliant Blue FCF (BB) (d) vs. time in the presence of Ag3PO4 cubes (•), Ag3PO4 rhombic
dodecahedrons (N), Ag3PO4 spheres (H), hybrid Ag3PO4–TiO2 (�), or TiO2 (�) under 420 nm irradiation.
Initial concentrations: 5 × 10−5 M (dye) and 0.5 g/L (photocatalyst) in aerated aqueous media.

Table 2. Pseudo-first order constants (min−1) determined for the photodegradations performed under
420 nm irradiation.

Photocatalyst TZ OII RhB BB

Ag3PO4 cubes 6.9 × 10−3 2.0 × 10−1 8.1 × 10−3 8.8 × 10−3

Ag3PO4 rhombic
dodecahedrons 1.8 × 10−3 8.5 × 10−2 6.1 × 10−3 5.4 × 10−4

Ag3PO4 spheres 1.6 × 10−2 1.3 × 10−1 5.4 × 10−3 5.1 × 10−3

TiO2–Ag3PO4 1.8 × 10−2 2.0 × 10−1 4.4 × 10−3 4.0 × 10−3

TiO2 1.9 × 10−2 1.8 × 10−2 1.9 × 10−2 1.3 × 10−2

Figure 5 shows the photodegradations achieved upon irradiation centered at 450 nm, and Table 3
contains the pseudo-first order rate constants determined for all the combinations of dye/photocatalyst
(see Figure S9 for the linear fittings to a pseudo-first order model). The abatement of the two azo
dyes, TZ and OII, catalyzed by the silver materials was very efficient, while TiO2 demonstrated a
complete inefficiency at this wavelength for those pollutants. For the case of RhB, TiO2 was only
able of produce the abatement of RhB in a 40% yield, while Ag3PO4 was very efficient [21,50]. Lastly,
the photodegradation of BB at 450 nm only arrived at 60% abatement when the hybrid was used.
In fact, the photodegradation of BB was only successful at percentages higher than 90% when TiO2

was employed at 420 nm. Overall, the performance of the hybrid material was analogous to the rest of
the silver-based ones [51,52]. The injection of an e− from the excited RhB into the CB of TiO2 appeared
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as the more likely photodegradation pathway for the case of RhB, while this was not operating in the
case of TZ, OII, or BB.
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cubes (•), Ag3PO4 rhombic dodecahedrons (N), Ag3PO4 spheres (H), hybrid Ag3PO4–TiO2 (�), or TiO2

(�), under 450 nm irradiation. Initial concentrations: 5 × 10−5 M (dye) and 0.5 g/L (photocatalyst) in
aerated aqueous media.

Table 3. Pseudo-first order constants (min−1) determined for the photodegradations performed under
450 nm irradiation.

Photocatalyst TZ OII RhB BB

Ag3PO4 cubes 3.5 × 10−2 4.1 × 10−1 4.8 × 10−2 1.2 × 10−2

Ag3PO4 rhombic
dodecahedrons 4.3 × 10−2 2.8 × 10−1 2.5 × 10−2 1.7 × 10−2

Ag3PO4 spheres 4.4 × 10−2 3.2 × 10−1 5.6 × 10−2 1.0 × 10−2

TiO2–Ag3PO4 3.4 × 10−2 3.0 × 10−1 4.4 × 10−2 1.6 × 10−2

TiO2 5.7 × 10−4 6.7 × 10−4 4.7 × 10−3 8.1 × 10−4

2.3. Formation of Reactive Oxygen Species

Different reactive species including OH·, O2·
−, and h+ can be involved in heterogeneous

photocatalytic oxidation processes. To assess their role in the reaction mechanisms, a variety of
scavengers can be used. Sometimes, this may be misleading due to the incomplete species selectivity
of the scavengers, but it is the method of choice when the direct detection of the reaction intermediates
using time-resolved spectroscopy is not possible. Hence, the effect of 2-propanol (IPA), p-benzoquinone
(BQ), and ammonium oxalate (AO) as scavengers of OH·, O2·

−, and h+, respectively, was investigated



Catalysts 2020, 10, 774 8 of 17

in the photodegradation of TZ, AOII, RhB, and BB in an attempt to elucidate the operating reaction
mechanisms [21,53,54]. The obtained results for the irradiations performed at 420 and 450 nm are
shown in Figures 6 and 7, respectively. As illustrated in Figure 6a, the photodegradation of TZ was
remarkably suppressed by the addition of BQ in all cases, while AO only decreased the efficiency
of Ag3PO4 and Ag3PO4–TiO2; finally, the effect of IPA was higher for Ag3PO4–TiO2 than for TiO2.
The results obtained for OII (Figure 6b) showed that in the case of Ag3PO4 and Ag3PO4–TiO2, the effect
of the scavengers was BQ > AO > IPA, while for TiO2, the order was IPA > BQ > AO. Interestingly,
in the photodegradation of RhB (Figure 6c) by Ag3PO4, only AO was effective, while BQ− >>> AO
was observed in the presence of Ag3PO4–TiO2; finally, BQ >> IPA when TiO2 was employed. For BB
(Figure 6d), the obtained results indicated that the main scavengers were BQ >>> AO or IPA for
Ag3PO4 and Ag3PO4–TiO2, while the order was AO > BQ in the case of TiO2.
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Figure 6. Effect of different scavengers on the relative degradation efficiency of TZ (a), OII (b), RhB (c),
and BB (d) in the presence of Ag3PO4, hybrid Ag3PO4–TiO2, and TiO2, under 420 nm irradiation. No
scavenger is shown in black, 2-propanol (1 × 10−1 M) is shown in green, p-benzoquinone (1 × 10−4 M)
is shown in yellow, and ammonium oxalate (1 × 10−4 M) is shown in blue. Initial concentrations:
5 × 10−5 M (dye) and 0.5 g/L (photocatalyst) in aerated aqueous media.
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(c), and BB (d) in the presence of Ag3PO4, hybrid Ag3PO4–TiO2, and TiO2, under 450 nm irradiation.
No scavenger is shown in black, 2-propanol (1× 10−1 M) is shown in green, p-benzoquinone (1× 10−4 M)
is shown in yellow, and ammonium oxalate (1 × 10−4 M) is shown in blue. Initial concentrations:
5 × 10−5 M (dye) and 0.5 g/L (photocatalyst) in aerated aqueous media. Note that ammonium oxalate
was not employed for TiO2.

The photo-oxidation of TZ at 450 nm (Figure 7a) was mainly inhibited by AO when Ag3PO4 was
employed and by BQ >> IPA for Ag3PO4–TiO2. In the abatement of OII (Figure 7b), the most effective
scavenger was BQ in all cases, although marginal effects of IPA for Ag3PO4 and Ag3PO4–TiO2 cannot
be disregarded, as well as AO for Ag3PO4. In the case of RhB (Figure 7c), the main scavenger was
again BQ for all the photocatalysts. Lastly, the abatement of BB by Ag3PO4 and Ag3PO4–TiO2 was
affected by both BQ and AO.

Furthermore, the formation of OH· from the photocatalysts upon illumination was evaluated
by fluorescence using terephthalic acid, which is known to react directly with OH· to produce
2-hydroxyterephthalic acid, a highly fluorescent product with an emission maximum at 425 nm upon
excitation at 315 nm [55,56]. The results are shown in Figure 8a for the Ag3PO4 cubes, in Figure 8b for
TiO2, and in Figure S7 for all the catalysts.
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Figure 8. Emission spectra of a solution of terephthalic acid (0.5 mM in 2 mM aqueous NaOH) and
0.5 g/L of Ag3PO4 cubes (a) or TiO2 (b), recorded at different irradiation times: 0 (black), 15 (red),
45 (blue), 60 (green), and 120 min (pink). (λexc = 315 nm).

Sampling was performed for up to 120 min, and the results presented in Figure 6 clearly show
that OH· was not formed in the case of the silver-based photocatalysts, while it was clearly formed in
the case of TiO2.

2.4. Photocatalytic Mechanism

The redox potentials of the ground and excited states of the selected dyes are shown in Scheme 1
to illustrate that, in principle, they can be oxidized by the h+ generated in the VB of the photocatalysts
and they can also inject an e− in the CBs of the semiconductors upon the absorption of visible light of
the appropriate wavelength, since both processes are thermodynamically feasible for all these dyes.
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The photodegradation achieved upon the irradiation of the dyes in the presence of TiO2 could
have been the result of Equation (1) (Scheme 2) followed by the generation of hydroxyl radicals
(Equation (4)) that were eventually responsible for the oxidation of dyes (Equation (8)). The direct
oxidation of dyes by h+ (VB), as described in Equation (7), would not have competed in this case with
the favorable formation of OH·, according to the different concentrations of H2O and dye molecules on
the surface of TiO2 and the known efficiency of the formation of OH· by TiO2 [57]. In addition, the
absorption of light by the dyes followed by the injection of an electron from their excited states into the
CB, and the subsequent oxidation (Equations (9)–(11)) could, in principle, have been operating for
the azo dyes upon the illumination centered at 420 or 450 nm or in the case of RhB and BB at 450 nm.
However, a careful analysis of the results obtained for the case of TZ and OII at the two wavelengths
(Figures 4 and 5) and the effect of the addition of scavengers (Figures 6 and 7) suggested the formation
of O2·

− as a result of Equations (1) and (3) or Equations (9) and (10), together with the formation of
OH·(Equation (4)), which was eventually more efficient in producing the abatement of the azo dyes
and thus explained that they remained stable at 450 nm. The same was true for the abatement of RhB at
420 nm, while the reactivity observed for this dye at 450 nm cannot be explained by direct irradiation
of TiO2; it could only be explained as a result of the processes described in Equations (9)–(11).
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Similar values for the pseudo-first order rate constants were determined for all dyes upon
irradiation at 420 nm in the presence of TiO2, thus indicating a similar reactivity. This could be mainly
attributed to the generation and subsequent reactivity of the hydroxyl radical. Analogously, upon
irradiation at 450 nm, the determined values for the pseudo-first order rate constants for all dyes were
in the same order of magnitude except for RhB. Thus, the injection of an electron from the excited state
of TZ, OII, and BB into the conduction band of TiO2 and subsequent reactivity of the generated radical
cations constitute a very inefficient degradation pathway.

The observed photodegradation of dyes in the presence of Ag3PO4 can be explained according
to Equations (2) or (9) (Scheme 2), followed by either Equation (7) (since no formation of OH− was
observed; see Figure 8 and Figure S7) or Equations (10) and (11), although the contribution of the
processes described in Equations (5) and (6) could not be disregarded (see the effect of IPA in the
reactivity in Figures 7 and 8 for OII and BB at 420 nm, and for OII when irradiation was performed at
450 nm). Nevertheless, the main participation of Equation (7) over the other alternatives in all cases
could be demonstrated upon careful analyses of the photodegradation achieved in the cases of RhB
and BB. These two dyes were efficiently photodegraded in the presence of Ag3PO4 semiconductors at
420 nm, which is a piece of evidence of the oxidative potential of h+ (VB)Ag3PO4. Though the formation
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of O2·
− from the e− injected in the (VB)Ag3PO4 was not thermodynamically feasible, experiments in the

presence of BQ (Figures 7 and 8) pointed to the potential of the excited dyes to directly generate O2·
−,

as has been already described for dissolved organic matter or drugs under irradiation [58–62].
Though the results obtained at the different wavelengths were not comparable, the participation

of the process described in Equations (10) and (11) could not be disregarded for RhB and BB when the
photodegradations were performed at 450 nm, where both dyes absorbed.

The performance of the hybrid material was comparable to the rest of the silver-based catalysts,
pointing to an efficient e− transfer from the dyes to the photogenerated holes in the VBAg3PO4.
Nevertheless, the results from the experiments in the presence of scavengers suggested the formation
of the less reactive O2·

−, as well as the marginal generation of hydroxyl radicals.
Overall, the obtained results pointed to a high oxidative potential of h+ (VB)Ag3PO4, comparable

to or even higher than that of OH· (photogenerated only in the case of TiO2 upon irradiation centered
at 420 nm), although a quantitative analysis with different illumination sources was difficult to make.
In other words, the photodegradation of dyes at 450 nm in the presence of Ag3PO4 materials, even
though hydroxyl radicals were not generated, appears as an efficient alternative. In this sense, efforts
in trying to increase the stability of Ag3PO4 or to investigate of the potential of other semiconductors
with the ability to absorb visible light and with high oxidant h+ (VB)—in addition to other efforts
focused on doping—could be alternative options to explore TiO2 to enlarge its absorption into the
visible region.

3. Materials and Methods

3.1. Chemicals

Tartrazine, Orange II, rhodamine B, Brilliant Blue FCF, AgNO3, CH3CO2Ag, Na2HPO4,
Na3PO4.12H2O, TiO2 P25 Degussa, 2-propanol, p-benzoquinone, ammonium oxalate, terephthalic acid,
and NH3 were from Sigma Aldrich. The water used in all the experiments was Milli-Q grade. All the
reagents of this work were of analytical grade and used without further purifications.

3.2. Preparation of the Photocatalysts

Several Ag3PO4 photocatalysts were prepared with different morphologies following slight
modifications of the protocol developed by Bi et al. [20,63]. Moreover, a hybrid Ag3PO4–TiO2 with a
molar ratio 3:10 was synthesized using the procedure described by Yao et al. [48]. More specific typical
procedures follow:

For the Ag3PO4 rhombic dodecahedrons, 0.8 g of CH3CO2Ag was dissolved in distilled water
at 60 ◦C whilst stirring until a saturated solution was obtained. Then, 32 mL of aqueous Na2HPO4

(0.45 M) were added dropwise at 60 ◦C. Immediately, a yellow precipitate formed. The mixture was
stirred in the dark for one hour at 60 ◦C to ensure that the reaction was complete, after which it was
cooled naturally to room temperature. The product was centrifuged at 6000 rpm for 30 min and then
cleaned with distilled water before being re-centrifuged. This cleaning process was repeated three
times before leaving the Ag3PO4 rhombic dodecahedrons in a vacuum desiccator until dry.

For the Ag3PO4 cubes, 0.4 g of AgNO3 was dissolved in distilled water at 60 ◦C whilst stirring
to make a saturated solution. Then, aqueous NH3 (0.1 M) was added dropwise until the solution
turned transparent. Next, 31.4 mL of aqueous Na2HPO4 (0.45 M) were added dropwise at 60 ◦C with
continuous stirring until a fine yellow precipitate was formed. The mixture was left to stir for an
hour to ensure that the reaction was complete, and then it was cooled naturally to room temperature.
The crude was centrifuged at 6000 rpm for 30 min and washed twice with distilled water. The wet
Ag3PO4 cubes were left in a vacuum desiccator until dry.

For the Ag3PO4 spheres, 0.34 g of AgNO3 was dissolved in distilled water at 60 ◦C whilst stirring
to make a saturated solution. Then, 30 mL of aqueous Na3PO4 (0.07 M) were added dropwise at 60 ◦C
whilst continuously stirring until a yellow precipitate was formed. The solution was left to stir for an
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hour and then cooled naturally to room temperature. The product was centrifuged at 6000 rpm for
30 min and then cleaned with distilled water before being re-centrifuged. This cleaning process was
repeated three times, and the wet Ag3PO4 spheres were left in a vacuum desiccator until dry.

For the Ag3PO4–TiO2 hybrid heterostructures, in a typical procedure, the heterostructures were
prepared by dispersing 0.8 g of commercial TiO2 P25 Degussa in 25 mL of distilled water and sonicating
for 5 min. Immediately, 1.5 g of AgNO3 was added to the aqueous TiO2 suspension and stirred for
10 min. Next, 25 mL of aqueous Na3PO4 (0.13 M) were added dropwise to the reaction mixture until
the suspension turned from white to yellow. The mixture was left to stir for 3 h and centrifuged at
6000 rpm for 30 min. The solid was cleaned with distilled water and re-centrifuged. This cleaning
process was repeated three times, and the wet Ag3PO4–TiO2 hybrid was left in a vacuum desiccator
until dry.

3.3. Scanning Electron Microscopy Analysis

A Leica EM MED020 high vacuum coater (Leica, Wetzlar, Germany) was used to deposit a fine
layer of gold nanoparticles over the sample to avoid charging and modifying the Ag3PO4 topography.
Pictures were taken with a Zeiss Ultra 55 field emission scanning electron microscope (FESEM) (Zeiss,
Oberkochen, Germany), which has a 1.5 nm resolution when working at 3 kV. Samples were ground
using a pestle and mortar to ensure as little agglomeration of nanoparticles as possible. These finely
ground particles were connected to a sample holder using double-sided conductive tape to avoid
charging of the sample by the electron beam. Examination took place in a vacuum. To avoid bias
sampling, several images were taken randomly. The average size of particles was determined by
measuring the diameter of a minimum of 50 particles from the random images.

3.4. Photophysical Experiments

The diffuse reflectance of the Ag3PO4 photocatalysts and the hybrid Ag3PO4–TiO2 were recorded
using a Cary 5000 from Agilent Technologies (Agilent Technologies, Santa Clara, USA) equipped with
an integrating sphere. Barium sulphate (BaSO4) was used as a white standard. Then, the absorption
spectra were obtained from the reflectance spectra by means of Kubelka–Munk transformations.
A Shimadzu UV-2101PC spectrophotometer (Shimadzu Corporation, Kyoto, Japan) was employed
to record the UV/Vis absorption spectra of the food dyes. All the spectra were recorded at room
temperature using quartz cells of 1 cm optical path length.

The formation of hydroxyl radicals was evaluated using a Photon Technology International (PTI)
LPS-220B spectrometer (Horiba Ltd., Kyoto, Japan). Emissions from solutions were recorded between
350 and 600 nm at different times (λexc = 315 nm). As a matter of fact, the emissions centered at
approximately 426 nm corresponding to 2-hydroxyterephthalic acid acted as evidence for the formation
of hydroxyl radicals.

3.5. Photocatalytic Degradation of Dyes

Experiments were carried out in parallel to permit direct comparison. Typically, 2.5 mg of
photocatalysts were added to 5 mL of an aqueous solution of each dye (5 × 10−5 M). Pyrex test-tubes
were stirred in the dark for 30 min to ensure that the adsorption/desorption equilibrium of dye on
photocatalyst had been reached prior to irradiation. Irradiation at 420 nm was performed using a
Luzchem photoreactor (model LZC-4 V) (Luzchem Research Inc., Ottawa, Canada) equipped with
8 fluorescent lamps emitting at max = 420 nm, while irradiation at 450 nm was performed using a
home-made circular photoreactor made with a spiral set-up of 2.5 m strip green LEDs (λem centered at
450 nm), Samsung SMD5630IP20 of 40 W from LEDBOX.

Monitoring the photodegradation of the dyes was based on the absorbance of the aliquots (taken
at different times and centrifuged in a Hettich EBA 21 centrifuge) recorded on an Agilent Cary 50
UV–visible spectrophotometer (Agilent Technologies, Santa Clara, USA).
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A series of experiments were performed in the presence of IPA (1 × 10−1 M), BQ (1 × 10−4 M), and
AO (1 × 10−4 M) as scavengers for OH·, O2·

−, and h+, respectively, under the experimental conditions
described above.

To evaluate the formation of hydroxyl radicals, individual mixtures of each photocatalyst (0.5 g/L)
in aqueous solutions containing NaOH (2 × 10−3 M) and terephthalic acid (5 × 10−4 M) were irradiated
at 450 nm for the Ag3PO4-based photocatalysts and in UV for the TiO2.

4. Conclusions

Silver phosphate photocatalysts have demonstrated that the hydroxyl radical is not the only
reactive oxygen species for semiconductor photocatalysts to produce the abatement of synthetic dyes.
In fact, the synthesized Ag3PO4 materials have proven successful, even if they are not to be able to
generate hydroxyl radicals. This is mainly due to the oxidative potential of the photogenerated holes in
the VB, although the formation of superoxide anion directly from the excited dyes has been evidenced
in the presence of scavengers, and the direct electron transfer from the excited dyes to the CB of the
photocatalysts cannot be disregarded. By contrast, the performance of TiO2 is only comparable at
shorter wavelengths due to the generation of hydroxyl radicals; however, it loses efficiency under
visible light irradiation since the formed superoxide radical anion is not as efficient as hydroxyl
radicals in producing the abatement of dyes. Therefore, visible-light absorbing photocatalysts with an
unlikely recombination of electron-hole pairs and an appropriate potential of their CB constitute good
alternatives that can be efficiently applied for wastewater remediation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/7/774/s1,
Figure S1: Normalized absorbance of tartrazine (pink), Orange II (red), rhodamine B (black) and Brilliant Blue FCF
(blue); Figure S2: Emission spectrum of Luzchem photoreactor (model LZC-4 V) with 14 bulbs emitting at 420 nm
(data kindly provided by Luzchem Research, Inc.); Figure S3: Emission spectrum of homemade photoreactor
emitting at 450 nm; Figure S4: Photolysis of TZ (A), OII (B), RhB (C), and BB (D) under 420 nm light; Figure S5.
Photolysis of TZ (A), OII (B), RhB (C), and BB (D) under 450 nm LED light; Figure S6. Dark experiments of TZ (A),
OII (B), RhB (C), and BB (D) in the presence of Ag3PO4 cubes (•), Ag3PO4 rhombic dodecahedrons (N), Ag3PO4
spheres (H), hybrid TiO2/Ag3PO4 (�), or TiO2 (�); Figure S7: Emission spectra of a solution of terephthalic acid
(0.5 mM in 2 mM aqueous NaOH) recorded at different irradiation times in the presence of Ag3PO4 cubes (A),
Ag3PO4 rhombic dodecahedrons (B), Ag3PO4 spheres (C), hybrid Ag3PO4–TiO2 (D), or TiO2 (E), (λexc = 315 nm);
Figure S8. Plot of the ln of the relative concentration of TZ (a); OII (b), RhB (c) and BB (d) vs time in the presence
of Ag3PO4 cubes (•), Ag3PO4 rhombic (N), Ag3PO4 spheres (H), hybrid Ag3PO4-TiO2 (�) or TiO2 (�), under 420
nm irradiation. Initial concentrations: 5 × 10−5 M (dye) and 0.5 g/L (photocatalyst) in aerated aqueous media;
Figure S9. Plot of the ln of the relative concentration of TZ (a); OII (b), RhB (c) and BB (d) vs time in the presence of
Ag3PO4 cubes (•), Ag3PO4 rhombic (N), Ag3PO4 spheres (H), hybrid Ag3PO4-TiO2 (�) or TiO2 (�), under 450 nm
irradiation. Initial concentrations: 5 × 10−5 M (dye) and 0.5 g/L (photocatalyst) in aerated aqueous media.
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