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Abstract

AgB1/NaTaO; composites, with different molar % of NaTaO; (Br/NTO(X%)), have been synthesized by simple precipita-
tion methods; bare NaTaO; was synthesized by hydrothermal procedure, while AgBr was synthesized by a precipitation
procedure using cetyl-tri-methyl-ammonium bromide (CTAB) and AgNO;. Samples have been characterized by X-ray dif-
fraction (XRD), N, adsorption, UV—vis diffuse reflectance spectroscopy (DRS), Fourier-transform infrared spectroscopy
(FT-IR), Transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). Photocatalytic activity
of the as-prepared photo-catalysts was evaluated through photocatalytic degradation of rhodamine B (RhB), methyl orange
(MO) and caffeic acid (CAFA) under UV and visible illumination. Single AgBr material and Br/NTO(X%) composites
displayed the ability to absorb light in the visible region, while NaTaOj; is only photoactive under UV irradiation. Based on
the position of conduction and valence bands of AgBr and NaTaOj;, the heterojunction between these two photo-catalysts
corresponds to a type II junction. In the case of photocatalytic degradation of RhB and CAFA, Br/NTO(x%) composites have
highest photocatalytic activity than that obtained by both parental materials under the same operational conditions. AgBr
and Br/NTO(x%) composites achieve a fast degradation of MO, together with a considerable adsorption capacity, attributed
to the presence of a remaining amount of residual CTAB on the AgBr surface. In summary, coupling AgBr with NaTaO,
improves the photocatalytic activity under both UV and visible illumination with respect to the parental components, but the
performance of the composites is highly dependent on the type of substrate to be degraded and the illumination conditions.
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1 Introduction

Heterogeneous photo-catalysis, an environmentally friendly
advanced oxidation process (AOP), has gradually provided
a stage for environmental remediation. This technology has
many advantages, like the use of solar light (a sustainable
resource), a fast reaction rate and low energy consump-
tion [1, 2]. Several semiconductors (like TiO,, ZnO, ZnS,
Zr0,, MoS,, WO;, Sn0O,, Fe,0;, CdS, etc.) can be used as a
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photo-catalyst for pollutant remediation in aqueous media.
TiO, is the most widely studied photo-catalyst, due to its
high stability, nontoxicity, cost-effectiveness, among other
features. However, there are some drawbacks, like the fast
recombination rate of photo-generated electron—hole pairs
and the fact that it is only photoactive by UV radiation [3-5].

In the last decades, a wide range of photo-catalysts has
been developed [6], including semiconductors with per-
ovskite structure. Perovskites comprise a large group of
compounds with great flexibility in terms of their possible
applications, since almost all the elements of the periodic
table can be used as substitutes to prepare systems with this
type of structure. In particular, perovskite-structured tanta-
lates have gained significant attention [7-9], thanks to their
chemical stability, nontoxicity and photocatalytic activity
[10]. Among tantalate photo-catalysts, sodium tantalate
(NaTaOs) is a stable semiconductor, with a layered structure
and efficient charge separation, which makes it a promising
photocatalytic material [11]. However, NaTaOj is not active
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under visible light irradiation and has a high recombination
rate of photo-generated electron—hole pairs, which renders
this semiconductor a poor performer in the photocatalytic
degradation of pollutants [12]. Therefore, numerous studies
have been carried out to improve the photo-activity of this
semiconductor in the visible region [10, 13].

Silver bromide (AgBr) is an important plasmonic photo-
catalyst with a narrow band gap (2.6 eV), which has attracted
considerable research attention due to its high photocata-
lytic activity in the visible region as it is a photo-sensitive
material [14]. Nevertheless, there are certain difficulties in
the practical application of pristine AgBr which have been
outlined in a recent review article, mainly associated to
photo-corrosion/photo-instability and large size for AgBr
particles [15]. However, it should be noted that, due to the
proper location of the valence band (VB) and conduction
band (CB), AgBr is a good candidate to be easily coupled
with other semiconductors for the development of coupled
systems, as reported in [16] and in some of its references
related to AgBr coupling; moreover, this feature is accepted
in the conclusions of the review paper [15], suggesting fur-
ther study of AgBr with rational design and modifications to
understand and improve the properties of AgBr for coupling
with other semiconductors.

So far, most of the research for the synthesis of AgBr
has focused on issues, such as the effects of reagent ratio,
synthesis temperature, etc. However, very little attention has
been paid to the question of silver source selection. In this
scenario, it should be highlighted, the novel results of an
AgBr-based nanomaterial, synthesized by Tollen's reagent
with the aid of hexa-decyl-tri-methyl-ammonium bromide
(CTAB), which showed excellent affinity to anionic species
and was used for the removal of organic dyes in aqueous
solutions [17].

On the basis of the aforementioned, the objective of this
work is to develop coupled AgBr/NaTaO; photo-catalysts
with different molar percentages of NaTaOj;, to explore their
features as composite materials for heterogeneous photo-
catalysis. Silver bromide (AgBr) has been prepared by a
surfactant-assisted synthesis method with hexa-decyl-tri-
methyl-ammonium bromide (CTAB). The surfactant acts
as a source of bromide ions and as a stabilizing agent. With
these ideas, the coupling of an AgBr—CTAB with a NaTaO,
and the consequences that the CTAB-assisted AgBr syn-
thesis method provides to the photocatalytic properties of
the coupled AgBr/NaTaO; system will be explored for the
first time. The synthesized compounds, as well as the par-
ent materials, AgBr and NaTaO;, were fully characterized
by different techniques and, afterward, their photocatalytic
activities were evaluated by testing, under two illumina-
tion conditions (UV and visible), the degradation of three
selected substrates: rhodamine B (RhB), methyl orange
(MO) and caffeic acid (CAFA).
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In the context of this study, it should be noted that, to date
and to the best of our knowledge, there are no studies on the
coupling of AgBr with NaTaOj;. In this case, our results may
provide new ideas for the development of composite materi-
als, especially using the NaTaO; photo-catalyst.

2 Experimental procedures and techniques
2.1 Sample preparation

NaTaOj; synthesis: 0.663 g of tantalum(V) oxide (Ta,Os,
Alfa Aesar, 99%) was mixing with 60 mL of NaOH 0.75 M,
and the suspension was placed in ultrasound for 15 min
and then stirred for 60 min. After that, the suspension was
reacted hydrothermally at 200 °C for 24 h. Subsequently,
the precipitate was separated by filtration and washed with
portions of deionized water. Finally, the NaTaO; powder was
dried at 100 °C for 24 h.

AgBr synthesis: 0.283 g of AgNO; was dissolved in
10 mL of deionized water, and 0.717 g of CTAB (Cetyltri-
methylammonium bromide/Sigma-Aldrich) was dissolved
in 50 mL of deionized water. Then, the AgNO; solution
was mixed (drop by drop) with the CTAB solution (molar
ratio CTAB/AgNO;=1.18), and the resulting suspension
was shielded from the light and stirred for 24 h. After that,
the precipitate was separated by filtration and washed with
several portions of deionized water and ethanol. Finally, the
AgBr powder was dried at 75 °C for 24 h.

Synthesis of the AgBr/NaTaO; composite: The cou-
pling was performed by precipitation-deposition of AgBr
on NaTaOj; already synthesized, taking into account the
selected values for the AgBr/NaTaO; ratio (100 mol AgBr/
X mol NaTaO;). For this purpose, the same procedure of
AgBr synthesis was used, except that a certain amount of
NaTaO; synthesized above was added to the AgNO; solu-
tion, before mixing with the CTAB solution. The prepared
coupled samples (AgBr/NaTaO;) will be referred to hereaf-
ter, according to their corresponding nominal molar percent-
ages, as Bt/NTO(X %), were X are 20, 50 or 75. In the syn-
thesis of all this coupled samples, the CTAB/AgNO; molar
ratio, and the concentration of AgNO; and CTAB solutions
was always the same used in the AgBr synthesis.

2.2 Characterization of the samples

The crystalline structure of as-prepared samples was inves-
tigated by powder X-ray diffraction (XRD). XRD patterns
were obtained on an X’PertPro Panalytical instrument with
Cu Ka radiation (40 mA, 45 kV, and A=1.5406 IOA) at ambi-
ent temperature. Peaks were fitted using a Voigt function.
Specific surface area (Sgp) measurements were carried out
at low-temperature N, adsorption using a Micromeritics
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ASAP 2010 instrument. Before the analysis, the samples
were degasified at 150 °C for 30 min in a helium flow. For
pore size distribution, the Barrett—Joyner—Halenda (BJH)
model was used. Diffuse Reflectance Spectroscopy (DRS)
was carried out to analyze the optical absorption proper-
ties of the samples. The spectra were performed on a Cary
300 spectrophotometer equipped with an integrating sphere,
using BaSO, as reference. The indirect optical band gap was
estimated by the Tauc plots, following the steps of the pro-
cedure reported in [18]. The morphology of the samples was
studied by S/TEM in a Talos™ F200S FEI microscope. The
XPS analyses were carried out on a Leybold-Heraeus LHS-
10 spectrometer, working at a constant path energy of 50 eV
and at a pressure below 2x 10~ Torr. This device includes
an EA-200MCD hemispheric electron analyzer with a dual
X-ray source working with Al Ka (hv=1486.6eV) at 120 W
and 30 mA. The C 1 s signal at 284.6 eV of adventitious
carbon was chosen as the internal energy reference. Samples
were previously degassed in the pre-chamber of the instru-
ment at 150 °C at a pressure below 2 x 107 Torr to elimi-
nate the adsorbed chemical water. Fourier-Transform Infra-
red Spectrometer (FTIR) was used to identify functional
groups of the samples. The FTIR spectra were recorded in
transmission mode with a JASCO FT/IR-6200 IRT-5000
spectrometer.

2.3 Photocatalytic activity tests

The evaluation of the photocatalytic activity of the samples
was performed using two illumination conditions, UV and
visible, by following the degradation reactions of rhodamine
B (RhB), methyl orange (MO) and caffeic acid (CAFA).
Rhodamine B, methyl orange and caffeic acid were sup-
plied by Sigma-Aldrich (all Reagent Plus >95%). Details
and experimental conditions are reported in the following
references. [19, 20]. In summary, 100 mg of photo-catalyst
was added to 100 mL of substrate solution (10 ppm RhB,
20 ppm MO or 10 ppm CAFA) under constant bubbling of
air to keep the reaction mixture homogenous. UV—visible
spectroscopy with a Cary 100 (Varian) spectrometer was
used to evaluate the concentration of each substrate, consid-
ering the main peak of each compound, located at 554 nm
(for RhB), 465 nm (for MO) and 312 nm (for CAFA). Every
experiment was performed at least twice to ensure reproduc-
ibility, the standard deviation being 5%. Two types of blank
tests were performed: (i) under illumination without catalyst
and (ii) with catalysts in the dark. From these tests, it was
confirmed that the combination of catalyst and illumination
are prerequisites for the photocatalytic degradation process
under our experimental conditions.

Silver content was analyzed in the medium after pro-
longed UV illumination by Atomic Emission Spectrometry
with plasma ICP (SpectroBlue Tl equipment), whereas

bromide, under the same conditions, was determined by ion
chromatography (Metrohm 930 Compact IC flex equipment).

3 Results

3.1 Characterization and physicochemical
properties

Figure 1 shows the X-ray diffraction (XRD) patterns for the
single materials (AgBr and NaTaO;) and two selected of
the composite materials, Bi/NTO(20%) and Br/NTO(50%).
NaTaOj; present a XRD pattern that correspond to a mono-
clinic phase (JCPDS 01-074-2478), while AgBr exhibit a
XRD pattern belonging to a cubic phase (JCPDS 01-079-
0149). In the diffractogram of single NaTaOs, there are
some small peaks (marked with green diamonds) that do
not correspond to the aforementioned JCPDS sheet. These
peaks are attributed to Na,Ta,O4 with a cubic crystal struc-
ture (JCPDS 01-070-1155). According to a reference [21],
Na,Ta,Oq4 corresponds to an intermediate phase within an
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Fig.1 XRD patterns of the synthesized samples
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indirect reaction route for the formation of NaTaO; from
Ta,0s. Thus, Na,Ta,O4 corresponds to a metastable phase,
while NaTaOj; is a thermodynamically stable phase [22].
Despite all this, although the presence of Na,Ta,O together
with NaTaOj is evident from XRD results, according to our
calculations, Na,Ta,O only corresponds to 3% by weight,
80, in practical terms, it can be said that the synthesis of an
almost pure NaTaO; was obtained.

In the diffractograms of the coupled samples, the main
peaks corresponding to AgBr (planes 200, 220 and 222) and
NaTaO; (planes 100, 011, 101 and 200) can be clearly seen.
In addition, no peaks other than that for AgBr and NaTaO;
structures mentioned (except Na,Ta,O4) were detected, so
the formation of the AgBr/NaTaO; composites was success-
fully obtained. Additionally, it can be observed in the cou-
pled samples that, as the amount of NaTaO; in the composite
increases, the intensity of its peaks also increases.

The crystallite size of the prepared samples was esti-
mated from the widening of their XRD main peaks using
the well-known Scherrer formula. The main crystalline sizes
of pristine materials (AgBr or NaTaO;) and AgBr/NaTaO,
coupled systems are compiled in Table 1, along with other

physicochemical parameters. As can be seen, the primary
crystallite size for both pristine samples undergoes signif-
icant changes in the coupled samples, indicating that the
coupling of these materials generates changes in the esti-
mation of the average crystallite sizes. A first analysis of
the crystallite size results in Table 1 indicates that for low
percentages of NaTaOj;, there is a change in the crystallite
sizes of the pristine samples. Thus, after the coupling of both
samples, it is observed that while for NaTaO;, the crystallite
size decreases, for AgBr, it increases, reaching a minimum
for the AgB1/NaTaO;(75%) sample; these results could be
related to the generation of crystalline defects after the cou-
pling of NaTaO; and AgBr,

N, adsorption/desorption analysis was performed to
determine the specific surface area (by BET method) and
pore diameter distribution (by BJH method) of NaTaO; and
AgBr/NaTaO; composites samples. In Fig. 2A, the isotherm
of NaTaOj; is presented separate from the Br/NTO(75%)
and/or Br/NTO(50%), because the quantity of the adsorbed
volume in NaTaO; is much greater than that corresponding
to the two composite. As can be seen in Fig. 2A, NaTaO,
and Br/NTO(75%) have a type IV isotherm, with a type IV

Table 1 Phy sicocf}err.lical Sample SgET (m*/g) Eg (eV) Crystallite size Crystallite size
parameters of the indicated D (nm) D (nm)
samples AgBr (200) NaTaO3 (100)
AgBr <1 2.59 343 -
Br/NTO(20%) <1 2.54 412 165
Br/NTO(50%) 1.79 2.51 284 169
Br/NTO(75%) 3.68 2.46 183 169
NaTaO; 34.5 3.77 - 253
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Fig.2 N, adsorption—desorption isotherms (A) and pore size distribution (B) of the samples NaTaO;, Bt/NTO(50%) and Br/NTO(75%)
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hysteresis loop, indicating that these materials are of the
mesoporous type, with slit-like pores [23]. On the other
hand, Br/NTO (50%) has a type III isotherm, according to
the TUPAC classification, which indicates that this mate-
rial probably has a low adsorption capacity. The specific
surface areas of the synthesized materials are shown in
Table 1. According with the results, single AgBr and the Br/
NTO(20%) composite have a very low surface area (Sggr< 1
m?/g); but, for Br/NTO(50%) and Br/NTO(75%) samples,
the specific surface increases with the increment of the
molar content of NaTaO; in the composites.

The pore size distribution of Br/NTO(50%), Br/
NTO(75%) and NaTaO, is shown in Fig. 2B. The pore size
distribution of NaTaOj; is presented separate from the Br/
NTO(75%) and/or Br/NTO(50%) by the same reason as
before (quantity of pore volume in this case). As can be
seen, the pore size distribution profiles of NaTaO; and Br/
NTO(75%) are very similar, with pore diameters between 2
and 100 nm, concentrating between 3 and 5 nm. This cor-
roborates the condition of being mesoporous materials, as
mentioned above. In the case of the Br/NTO(50%) sample,
it also has pore diameters between 2 and 100 nm, but it does
not have the population distribution between 3 and 5 nm
observed for the NaTaO; and Br/NTO(75%) samples.

Figure 3 shows the UV-Vis DRS spectra of AgBr,
NaTaOj; and the coupled samples. AgBr has a wide absorp-
tion region, started from 500 to 270 nm; in contrast, the
absorption edge of single NaTaOj; is about 370 nm and only
absorb in the UV region. Compared with NaTaO,, all the
coupled samples have the ability of absorb visible light.
The band gap values have been estimated by means of Tauc
plots and are compiled in Table 1. As can be seen, the Eg
values of single AgBr and NaTaO; are 2.59 and 3.77 eV,

-
-
-

P Br/INTO(20%)
~ . ——BrINTO(50%)
Br/INTO(75%)
NaTaO,

Normalized absorbance (a.u.)

200 300 400 500 600 700 800
Wavelenght (nm)

Fig.3 UV-Vis diffuse reflectance spectra of the indicated samples

respectively; and the Eg values of AgBr/NaTaO; coupled
samples are close and lower than the band gap value for
AgBr sample. This indicates that AgBr/NaTaO composites,
compared to single AgBr and NaTaO; catalysts, have the
ability to produce more photoexcited electron—hole pairs,
increasing its photocatalytic capacity [24, 25].

The morphology of the samples has been studied by TEM
and selected aspects of the TEM analysis of the indicated
samples are shown in Fig. 4. The Br/NTO(50%) sample has
been selected as representative of the composites. As can
be seen, the synthesized NaTaO; has a morphology consist-
ing of very small (20-10 nm) interconnected nano-sheets
with irregular edges and a high degree of agglomeration
(Fig. 4A and magnified detail in Fig. 4B). However, next to
these small particles, a small number of large square parti-
cles were observed, with a size of about 400 nm (Fig. 4C)
and with the same homogeneous distribution of Na, Ta and
O elements. According to the elemental mapping, the Na,
Ta and O atoms are homogeneously distributed both in the
nanosheets and in the square particles. These square parti-
cles are not a surprise, because in several works reporting
the synthesis of NaTaO; by hydrothermal method, particles
with cuboid form was obtained [26-30]. In the case of Br/
NTO(50%), the particles are very similar to the nano-sheets
observed for NaTaO;, with the same interconnections and
size. The elemental mapping shows that Na, Ta and Ag
atoms are homogeneously distributed, so this confirm that
the AgBr/NaTaO; composite is formed (Fig. 4F).

In general, the particle size of a powder sample can be
obtained by direct methods (e.g., TEM) or indirect meth-
ods (e.g., X-ray diffraction). The size determined by the
different methods does not necessarily coincide. In fact,
the estimated values are often different in each case. Thus,
with TEM, direct images of the particles are obtained and
the individual size can be determined (if there is no severe
aggregation) and thus a size distribution in the powder sam-
ple can be obtained. However, the particle size cannot be
determined directly by powder diffraction; in this case, the
particle is divided into one or more chemically similar crys-
tallites, which may have one or more domains originating
from different causes. Furthermore, particle size determina-
tion by fitting X-ray diffractogram is only an approximation
and provides an average of the crystallite sizes (apparent
size). It should be remembered that the values obtained by
application of the Scherrer equation (to XRD data) are very
approximate, and may differ from those obtained by other
techniques, such as electron microscopy, for various reasons
(for example, a crystal aggregate, an intergrowth or a crystal-
lographic macles could be seen as a single “particle” in the
other techniques, but as individual crystals in diffraction).

Having said this, and related to the discrepancy between
the particle (crystallite) size obtained by Sherrer formula and
those observed by TEM, it should be noted that in Fig. 4,
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Fig.4 Selected TEM images of
the samples NaTaO; (A, B, C,
D) and Br/NTO(50%) (E, F).
In figures (D) and (F) is present
the elemental mapping for the
indicated samples, with colors
red, blue, green, yellow, and
light blue, for the elements O,
Ta, Na, Ag and Br respectably

images (A), (B), (C) and (D) correspond to different images
(zones) of the pristine NaTaO; sample, while (D) and (F)
refer to the AgBr/NaTaO;(50%) composite. It can be seen
in the image (C) that for the NaTaO; sample, aggregates of
small particles (ranging 20-10 nm) coexist with platelets
of appreciable dimensions (around 400 nm), which would
contribute to the high average particle size obtained by XRD
using Scherrer equation (Table 1).

Figure 5 shows the XPS results for Bt/NTO(75%) (as
representative of the sample). In general spectra, in addi-
tion to the C 1 s peaks for adventitious carbon, peaks of
Ag, Br, Na, Ta and O were observed for Bt/NTO(75%)
sample (Fig. 5SA). The two peaks located at 367.6 +0.1 and
373.6+0.1 eV (Fig. 5B) corresponded to Ag 3ds,, and Ag
3d,, of Ag™ in AgBr respectively [31]. The doublet peaks
observed at 182.2+0.1 and 188.8+0.1 eV (Fig. 5C) in the

@ Springer
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Br 3p XPS spectrum were assigned to Br 3p;,, and Br 3p,
respectively [32]. In Fig. 5D, a strong peak is observed at
a binding energy of 1069.3 +0.1 eV, corresponding to the
Na 1 s in NaTaOj; [28]. The deconvolution of Ta 4f gener-
ates two peaks at 26.5+0.1 and 28.3+0.1 eV (Fig. 5E),
corresponds to Ta 4f,,, and Ta 4f5,, respectively [33].
Finally, two peaks in the O 1 s region are observed at bind-
ing energies of 529.3+0.1 and 530.6+0.1 eV (Fig. 5F),
ascribed to bulk oxygen and surface —OH groups, respec-
tively [12, 34].

According to all characterization results, it can be
confirmed that the formation of the AgBr/NaTaO; com-
posites has been achieved, being particles with differ-
ent sizes and morphologies. As the amount of NaTaO;
in the composite increases, its surface area and adsorp-
tion capacity increase. Single AgBr and composite Br/
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Fig.5 XPS survey spectrum of Br/NTO(75%), as a representative sample, and high-resolution spectra showing the Ag 3d, Br 3p, Na 1 s, Ta 4f

and O 1 s peaks profiles

NTO(X%) materials have the ability to absorb light in the
visible region, while NaTaO; is only photoactive under
UV irradiation.

3.2 Photocatalytic properties of the synthesized
samples

The photocatalytic activity of all synthesized samples was
carry out studying the photodegradations of aqueous solu-
tions of two dyes (RhB and MO) and a non-dye substrate
(CAFA), under two illumination conditions, UV and visible.
The results are compiled in Fig. 6. In all the experiments, the
photo-catalyst and the substrate were agitated for 20 min in
the dark for reach the adsorption—desorption equilibrium.
Figure 6A and B shows the RhB degradation profiles
under UV and visible light, respectively. In both cases, the
conversion of RhB was found to be higher using the cou-
pled materials than single catalysts separately. In the case
of the NaTaO; catalyst, a low RhB degradation is observed
under UV illumination (~25% conversion in 2 h) and prac-
tically null under visible illumination. In agreement with
the Eg obtained for NaTaOj, it is confirmed that this cata-
lyst is only photoactive under UV light. After 5 min of illu-
mination (UV or visible) on AgBr photo-catalyst, a small
decrease in the percentage of RhB conversion is observed.
This could indicate that in the first minutes of illumination,

some RhB molecules weakly adsorbed on the AgBr sur-
face are desorbed, returning to the aqueous solution. For
the coupled materials, the Bt/NTO(20%) sample showed
a slightly higher RhB conversion than that obtained with
single AgBr, in both illumination conditions. On the other
hand, Bt/NTO(50%) and Br/NTO(75%) composites achieve
a considerable photo-degradation of RhB, with similar con-
version profiles and reaching percentages greater than 90%
degradation under UV illumination.

In the case of MO photo-degradation (presented in
Fig. 6C and D), it is observed that AgBr, Bt/NTO(50%)
and Br/NTO(75%) photo-catalysts achieve a fast degra-
dation of MO, reaching more than 80% conversion under
10 min of UV illumination or 30 min of visible light. Fur-
thermore, these three photo-catalysts have considerable MO
adsorption capacity, following the order AgBr—CTAB > Bt/
NTO(50%) > Br/NTO(75%). Taking account this order, and
also observing that NaTaO; does not adsorb any amount of
MO, it could be pointed out that, as the amount of NaTaO,
in the composite increases, its MO adsorption capacity
decreases. However, it can be seen that the Bt/NTO(20%)
sample does not follow the indicated order and even has
a higher adsorption capacity than simple AgBr. Moreover,
although this sample achieves almost 100% conversion
of MO in 10 min of illumination (UV or visible), as time
progresses, the percentage conversion begins to decrease,

@ Springer



556 Photochemical & Photobiological Sciences (2023) 22:549-566

100 (A | —®—AgBr ., B , —=—AgBr
(A) | —e—BriNTO(20%) 1004 (B) | T ainTowow
| —&—Br/INTO(50%) | —&—Br/INTO(50%)
I —v—BrINTO(75%) I —¥—BrINTO(75%)
80 - . : —e—NaTaO, 80 | ——NaTaO,
X o 9 o :
5elk | 5 ek |
2 60 o | .% 60 - 9 :
o a 1 3 Q
c < 1 é < |
S 40 - | S 40 |
I I
| |
20 - 1 20 - !
! RhB '
uv
0 T T T T T T T 0 T T T T T T T
-20 0 20 40 60 80 100 120 -20 0 20 40 60 80 100 120
time (min) time (min)
100 | 100 - i
| |
| 1
80 - 80
z |3 2 |3 Mo
= - c - Vis
S 604 % S 60 &
& o) [ o
@ 7] (4 2
> =1 > o
(S < S <
S 40 G 40+
—a— AgBr —&— AgBr
—a— BrINTO(20%) —a— BrINTO(20%)
20 4 —a— BrINTO(50%) 20 —a&— BrINTO(50%)
—v— BrINTO(75%) —¥— BrINTO(75%)
—o— NaTaO, —o—NaTaO,
0 V. A A e = 0 —a———— 4
-20 0 20 40 60 80 100 120 -20 0 20 40 60 80 100 120
time (min) time (min)
_ i . |
1004 (E) | 1009 (F)
1 N P e
I
80 ! 80
g |z g |3
— ] -
§ 60 - E ! v ¢+ ¢ .5 60 E
4 o ! & o
) 17 B o 2
2 9 z 2
8 404 ! S 401
1 —a—AgBr —a— AgBr
CAFA —s—Br/INTO(20%) CAFA —s— BrINTO(20%)
20 : uv —A—BrINTO(50%) 20 Vis —a— Br/INTO(50%)
—v— BrINTO(75%) —v— BrINTO(75%)
. —e—NaTaO, ——NaTaO,
0 : 1 T 1 T 1 1 0 T T T T T T
-20 0 20 40 60 80 100 120 -20 0 20 40 60 80 100 120
time (min) time (min)

Fig.6 Conversion plots for photocatalityc transformation of rhodamine B (RhB), methyl orange (MO) and caffeic acid (CAFA) using the indi-
cated samples, under UV (A, C, E) and visible (B, D, F) illumination
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indicating that the MO molecules begin to desorb. As men-
tioned above, Tang et al., synthesized AgBr by a similar
procedure (using CTAB as Br source) and studied the selec-
tive adsorption of AgBr on some dyes [17]. In that work, it
was determined that an AgBr complexed with CTAB showed
excellent adsorption capacity for anionic dyes (such as MO)
and low adsorption capacity for cationic dyes (such as RhB),
because the zeta potential of AgBr (complexed with CTAB)
is positive over a wide pH range. Therefore, if the AgBr
surface is positively charged, the interaction between the
catalyst and the anionic dye will be strengthened, resulting in
an improvement in adsorption capacity. This would explain
why AgBr has a high adsorption capacity on MO. In another
work, Liu et al. [35] also synthesized AgBr using CTAB
as a Br source, although in this case, the resulting powder
was calcined in air at 400 °C for 2 h to obtain a CTAB-free
AgBr. When this CTAB-free AgBr was used to photode-
graded MO, no adsorption of MO on the photo-catalyst was
observed. According to this, the MO adsorption capacity of
our AgBr photo-catalyst could be attributed to the presence
of a remaining amount of CTAB on the AgBr surface. To
verify whether CTAB is present on the AgBr surface and
in the coupled samples, FT-IR analysis of AgBr, NaTaO;,
Br/NTO(20%) and the CTAB precursor used in the AgBr
synthesis was performed. The FT-IR results are shown in
Fig. 7. As can be seen, NaTaO; has a broad band between
500 cm~' and 800 cm™', attributed to Ta—O stretching and
Ta—0O-Ta bridging stretching mode [30, 36]. For CTAB, the
peak at 2916 cm™! and 2848 cm™! corresponds to asym-
metric and symmetric vibrations of —(CH,)— respectively,
while the peaks at 1472 cm™! and 1383 cm™! are attributed
to asymmetric and symmetric -C—H vibrations of the qua-
ternary ammonium moiety, respectively [17, 37, 38]. When
analyzing the spectra of AgBr and Br/NTO(20%), it can be
seen that both have the same peaks indicated for CTAB,
which confirms that both materials have an undetermined
amount of CTAB on their surface. Furthermore, in Br/
NTO(20%) spectra, it is possible observe the same broad
band between 500 cm™! and 800 cm™! indicated in NaTaO,
spectra (confirming the presence of NaTaO; in the coupled
sample), and the absence of the peak at 1383 cm™!, sug-
gesting that, the presence of NaTaO; in the AgBr/NaTaO,
samples might have some influence in the (CH3); N* vibra-
tions of the CTAB present in AgBr [17]. Finally, in all the
spectra, it is possible to observe a wide band between 3400
and 3500 cm~! and a narrow band at 1640 cm™!, related to
stretching and bending vibrations of O—H from absorbed
water molecules on the surface of the samples [34].

From this FT-IR analysis, it was possible to establish that,
despite repeated washing of the samples, a certain amount of
CTAB is retained on the surfaces of both the AgBr and the
AgBr/NaTaO; composites. According to the reference [37],
when the molar ratio of CTAB to silver nitrate is lower than

Transmittance (%)

T T T T T T T T T T T
3000 2500 2000 1500 1000 500
Wavelenght (cm™')

—
4000 3500

Fig.7 FT-IR spectra of the indicated samples

1.5/1, the product would be a light yellow color, correspond
to silver bromide crystal, free of CTAB. In our case, the
CTAB/AgNO; molar ratio was always 1.18/1, obtaining a
pale yellow material. Comparing the synthesis procedures of
this work with the mentioned reference, we can observe that
there is a difference in the initial concentrations of the aque-
ous solutions of CTAB and AgNO; used to prepare AgBr.
In this way, we can assume that, for the synthesis of AgBr
through aqueous solutions of AgNO; and CTAB, it is not
only important to control the molar ratio CTAB/AgNO;, but
also the concentration of the aqueous solutions of AgNO;
and CTAB.

Figure 6E and F shows the CAFA degradation profiles
under UV and visible light, respectively. Under both illumi-
nation conditions, the conversion of CAFA is higher with
the coupled AgBr/NaTaO;(X%) materials than with the
individual catalysts separately. In the case of single AgBr,
a higher adsorption capacity of CAFA is observed, and this
could be possible for two reasons: (i) the specific interac-
tions between Ag™ ions and carboxyl group of CAFA, as we
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Scheme 1 Illustrative representation of possible donor—acceptor
interaction between caffeic acid molecules and quaternary ammo-
nium cation of CTAB

suggest in a previous work [19]; (ii) a probable donor—accep-
tor interactions between the quaternary ammonium cation
(of the remaining CTAB in AgBr surface) and the hydroxyl
and carboxyl groups of CAFA, as illustrated in Scheme 1
[39]. Furthermore, it can be observed that, in the case of
the AgBr—-CTAB photo-catalyst, there is a decrease in the
CAFA conversion rate in the first 5 min of illumination (UV
or visible), and after that time, the conversion rate starts to
increase. This indicates that, during the first few minutes,
the incident light (UV or visible) causes a photochemical
desorption of some CAFA molecules from the AgBr sur-
face. In the case of single NaTaOj, a considerable adsorption
capacity of CAFA is observed. This suggests that there could
be some interaction between the hydroxyl and/or carboxyl
groups of CAFA and the sodium and tantalum cations (Na*
and Ta’*) on the NaTaOj surface. Nevertheless, despite the
initial adsorption, the final conversion percentages achieved
using NaTaO; are lower compared to those obtained using
the AgBr and Br/NTO(X%) samples, in both illumination
conditions (Fig. 6E and F). An additional information that
is important to mention is that there is a different behavior
between UV and visible light performance for CAFA deg-
radation using NaTaOj; as photocatalyst. Figure 8 shows the
evolution of the UV and visible absorption spectra during
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the photocatalytic degradation of CAFA using NaTaO; as
photocatalyst, under UV (Fig. 8A) and visible (Fig. 8B) illu-
mination. Under visible light, it can be noted that, after the
adsorption process in dark, a slow decrease of the maximum
peak at 312 nm occurs, without the appearance of additional
bands in the spectra. On the contrary, under UV illumination
conditions, it is observed that after the adsorption process
in the dark, in the first five minutes under UV light there is
a rapid decrease of the maximum peak at 312 nm, and from
then on, this decrease is slower. In addition, the simulta-
neous appearance of an absorption band between 360 and
400 nm is observed, which increases during the first 45 min
of UV illumination and decreases thereafter. This kind of
behavior of CAFA under UV light was observed in a previ-
ous investigation of our group [40], and can be explained on
the trans-caffeic acid degradation model, proposed in the
reference [41], which considers the following steps for the
degradation mechanism of frans-caffeic acid: (i) the revers-
ible trans/cis isomerization of caffeic acid, (ii) the genera-
tion of esculetin from cis-caffeic acid and (iii) the formation
of vinyl catechol and protocatechuic acid, by two different
pathways from frans-caffeic acid. A summary of these path-
ways of photodegradation of trans-caffeic acid is presented
in Scheme 2. According to this mechanism, under UV irra-
diation, trans/cis isomerization of caffeic acid occurs and,
from cis isomer, the photodegradation (in the presence of
NaTaO;) proceeds toward the formation of esculetin. In con-
trast, under visible irradiation, the cis isomer is not formed,
and photo-degradation of trans-caffeic acid proceeds to the
formation of vinyl catechol and protocatechuic acid. This
would be the reason why the absorption band between 360
and 400 nm is observed only under UV light.

As shown in Table 3 (see below), most of the studies
related to systems similar the one in the present study have
used RhB as a substrate for photocatalytic degradation. We

(B)
———CAFA 10mg/L
- min 0
min 5
min 10
———min 15

-min 30 | Vis
~——min 45
min 60
———min 90

Absorbance (a.u)

200 250 300 350 400 450 500
Wavelenght (nm)

Fig.8 UV-visible spectra obtained for various UV and visible illumination times of caffeic acid (10 ppm) in the presence of NaTaOj; catalyst
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Fig.9 The effect of pH on the adsorption capacity of AgBr, AgB1/
NaTaO;(75%) and NaTaOj; catalysts toward RhB

have indicated that the interfacial interaction between RhB,
MO and CA with the particles determines the observed dif-
ference in photo-catalysis, suggesting that surface charge
is a key factor as often invoked in these processes in the
literature. To further investigate this question, we conducted
a series of experiments on the adsorption capacity and pho-
tocatalytic conversion percentages of RhB at different pH
values. The initial concentrations of RhB were 10 ppm
(10 mg/L) with a catalyst dose of 1 g/LL in 100 mL volume,
for all experiments performed. Prior to the light-driven pho-
tocatalytic degradation process, the suspensions were kept
in the dark under continuous magnetic stirring for 20 min to
evaluate the adsorption capacity of the samples at different
pH values. Magnetic stirring and continuous air bubbling
were applied to provide a uniform suspension of the photo-
catalyst in solution.

Figure 9 shows the results of the adsorption percentages
of RhB under the experimental conditions referred to. It can
be seen that the two single components of the AgBr—NaTaO,
composite sample display adsorption capacity toward RhB
when tested as individual samples. However, it is interesting
to note that the adsorption capacity of RhB is sensitive to
the indicated pH values. Therefore, if the AgBr surface is
positively charged, the interaction between the catalyst and
the cationic dye (RhB) will be diminished, resulting in a
reduction of the adsorption capacity. Surprisingly, this is not
what the graphs in Fig. 9 show. Thus, assuming the result of
Tang et al. [17] that zeta potential of AgBr—CTAB is positive
over a wide pH range, although it decreases as the pH value
increases, one would expect a low adsorption capacity of
RhB at pH=2 given its cationic character, but the opposite
is observed. A plausible explanation for these results could
be related to the way in which RhB adsorbs on the AgBr
surface. Thus, given the structural characteristics of RhB,
the adsorption results of RhB with the AgBr catalyst should
not be associated with interactions of its cationic parts with
the surface of the material but rather with a possible donor
interaction of the rings of the molecule with the positively
charged surface of the catalyst in a planar situation. Assum-
ing this consideration, it is to be expected that at higher pH
values the adsorption capacity would be reduced since the
surface of the catalyst would be less positive under these
conditions.

If we observe the conversion percentages of RhB at dif-
ferent pH values using the AgBr/NaTaO;(75%) composite
(Table 2), we can see variations in the conversion rates of
RhB but cannot be rationalized according to a single fac-
tor, given that the pH of the reaction medium determines
the surface charge, the way in which the molecule (depend-
ing on its structure) is coupled to the surface centers, the
photo-sensitizing characteristics of the dye, etc. In any case,
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Table 2 Conversion percentages (%) of photocatalytic degradation of
RhB at different pH conditions using AgBr/NaTaO;(75%) as photo-
catalyst, under UV and visible illumination

pH uv Visible

60 min 120 min 60 min 120 min
2 77.5 91.7 40.6 58.3
5.5 74.7 90.5 59.5 80.3
10 62.2 77.8 39.9 58.5

it seems that the adsorption capacity of Br/NTO(75%) at
pH=5.5 is optimal to obtain acceptably good degradation
values of RhB both in the UV and in the visible.

In the case of NaTaO;, the adsorption of RhB change
with pH value, and this could be explained from the point
zero charge (PZC) of NaTaO; and the different forms of
RhB in aqueous solutions. For low concentrations solutions,
RhB has different molecular forms, which depend on the pH
solution, changing between cationic RhB (acidic conditions)
to zwitterionic RhB (basic conditions) (scheme inserted in
Fig. 9) [42, 43]. Moreover, according to Qian Cheng et al.
[44], the PZC of NaTaOj; (synthetized hydrothermally) is
3.5. Thus, at pH=2 the NaTaO; surface is positive charge
and has a low adsorption of RhB because the molecule is in
the cationic form. At pH=35.5 the RhB equilibrium still has
a higher concentration of cationic form, but now the NaTaO,
surface is negative charge, so this could explain the highest
adsorption at this pH. At pH=10 the NaTaOj; surface is
negative charge and RhB is in the zwitterionic conformation,
conditions that respond to low adsorption at this value of pH.

Finally, the adsorption of RhB in the surface of Br/
NTO(75%) would result from a combination of the phenom-
ena that occur on the AgBr and NaTaOj; surfaces at different
pH values, as shown in Fig. 9.

Reusability tests are an important part of studies of photo-
catalysts for practical applications. For this purpose, we have
evaluated the photocatalytic activity of the Bi/NTO(75%)
sample in the photocatalytic degradation of RhB in five suc-
cessive reuse cycles. The experiments were carried out using
the same reaction conditions as previously indicated for the
photocatalytic activity test. After 2 h of illumination (UV or
visible), the photocatalyst was recovered from the reaction
mixture by filtration, rinsed with deionised water and sub-
sequently reused in the next cycle. The results of percentage
conversion of RhB for every cycle are present in Fig. 10. As
can be seen, under both lighting conditions, high conversion
percentages are obtained in the first cycle, but there is a con-
siderable decrease in the conversion percentage thereafter.
Under UV illumination (Fig. 10A), this decrease continues
until the fourth cycle and then the percentage conversion
remains constant. Under visible illumination (Fig. 10B), the
conversion percentages are practically constant between the
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Fig. 10 Consecutive cycling runs in the photocatalytic degradation of
RhB using the Br/NTO(75%) catalyst, under UV (A) and visible illu-
mination (B)

second and fourth cycles, since in the fifth cycle the conver-
sion percentage drops considerably again.

To investigate possible causes for the loss of activity
observed during reuse, the following experiments have been
carried out. The Br/NTO(75%) sample used in the succes-
sive cycles of UV photocatalytic degradation of RhB, once
dried, was studied by XRD and XPS, and the results were
compared with those obtained for the sample before its use
as a photocatalyst; these comparative results are shown in
Figs. 11 and 12.

The XRD pattern of Bi/NTO(75%) composite (Fig. 11A),
it is similar to the patterns obtained with the other cou-
pled samples, where the peaks correspond to the mono-
clinic NaTaO; and cubic AgBr phases. However, after the
successive cycles of UV photocatalytic degradation of
RhB (Fig. 11B), the XRD pattern of Br/NTO(75%) pre-
sented two news peaks (indicated with orange triangles),
that correspond to cubic phase of metallic silver (JCPDS
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Fig. 11 XRD patterns of Br/NTO(75%) sample before (A) and after
(B) of the successive cycles of photocatalytic degradation of RhB

01-087-0718). The remaining peaks corresponding to metal-
lic silver are overlapped with the peaks belonging to cubic
AgBr. These results are agree with the change of color of the
composite after being illuminated with UV light, changing
from pale yellow to gray—black color.

Figure 12 shows the Ag 3d and Br 3p regions of the
coupled Br/NTO(75%) before (Fig. 12A and C) and after
(Fig. 12B and D) being used in the successive cycles of
UV- photocatalytic degradation of RhB. As previously stated
in the high-resolution XPS spectra of Bi/NTO(75%) sam-
ple, the peaks at 367.6 +0.1 eV and 373.6 +0.1 eV, cor-
respond to Ag 3ds,, and Ag 3d;, of Ag* in AgBr respec-
tively (Fig. 12A), and the peaks at 182.2+0.1 eV and
188.8+0.1 eV, assigned to Br 3ps, and Br 3p,,, of Br™ in

Fig. 12 XPS analysis of Ag 3d
and Br 3p regions on the surface
of Br/NTO(75%) sample before
(A, C) and after (B, D) of the
successive cycles of photocata-
lytic degradation of RhB

Intensity (a.u.)

367.6

AgBr respectively (Fig. 12C). After the successive cycles
of UV photocatalytic degradation of RhB, noticeable dif-
ferences are observed in the XPS profiles of Ag 3d and
Br 3p of the sample used. In the case of Ag 3d region, the
two peaks can be divided in two components. The peak
for Ag 3ds, is divided in two peaks at 367.6+0.1 eV and
368.6+0.1 eV, and the peak for Ag 3d,, is divided in two
peaks at 373.6+0.1 eV and 374.6 +£0.1 eV. According to
the above assignment, the peaks at 367.6 and 373.6 should
be assigned to Ag* of AgBr in Br/NTO(75%). Due to the
closeness of the binding energy values of the silver spe-
cies, it is difficult to assign the oxidation states of silver.
However, the shift of the Ag 3d peaks toward higher val-
ues of binding energies and the decrease in the intensities
of the Ag™ peaks of AgBr, are signs of the formation of
Ag0 [45, 46]. Thus, the two peaks at 368.6+0.1 eV and
374.6+0.1 eV (Fig. 12B) are assigned to Ag’ in the sur-
face of Br/NTO(75%) sample after successive cycles of UV
photocatalytic degradation of RhB, and this assignment is in
agreement with the metallic silver present in the XRD pat-
tern of this material after use under UV light (Fig. 11B). In
the case of Br 3p region, the two peaks can be divided in two
components. The peak for Br 3p5, is divided in two peaks at
182.2+0.1 eV and 184.9+0.1 eV, and the peak for Br 3p,,,
is divided in two peaks at 188.8+0.1 eV and 191.5+0.1 eV
(Fig. 11D). According to the above assignment, the Br 3p
peaks at 182.2 and 188.8 should be assigned to Br™ of AgBr
in Bt/NTO(75%). The two peaks at 184.9+0.1 eV and
191.5+0.1 eV can be assigned to Br species on the surface
of Bi/NTO(75%) composite, probably interacting with Ta>*
ions on the catalyst surface.

To further investigate the changes of the AgBr coupled
to the AgBr/NaTaO;(75%) sample during the reuse cycles,
the amounts of silver and bromide released into the reaction
medium after prolonged UV illumination (2 h under UV
illumination) have been evaluated. While the amount of Ag
found in the medium (with respect to the de-ionized water
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blank) is less than 0.001 mg/L, the amount of bromide is
16.2 mg/L. Taking into account the concentration of catalyst
used (0.1 g in 100 mL) and the molar percentage of AgBr in
the sample tested (AgBr/NaTaO(75%)), a simple calcula-
tion indicates that 2.02x 10> mol of bromide are released
into the medium, which represents a loss (in molar percent-
age) of approximately 7.62 mol % after 2 h of UV illumina-
tion. However, it should be noted that as a certain amount
of the CTAB is retained in the sample, part of the amount of
bromide released to the medium could come from the CTAB
in the sample itself. In any case, this result not only agrees
with the observations obtained by XPS and XRD, but also
indicates that AgBr coupled to NaTaOj is stable, transform-
ing Ag* to Ag® and retaining much of the bromide in the
sample (possibly bound to the Ta’* cations on the surface).

In accordance with above mentioned, it can be assumed
that the change in color of the coupled material Br/
NTO(75%), during the photocatalytic degradation of RhB,
corresponds to a change in the characteristics of the catalyst
toward a system with a composition different from the initial
one. The adsorbed Br species could cover and reduce the
reaction sites on the surface of the coupled material, and
this could be the reason for the decrease in his photocatalytic
activity during the successive cycles in the photodegrada-
tion of RhB. With these results, it can be mentioned that Br/
NTO(75%) does not have a rentable reusability, at least for
RhB degradation.

3.3 Proposed features for a tentative mechanism

In the previous section, it has been determined that the pho-
tocatalytic activity of the AgBr/NaTaO; composites not only
depends on the type of substrate to be degraded, but also on
the type of incident light, UV or visible. However, knowing
the positions of the conduction and valence bands of each
photocatalyst allows us to identify, among other things, the
migration of photogenerated charge carriers and the type of
heterojunction formed. The conduction band edge (CB) and
valence band edge (VB) positions of the synthesized parent
samples, AgBr and NaTaO;, have been estimated by the fol-
lowing empirical expressions [29, 47]:

Eys = x —E° + 0.5E,.

Ecg = Eyp — Eg.
where Eyg and Eg are the valence and conduction band
potentials, respectively, E® is the energy of free electrons
on the hydrogen scale (about 4.5 eV vs. NHE), and  is
the electronegativity of the semiconductor, were the values
for AgBr and NaTaO; are 4.42 eV [19] and 5.50 eV [47],
respectively. According to these expressions, the Ey and
Eg values for AgBr were calculated to be 1.21 and -1.37 eV
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vs. NHE, respectively, while the Eyy and Eqg values for
NaTaO; were 2.89 and -0.89 eV vs. NHE, respectively, as
plotted in Fig. 13. Based on these results and the position
of CB and VB of AgBr and NaTaO;, the heterojunction
between these two photocatalysts corresponds to a type
II junction, which is the most desirable for photocatalysis
[48]. The schematic illustration of Fig. 13 describes the
formation of staggered gap (type II) heterojunctions at the
interface of AgB1/NaTaO; composite. When the compos-
ite is illuminated (UV or visible light), this heterojunction
facilitates the transfer of photogenerated electrons from the
CB of AgBr to the CB of NaTaOjs; in the same way, the
photogenerated holes in the VB of NaTaO; are transferred
to the VB of AgBr (only under UV light). This process leads
to an improvement in the spatial separation of the gener-
ated charge carriers, which increases their photocatalytic
activity, in line with strategies reported in a recent review
[1]. According to the results obtained in the photocatalytic
activity of the coupled materials AgBr/NaTaOj; in the deg-
radation of RhB and caffeic acid, it can be determined that
a synergistic effect is obtained in the heterojunction of both
materials, which increases the photocatalytic activity of the
coupled system compared to that obtained by both parent
materials under the same operating conditions; this charge
transfer mechanisms have been suggested for the develop-
ment of photocatalysis [1].

Some radicals are obviously present in the mechanism
proposed in Fig. 13, which could be involved in the pho-
tocatalytic oxidation process. The estimated VB edge of
NaTaO; (2.89 eV) is more positive than the standard redox
potential of «OH/OH™ (1.99 eV) [49], so the photogen-
erated hole (h') is more oxidative than eOH radical. The
standard redox potential of 0,/0,°” (— 0.33 eV) [19] is

’
| Toxic substrate |
:\ degradation by O, |

Y

NaTaO, 3.77eV

Potential vs NHE (eV)

.
| Toxic substrate |
| degradation by h* ’:

________________

Fig. 13 Proposed schematic mechanism according to a type II junc-
tion scheme for the AgBr/NaTaO; composite
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less negative than de CB of AgBr (— 0.89 eV) and NaTaO,
(— 1.37 eV), which indicate that both semiconductors can
reduce molecular oxygen. Nevertheless, depending on the
acidic or basic conditions of the medium, the properties of
0,°” are different, because at pH close to 4.8, the addition
of a proton to O,°~ occurs. [50]. Since the solutions used
in our experiments have pH close to 5 and according to the
standard redox potential of {O,, H/eO,H} (— 0.046 €V)
[50], is possible that O, can be reduced to ¢O,H in the CB
of the two photocatalysts during the electron transfer.

Additionally, the dye sensitization plays an important role
in the photocatalytic degradation of RhB and MO. The low-
est unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO) are — 1.0 and 1.1 eV
vs. NHE for RhB [51] and — 1.87 and 0.14 eV vs. NHE for
MO [52]. For RhB and MO, their photo-excited electrons in
the LUMO of these dyes can be transferred to the conduction
band of NaTaOj; catalyst, because the LUMO of RhB and
MO (— 1.0 and — 1.87 eV vs. NHE respectively) are highest
than the conduction band of NaTaO; (— 0.89 eV vs. NHE).
In addition, the LUMO of MO is even highest than con-
duction band of AgBr (— 1.37 eV vs. NHE), so the photo-
excited electrons in MO can be transferred to the conduction
band of NaTaO; or AgBr. In summary, the suitable band
alignment of the LUMO-HOMO of the dyes and the bands
edges of the catalysts, enhanced the photo-energy conversion
efficiency observed for RhB and MO degradation.

As stated in the introduction to this work, the construc-
tion of heterojunctions by coupling two semiconductors has
proven to be one of the most efficient ways to realize the
spatial separation of photoexcited electron—hole pairs; the
coupling between AgBr and NaTaO; is within the context of
that goal. If the two semiconductors possess different Fermi
energy (Ep) levels or work functions, an integrated electric
field is expected to form at the heterojunction interface due
to the spontaneous diffusion of electrons from the semicon-
ductor with the higher Eg to the one with the lower Eg. It
should be noted that the formation of the integrated elec-
tric field at the heterojunction interface and the operation of
photoexcited carrier transfer depend on many factors, such
as the semiconductor (p-type or n-type), the Fermi level (or
work function), conduction band/valence band potentials of
the semiconductors, etc.; so positioning the band alignment
in the AgB1/NaTaOj; heterojunction and setting the LUMO/
HOMO values (of each organic) there would be complex but
rigorously correct. In truth, in the schematic presented in
Fig. 13, the energies represented are those estimated without
contact between the semiconductors and this is a simplifi-
cation of the system given that upon contact between the
two semiconductors, the energy levels would be drastically
readjusted, and band bending would occur. However, regard-
less of whether we agree with the above observation, we
maintain the way of presenting the diagram as shown in

Fig. 13, mainly because in the scientific literature diagrams
are described in the way we present the diagram here, being
qualitatively valid for a tentative proposal of the mechanism,
as we have used in other previously published works [19, 34]
and other authors also present it in this way [12, 14-16, 24,
31, 35, 45, 47].

Before concluding this work, it is convenient to compare
our results with those obtained by other authors using other
similar materials. Table 3 presents a summary of some works
in which materials like those synthesized in this work have
been tested for the study of the degradation of the organic
pollutants indicated and the operating conditions of each
investigation. From the results referenced in this table, it
can be seen that, in almost all the works mentioned, a single
substrate was used to evaluate the photocatalytic activity of
the materials, with the RhB dye being the most commonly
used, which also has a photo-sensitizing effect, which could
not have been considered. In our work, we have used two
dyes, RhB and MO, and this has shown that our catalysts
have a higher affinity for anionic dyes (such as MO), due to
the CTAB molecules on the surface of the material. For this
reason, the AgBr/NaTaO;(50%) coupled material achieves
a higher adsorption and degradation of MO compared to
RhB. In addition, the photo-activity on a colorless substrate
(CAFA) was also evaluated, obtaining high degradation per-
centages under both UV and visible light. In summary, it
can be concluded that the synthesized AgBr/NaTaO;(50%)
photo-catalyst has a considerable RhB degradation under
UV illumination, and an excellent catalytic performance for
MO and CAFA degradation in both UV and visible illu-
mination conditions. Regardless of this, we think that our
work brings new insights to the study of the NaTaO; system
coupled with AgBr.

4 Conclusion

NaTaO; was synthesized hydrothermally and then coupled
with AgBr at different molar ratios by in situ AgBr deposi-
tion on water suspension of NaTaO;. From the characteri-
zation results, we obtained a successful coupling between
AgBr and NaTaOj, and the AgBr/NaTaO; composites are
particles with different sizes and morphologies. NaTaO; is
only photoactive under UV irradiation, while the coupled
samples and single AgBr can absorb visible light; in addi-
tion, these samples have an undetermined quantity of CTAB
on their surfaces, from the remaining CTAB used as a source
of Br in the synthesis of AgBr.

Singles and coupled samples were used for photodegra-
dation three different toxic substrate: rhodamine B (RhB),
methyl orange (MO) and caffeic acid (CAFA) under two
illumination conditions (UV and visible light). Compared
to single AgBr and NaTaO; photocatalysts, AgBr/NaTaO,
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Table 3 Comparison of the photocatalytic performance of as-prepared photocatalyst with other reported photocatalysts

Photocatalyst Light source Targer pollutant Conc. (mg/L) Volumen (mL) Mass Degradation (%) Time (min) References
composite
(mg)
(30 wt%)AgsPO,/ Visible RhB 10 100 100 97 25 [53]
NaTaO,
(7:3 wt. ratio)Ag,0/ Visible RhB 10 100 50 89.6 100 [29]
NaTaO;
(50 wt%)CuBi,0,/ Visible MB 20 60 100 96 100 [47]
NaTaO;
(H-3)AgCl/Ag,0/ Visible RhB 10 100 50 96 60 [33]
NaTaO;
(20 wt%)G/g-C;N,/ Visible RhB 20 80 30 100 70 [30]
NaTaO;
(2% molar)La-NaTaO; UV ST 10 100 100 90 120 [26]
(8:1 molar ratio)CdS/  Visible RhB 0.50 100 50 97.2 110 [54]
NaTaO;
(s-800)S,N-NaTaO4 Visible RhB 20 100 100 95 60 [55]
(0.6:1 molar ratio)Ag- Visible RhB 10 100 100 85 240 [56]
NaTaO;
(70 wt%)AgBr/ Visible MO 6.5 50 50 90 30 [46]
AgTaO,
AgBr/NaTa0;(50%) UV RhB 10 100 100 93.0 120 This study
MO 20 100 100 92.9 45
CAFA 10 100 100 914 120
Visible RhB 10 100 100 69.0 120
MO 20 100 100 92.6 60
CAFA 10 100 100 90.9 120

Bold values indicate the numbers corresponds to % degradation achieved with RhB, MO and CAFA
RhB rhodamine B, CAFA caffeic acid, MO methyl orange, MB methylene blue, ST safranine T

composites show higher photocatalytic activity for RhB
and CAFA degradation under both illumination conditions.
It was observed that the adsorption capacity exhibited by
AgBr/NaTaO; composites and single AgBr is highly depend-
ent on the characteristics of the substrate, whether it is cati-
onic or anionic. Thus, the interactions between the quater-
nary ammonium cation (of the CTAB molecules present
on the surface of the AgBr/NaTaO; composite and plain
AgBr) with the hydroxyl and carboxyl group of CAFA and
the negative charge of the MO could be the reason for the
enhanced adsorption capacity of these substrates, while for
RhB the cationic and zwitterionic forms (sensitive to pH
values) may condition its adsorption capacity and form with
the NaTaO; surface.

The heterojunction between AgBr and NaTaOj; corre-
sponds to a type II junction, and the coupling of these two
catalysts generates a synergistic effect that improves their
photocatalytic activity, compared to that obtained by both
parent materials under the same operating conditions.

The AgBr/NaTaO; coupled materials have proven
to be possible candidates for water remediation by

@ Springer

heterogeneous photocatalysis under UV or visible light.
Our results provide new insights for the development of
visible light photocatalysts, in particularly when the wide
band gap NaTaO; semiconductor is used.
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