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ARTICLE INFO ABSTRACT

Keywords: Monoclinic bismuth vanadate (BVO) has gained attention as a low-cost and promising visible light photocatalyst

BiVO, but suffers from fast charge carrier recombination. The present study reports the controlled photoreduction

Photoc;atalysts deposition of different Pt-based co-catalysts on the surface of BVO to address this drawback and brings a detailed

Coc‘fﬁa ysts discussion on the role of the oxidation state of Pt in determining the photoactivity of the photocatalysts. Results

Platinum oxide . . . . .

. . evidenced the presence of both metallic Pt and Pt oxides on the surface of BVO, with proportions that depended

Photocatalytic degradation ; . . o X
on the photoreduction time. The photocatalytic activity towards degradation of three model dyes revealed that
platinum oxides (PtO,, x = 1 or 2) or a mixture of Pt°/PtO, species act out as better cocatalysts than Pt°, with an
almost 4-fold higher apparent quantum yield for the optimized sample. The enhanced photoactivity of BVO/Pt/
PtOy photocatalysts was attributed to their improved visible light absorption and enhanced charge carrier sep-
aration than pristine BVO or BVO/Pt. This study provides important insight into and a better understanding of
the general photodeposition strategy employed to prepare semiconductor/metal (photo)catalysts on one hand
and highlights the role of the oxidation state of deposited metal in determining the properties of composite
(photo)catalysts on the other.

however, require UV light for their photoexcitation, which represents
only 3-5% of the solar spectrum, thus limiting the practical utility of

1. Introduction

The rapid growth in the global population and corresponding unre-
strained growth in industrial and agriculture sectors have constantly
been perturbing our natural biosphere, leading to serious problems of
environmental pollution, particularly water pollution [1]. This has not
only resulted in scarcity or unavailability of potable water to a large
portion of the world population but is also responsible for the speared of
serious water-borne diseases [2]. Various classical and advanced water
treatment methods have thus been developed to combat this serious
problem of water pollution [3]. Among these, advanced oxidation pro-
cesses (AOPs); particularly heterogeneous photocatalysis based on
semiconductors [4,5], have attracted great attention. The most widely
used wide bandgap semiconductor photocatalysts (TiOz, ZnO),
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heterogeneous photocatalysis [5,6]. For effective utilization of natural
sunlight as an abundant source of energy, a great deal of research has
been dedicated to the development of new photocatalytic materials that
can absorb a wider portion (UV-to-NIR) of the solar spectrum [7-9] and/
or to the improvement of photoactivity of the already existing photo-
catalysts [10-13]. Of particular interest is the development of visible-
light-driven photocatalysts [10,13-21] such as BiVO4, CuO, BisMoOg,
MoS;, CdS, AgsPO4, WO3, among others that may allow the imple-
mentation of solar light-driven photocatalysis as a practical and viable
solution to the real-world problem of environmental pollution. Recently,
bismuth-based compounds such as BiVOy4, CuBizO4, BisSs3, BisMoOg,
BiOBr, and BiFeOs have been extensively investigated [13,15,22-24],
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among which BiVO4 [12,15,22,25], a ternary metal oxide has stood out
high for being one of the most promising visible light photocatalysts for
oxygen evolution [11,12], CO, reduction [26] and photodegradation of
organic and emerging pollutants [11,12,27]. These applications of
BiVO4 stem from its promising photocatalytic activity, excellent visible
light absorption, low toxicity, low cost, and chemical stability [12,22].

BiVO4 has three main crystalline structures: monoclinic scheelite
(ms), tetragonal zircon (tz)-type, and tetragonal scheelite (ts) [28,29].
The ms-BiVO, structure consists of Bi coordinated by eight O atoms
(forming BiOg dodecahedron) and V atoms coordinated by four O atoms
(forming a VO4 tetrahedron). Each O atom in the structure is then
bonded to two Bi and one V atoms, thus holding the Bi and V centers
together, forming a 3D structure [29]. The oxidation states of its three-
elements are Bi®* (5d'° 6s2), V°* (3d®) and 0% (2p®). Moreover, the
valence band (VB) in ms-BiVOy is formed by the O 2p coupled to Bi 6s
states, while the conduction band (CB) is formed by the V 3d states with
contributions of O 2p and Bi 6p states. On the other hand, the VB in the
ts-BiVOy structure is formed only by the O 2p states.

Despite the good visible-light photocatalytic activity reported for ms-
BiVOy4 [7], it carries certain limitations such as low electron mobility
and high recombination rate of charge carriers (e /h™") which restrict its
efficiency [28,30]. To address these fundamental limitations and further
improve the photocatalytic activity of BiVO,, different strategies
including morphological/facets control, heteroatom/defect doping, co-
catalysts deposition, and construction of heterojunction with other
semiconductors has been recently explored [10,12,15,29].

The deposition of noble metals on semiconductor particles has been
reported to improve their photocatalytic efficiencies [10,31,32]. The
enhancement in photoactivity of BiVO4 upon metal deposition results
from the fact that the Fermi level of the latter is generally lower than the
CB of the semiconductor. This allows the flow of photoexcited electrons
from the CB of the semiconductor to the surface-deposited metal, leav-
ing the holes in the VB of semiconductors free for efficient oxidation of
organic molecules. Metals with large work functions (such as platinum)
serve well as a sink for the photoexcited electrons coming from the CB of
the semiconductor and thus is an ideal cocatalyst for the construction of
efficient semiconductors/Pt photocatalytic assemblies [33-35].

Among the various methods available for deposition of metal/metal
oxides, photoreduction of metal ions/complexes on the surface of BiVO4
is preferable as it allows control of the deposition and loading of metal/
metal oxides on its surface by simply controlling the time of irradiation
or metal precursor concentration [36,37]. Though several studies have
reported the formation of Pt° as a result of photoreduction of Pt-based
salts on a semiconductor surface (for instance, TiO3) [38,39], reports
and proper characterization of photodeposited Pt species over BVO
surface are scarce [40-42]. Moreover, little attention has been paid to
the presence of different Pt species with varying oxidation states and the
role they play in determining the photocatalytic performance of the Pt/
photocatalyst systems. A deeper discussion of the oxidation state of Pt in
BVO/Pt composite photocatalysts is essential to properly understand the
composition-photoactivity relationship. The present study reports the
controlled photodeposition of different Pt species (Pt’/Pt**/Pt>*) on the
surface of m-BiVO4 and the role of the Pt oxidation state on the photo-
activity of the BiVO4/Pt/PtOy photocatalysts, as measured by photo-
oxidation of three model organic pollutants (methylene blue (MB),
methyl orange (MO), and Rhodamine B (RhB)).

2. Experimental
2.1. Chemicals

Bismuth(IIl) nitrate pentahydrate (Bi(NOs)3-5H20, 98%), ammo-
nium metavanadate (NH4VOs3, 99%), and chloroplatinic acid hexahy-
drate (HyPtClg-6H20) were purchased from Sigma Aldrich (Brazil) and
Methyl Blue (MB) from Vetec, Brazil. All reagents were used without
additional purification.
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2.2. Synthesis of BVO nanoflakes

We synthesized the BVO powders as previously reported by our
group [43]. Briefly describing, 8 mmol of Bi(NO3)3-5H20 and 8 mmol of
NH4VO3 were separately dissolved in 11 mL aqueous solution of HNO3
(2.0 M) and 19,8 mL of NaOH solution (2.0 M), respectively. Firstly,
these solutions were kept under sonication for 30 min (UltraCleaner®
1400A 40 kHz) and, in sequence, magnetically stirred for another 30
min. After complete solubilization, the Bi(NO3)3 solution was dropwise
added into NH4VOg3 solution under stirring and a yellow suspension was
obtained. This suspension was magnetically stirred for 150 min, fol-
lowed by its pH adjustment to 5.5. The reaction mixture was transferred
into a 110 mL Teflon-lined stainless-steel autoclave and carefully sealed.
The hydrothermal reaction was performed inside an oven at 140 °C for 6
h with a heating rate of 5 °C min~". After cooling down to room tem-
perature, the final precipitate was centrifuged at 4500 rpm for 15 min
and then washed four times with deionized water and once with ethanol.
The obtained yellow powder was dried at 60 °C for 12 h under ambient
conditions.

2.3. Preparation of the BVO-Pt

Platinum (Pt)-based nanoparticles were deposited onto BVO via a
photoreduction method. Briefly, 234 mg of the as-synthesized BVO were
added to a beaker containing 250 mL of a 10% (v/v) water/methanol
solution. In this case, methanol is added to scavenge the photogenerated
holes leaving more electrons available for the reduction of the oxidized
platinum species. Different Pt loadings (0.5, 0.75, and 1% Pt (w/w)) on
BVO were achieved by adding an amount of HyPtClg (0.1 M) to the re-
action mixture followed by irradiating with a 150 W Hg vapor lamp for
90 and 480 min. A visual change in the color of BVO from yellow to
green is observed after photodeposition of Pt-based particles on its
surface. All samples were washed three times with water and dried for
approximately 12 h for the complete evaporation of the solvents.

2.4. Characterization

The morphology and size of the pristine BVO and BVO-Pt were
studied using a Zeiss-Sigma scanning electron microscope equipped
with a field emission gun (FEG-SEM) and a high-resolution transmission
electron microscope (JEOL — JEM 2100F), equipped with a field-
emission gun and operated at 200 kV. X-ray powder diffraction (XRD)
patterns, in the range 20 < 26 < 80 and with an angular step of 0.02° and
counting time of 5 s per step, were obtained using a Bruker X-ray
diffractometer employing Cu Ka radiation. The surface chemical
composition of the samples was studied by X-ray photoelectron spec-
troscopy (XPS) using a conventional XPS spectrometer (Scienta Omicron
ESCA+) equipped with a high-performance hemispheric analyzer
(EAC2000) and monochromatic Al Ka (hv = 1486.6 eV) radiation as the
excitation source. The operating pressure in the ultra-high vacuum
chamber (UHV) during the analysis was 10~° Pa. The high-resolution
XPS spectra were recorded at constant pass energy of 20 eV with 0.05
eV per step. UV-Vis diffuse reflectance spectra of the powders were
obtained using a LAMBDA 650 UV-Vis spectrometer (PerkinElmer)
equipped with an integrating sphere and were transformed to absorption
spectra by the Kubelka—-Munk method. The Raman spectra were recor-
ded by a Raman spectrometer (SCIAPS, Advantage 532), using a 532-nm
laser source for excitation. Steady-state photoluminescence (PL) spectra
were recorded under 375 nm excitation using a Fluorolog-3.11 spec-
trofluorometer (Horiba Jobin Yvon, Paris, France) equipped with a 450
W ozone-free xenon lamp and a photomultiplier detector sensitive in the
range of 200-850 nm. The time-resolved PL was measured by the time-
correlated single-photon counting technique (Horiba Jobin Yvon, Paris,
France) using the excitation of a Horiba NanoLED-390 at 390 + 10 nm
peak wavelength and pulse width <1.2 ns. Electrochemical impedance
spectroscopy (EIS) was performed using an AutoLab® potentiostat/
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galvanostat, with a standard three-electrode system. The photoelectrode
preparation was carried by sonicating 4 mg of the as-prepared BVO (or
BVO-Pt) powders in 2 mL of HO containing 80 pL of Nafion solution (5
wt%) and then drop-casting 200 pL of catalyst ink directly onto a limited
area of 1 cm™2 of pre-cleaned fluorine-doped tin oxide (FTO) glass
substrate. These films were used as the working electrode in a three-
electrode configuration electrochemical cell, while a saturated calomel
electrode was used as the reference electrode and a platinum wire as the
counter electrode. A 0.5 M NaySO4 solution (pH 6.6) was used as the
electrolyte. EIS measurements were conducted with frequencies varying
from 40 mHz to 100 kHz, the amplitude of 10 mV, and applied potential
set as 0 V vs. the open circuit potential (OCP), under dark conditions.
The Mott-Schottky (M-S) analyses were obtained by ranging the applied
potential from —0.8 to 0.4 V at 1000 Hz.

2.5. Evaluation of photocatalytic activity

The photocatalytic activity of BVO and BVO-Pt samples was evalu-
ated through the photodegradation of selected azo dyes (MB, MO, and
RhB). Initially, in each experiment, 25 mg of the photocatalyst were
dispersed in 25 mL aqueous MB solution (10 mg L), Before irradiation,
the photocatalyst/dye suspension was magnetically stirred under dark
for 30 min to allow dyes adsorption on the photocatalyst and achieve
adsorption—desorption equilibrium. Subsequently, the suspension was
irradiated using a solar simulator (Abet Tech model 10500), equipped
with a 150 W xenon lamp and an AM1.5G filter for ensuring the
reproducibility of the solar spectrum. The system was calibrated for
irradiating approximately 300 mW cm™2 by using an Abet Tech cali-
bration cell (model 15151). The suspension was kept under magnetic
stirring during the illumination and aliquots of 300 uL were collected at
intervals of 5 min and centrifuged to remove the photocatalyst for
analysis of the supernatant by UV-Vis spectroscopy. A scheme of the
experimental setup used for the photocatalytic experiments is presented
in Fig. S1. All experiments were carried out in triplicate. Once the best
sample was determined, the photodegradation of MO and RhB was also
studied under the same experimental conditions. The percentage
degradation of each dye was calculated based on the decrease in the
intensity of the peak of maximum absorption (Ayax of 664, 553, and 464
nm for MB, RhB, and MO, respectively) in the corresponding electronic
absorption spectra of the dye.

The apparent quantum efficiency was calculated using previously
reported procedures by our group [16,18]. To obtain quasi-
monochromatic radiation at 420 nm, a 50 W blue light-emitting diode
(LED) lamp (A = 420 + 10 nm) was used. The irradiance (E) measured
under these conditions was 1330 Wm ™2 and was converted into photon
flux (Eqr) using the following relationship [16,18]:

Egr = E x A x 0.836 x 1072 = 4669.9 pmol of photons m 2 s~ .
The AQE was calculated using the following equation.

photodegraded molecules [mol m=2 s7!]

EQA = x 100

Egr [mol m=2 s71]

The numerator in the above equation was obtained by monitoring
the light absorption peak of the MB located at 664 nm. For this, the
absorbance value was converted to concentration (mol m~2 s™!) after
using a calibration curve obtained with different MB concentrations and
by considering the focused area of the incident light of © x 10™% m?,
measured at the position of the liquid surface.

3. Results and discussion
3.1. Characterization

The crystalline features of the pristine BVO sample were investigated
by XRD analysis. The X-ray diffraction pattern and the respective
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Rietveld refinement are shown in Fig. 1a.

The narrow diffraction peaks of the sample matches that of the
monoclinic scheelite phase (ICSD file 01751866), indicating the for-
mation of well-crystalline ms-BVO, with a unit cell belonging to the
spatial group I112/b, with refined cell parameters of a = 5.18 A, b =
5.08 A, ¢ =11.67 A, a = p = 90° and y = 90.36° and a preferential
orientation along with {040} facets, in accordance to the literature [43-
45]. As expected, the XRD peaks of Pt-deposited BVO samples were
identical to that of pristine BVO due to the low Pt content under the
detection limit of the equipment. The results extracted from the Rietveld
refinement are summarized in Table S1 and Fig. S2. Through the unit
cell (Fig. S2), it can be seen that each V atom is coordinated by four O
atoms forming a VO4 tetrahedron, while each Bi atom is coordinated by
eight O atoms constituting a BiOg dodecahedron, as reported in the
literature [46]. Besides, some Bi and O vacancies were included for the
best fitting, as presented in Table S1 and Fig. S2.

Raman spectroscopy analysis was performed to probe the structure
of BVO and BVO/Pt (Fig. 1b). Four peaks were observed in all Raman
spectra, all of which correspond to the ms-BVO [7,47] despite the
presence of photodeposited platinum either by photoreduction during
90 or 480 min. The highest intensity Raman band around 827 cm™!,
which is sensitive to changes in the local structure of BVO, is assigned to
the symmetrical stretching mode (vs) of the V-O bond. A closer in-
spection of this band shows a slight shift to a higher wavenumber region
correlated to a change of V-O bond when Pt species are deposited on
BVO and lies at 830.2 cm ™! for the BVO-Pt(480 min) sample. This in-
dicates a slight change in the local structure of BVO after Pt photore-
duction and a close contact or interaction between the two components
of the composite photocatalysts. Furthermore, the length (L) of V—O
bond calculated based on the Raman stretching frequency (v (em™ 1)
using the formula v [cm_l] = 21349 exp(—1.9176L [f\]) [48] was found
to be 1.695 A and 1.693 A for BVO and BVO/Pt(480 min) samples,
respectively. Such a blue shift in the Raman band position has also been
previously observed for gold-loaded TiO films and surface-active agent
coated TiO nanoparticles and assigned to local lattice distortions at the
Au/TiO, interface in the former case [49,50]. It is well-known that the
surface atoms of nanoparticles (BVO in this case), with somewhat lower
coordination number or missing neighboring atoms, are bound by weak
forces and show vibration at lower wavenumbers as compared to atoms
present inside the particle surface. Photoreduction of Pt on the surface of
BVO may slightly change the surface energies and bonding situation/
interactions, possibly producing compressive stress, leading to some-
what tighter packing and hence a blue shift of the corresponding Raman
bands to high wavenumber [50], in corroboration with a slight decrease
in the V—O bond length. The other three Raman bands at 708, 366, and
325 cm ! are attributed to the asymmetric stretching mode (v,5) of the
V—O bond, and the asymmetric (8,5) and symmetric (8;) angular
deformation modes of the V—O in VO4>~ tetrahedrons, respectively
[47]. The other two characteristic Raman bands of ms-BVO, which are
expected at around 213 and 129 cm ! and refer to the rotation and
translation modes respectively [51], could not be observed due to the
operational limit of the equipment used.

The morphology of the BVO and BVO/Pt was evaluated to under-
stand the nature and size of the platinum-based particles photodeposited
on the surface of BVO, as shown in Fig. S3. As a result, FEG-SEM images
of BVO show irregular branch-shaped particles, with an estimated
average size of 204 + 66 nm, as obtained before [43]. After Pt photo-
deposition, HRTEM images confirmed the formation of <10 nm Pt-based
NPs on the surface of BVO (Fig. S3). Besides, the observed interplanar
distances of 0.28 nm and 0.33 nm may be attributed to the (004) planes
of the ms-BVO (ICSD file no. 01751866) and the (110) planes of
orthorhombic PtO, (ICSD file no. 431045), respectively, as a first indi-
cation that the Pt content was not fully reduced to Pt’.

The XPS characterization of pristine BVO confirmed the presence of
V>* and Bi®" in this sample (see Fig. S4 and Table S2 for more details).
Besides, we carefully analyzed the O 1s region (Fig. S5 and S4b) and Pt
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Fig. 1. (a) XRD pattern and Rietveld refinement of the pristine BVO sample; (b) Raman spectra of BVO and BVO/Pt 0.75% samples.

4f regions (Fig. 2) using high-resolution XPS to better characterize the Pt
oxidation states.

The Pt 4f high-resolution spectra revealed two main components due
to the spin—orbit coupling, namely Pt 4f; 5 and Pt 4f5 5, as expected. For
BVO/Pt 0.75% (90 min) sample (Fig. 2a), adequate peak-fitting of the
high-resolution spectra could be done considering three different
oxidation states for Pt. The three Pt 4f;,5 components located at 74.84,
72.83 and 71.21 eV (Table 1) could be attributed to PtO5 (38.79 %), PtO
(50.78%) and pt° (10.43%), respectively [39,52]. We could not observe
any characteristic photoemission peaks in the expected Cl 2p region,
excluding the possible presence of PtClg?~ and/or PtCl4%~ ions on the
surface of BVO. XPS analysis thus suggests the presence of both Pt® and
PtOy on the surface of the BVO/Pt 90 min sample.

For the higher photodeposition time (480 min), the same three
oxidation states (Pt*"/Pt?*/Pt®) were considered, with their corre-
sponding Pt 4f; 5 components located at 74.70 eV, 72.28 eV, and 70.41
eV. As expected, the relative amounts of the different Pt species change
upon longer irradiation [39,52,53] and were found to be 2.06% (PtO5),
25.55% (PtO), and 72.39% ) (Fig. 2b and Table 1). It turns out that
the increase in photoirradiation time results in the formation of a larger
amount of Pt°, accompanied by a sharp decrease in the proportion of
oxidized Pt and, for the BVO/Pt 0.75% (480 min) sample, Pt is the
dominant specie, though a complete photoreduction of HoPtClg to Pt°
could still not be achieved. These assumptions were validated by the O
1s high-resolution spectra analysis (Fig. S5 and Table S3). The values of
the binding energies and percentages of area of each Pt 4f; /5 component

Table 1
Values of binding energy and peak area of Pt 4f;,» components obtained by XPS
before and after MB photodegradation under simulated solar irradiation.

Species BVO/Pt/PtOy 0.75% 90 min BVO/Pt/PtOy 0.75% 480 min
Binding energy (eV) Area (%) Binding energy (eV) Area (%)

Before MB photodegradation

pt° 71.21 10.43 70.41 72.39

pt?* 72.83 50.78 72.28 25.55

pt* 74.84 38.79 74.74 2.06

After MB photodegradation

pt° 70.61 35.55 70.97 95.46

pt?* 72.21 53.54 72.93 4.54

pt** 74.63 10.91 - -

are reported in Table 1. Hereafter, the BVO/Pt samples will be named
BVO/Pt/PtOy since they present a mix of different platinum oxidation
states.

The optical properties of BVO and BVO/Pt/PtOyx samples were
studied by DRS measurements in the visible region. The absorbance-
transformed DRS spectra and the corresponding Tauc-plots are shown
in Fig. 3.

For BVO, the absorbance dramatically drops around 500 nm which is
a characteristic feature of the semiconductor band edge (Fig. 3a). The
indirect bandgap of pristine BVO before and after Pt/PtOyx NPs photo-
deposition was estimated from the Tauc Plots [16,18] as ~2.4 eV

Intensity (a.u.)

84 82 80 78 76 74 72 70 68 84 82 80 78 76 74 72 70 68

Binding Energy (eV)

Fig. 2. Pt 4f high-resolution XPS spectra of (a) BVO/Pt 0.75% (90 min) and (b) BVO/Pt 0.75% (480 min) samples.
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Fig. 3. (a) Absorption-transformed DRS spectra of BVO and BVO/Pt samples (photoreduced for 90 min) and (b) their corresponding Tauc-Plots obtained by
considering BVO as an indirect bandgap semiconductor. (¢) Comparison of the absorption spectra of BVO and BVO/Pt/PtO, samples photoreduced for 90 and

480 min.

(Fig. 3b, Fig. S6), in accordance with the reported bandgap for ms-BVO
[54]. In addition, the bandgap of BVO did not change upon Pt/PtOx NPs
photodeposition for 90 and 480 min (Fig. 3b) and suggests that the NPs
were only deposited on the surface of BVO and should work as co-
catalysts. Moreover, the BVO light absorption extended through the
entire visible region with a non-zero absorption even at 700 nm (Fig. 3a
and c), which has been previously related to structural defects [55].
Upon deposition of Pt/PtOy NPs, the light absorption in the 500-700 nm
wavelength region increased significantly, in corroboration with yellow-
to-greenish color change observed after the photodeposition process
(Fig. 3c inset). In fact, the higher the amount of platinum deposited or
the longer the photoreduction time, the greater is the light absorption in
the 500-700 nm region. It shows that the gain in visible light absorption
scales with the increase of metallic platinum.

3.2. Photocatalytic activity of the BVO and BVO/Pt/PtO,

The photocatalytic activity of pristine BVO and BVO/Pt/PtOy sam-
ples (photoreduced for 90 min, unless another value is indicated) with
different Pt content was first studied through the photodegradation of
the MB dye (Fig. 4a). Clearly, the MB concentration has not changed
much with the irradiation time in the absence of photocatalysts. Pristine
BVO could photodegrade around 50% of MB in 30 min, with a photo-
activity overperformed by the Pt-deposited samples. For instance, after
10 min of irradiation, the BVO containing 1.0% and 0.75% of Pt, and the
pristine BVO photocatalysts could photodegrade 100%, 98%, and 35%
of the MB dye, respectively. The effect of Pt loading on BVO is evident

from a comparison of the pseudo-first-order kinetic constants (k) of dye
removal in the presence of BVO and BVO/Pt/PtOy samples (Fig. 4b). The
kinetic constant increased by a factor of 8.7 in going from pristine BVO
(k=0.03min" Y to BVO/Pt/PtOy 0.75% (k = 0.26 min’l), showing that
the photodeposited Pt accelerates the photodegradation of the MB. The
photoactivity of the 1% Pt sample is slightly superior to the 0.75% that
could be considered optimal concerning the cost/benefit ratio. Hence-
forth all additional photocatalytic tests were performed using BVO/Pt/
PtOx 0.75% sample.

Fig. S7a shows the temporal evolution of MB UV-Vis absorption
spectra over the BVO/Pt/PtOyx 0.75% photocatalyst, where a blue shift
and an intensity reduction in the maximum absorption peak of MB could
be seen with the irradiation time. It was accompanied by intensity
reduction and red shifting of the two absorption peaks of MB in the UV
region, suggesting that most MB has completely decomposed without
generating intermediate compounds [56]. Besides, N-demethylation and
chromophore cleavage seems to predominate using BVO/Pt/PtOy pho-
tocatalyst [57-59] since they are analogous and competitive photo-
degradation reaction during the photocatalytic decomposition of
organic pollutants being reported to cause a blue shift in its maximum
absorption peak. The photoactivity of the BVO/Pt/PtOyx 0.75% photo-
catalyst was also evaluated through the photodegradation of the other
two dyes, namely MO and RhB, under simulated solar irradiation
(Fig. 4c), where the respective dyes maximum absorption peaks of RhB
also blue-shifted during the photocatalytic experiments (Fig. S7). Direct
photolysis of the dyes by light (in absence of photocatalyst) was negli-
gible however a high photodegradation rate was observed in the
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Fig. 4. Photocatalytic experiments under simulated solar irradiation under the following conditions: 300 mW cm 2 of irradiance with AM1.5G; 1 mg mL™! of
photocatalysts and 10 ppm dye solution. (a) C/C, curves of the photocatalytic degradation of MB solution using BVO and BVO/Pt/PtOy samples. (b) Pseudo-first-
order kinetic plot of MB solution degradation in the presence of BVO and BVO/Pt/PtOy samples, where (k;) is the pseudo-first-order kinetic constant and R is
the correlation coefficient of the linear fit. (¢c) C/Cy curves of the different dyes using BVO/Pt/PtOy 0.75% 90 min photocatalyst, where open circles represent the
direct photolysis of the corresponding dye. (d) Comparison of photocatalytic activity for MB removal using BVO loaded with Pt-based cocatalysts photoreduced for 90

and 480 min.

presence of the photocatalyst in the order MB > RhB > MO. The faster
photodegradation of the cationic dyes (RhB and MB) possibly arises
from their increased electrostatic attraction to the negatively charged
surface of the photocatalyst (Zeta potential measured at — 16.6 + 0.6
mV). Furthermore, the difference in photoreactivity between MB and
RhB could be related to the smaller size (and hence lesser steric hin-
drance) of the former [60] and/or to the fact that molecules of the latter
may be cationic or neutral (depending on whether the carboxylic acid
groups are deprotonated or not) which, in the last case, may interact
weakly with the photocatalyst’s surface.

Though several studies have reported the formation of Pt° through
photoreducing Pt-based salts on a semiconductor surface, reports on the
preparation of BVO/Pt materials are fewer and little attention has been
paid to the presence and effects of different Pt species with varying
oxidation states [40-42]. A deeper discussion of the oxidation state of Pt
in BVO/Pt photocatalysts is essential to properly understand their
composition-photoactivity relationship. In fact, the presence of oxidized
Pt species (PtO and/or PtOs), in addition to metallic (Pto), has been
detected in TiOy/Pt samples prepared through photoreduction of Pt-
based salts [38,39] in the presence of TiO,. Our results show that the
photodeposition of HoPtClg onto the BVO surface for 90 min ends up in
the formation of a mixture of PtO,, PtO, and Pt NPs. To obtain samples
with a higher Pt° to Pt2*/4* ratio and thus study the influence of the
amount of oxidized Pt on the photoactivity of BVO, the photoreduction
process was performed for a longer time (480 min). Fig. 4d shows a

comparison of the photocatalytic activity of the BVO loaded with Pt-
based cocatalysts photoreduced for 90 and 480 min. It is noteworthy
that both samples could almost completely photodegrade the MB dye
within 25 min of simulated solar irradiation, however, with different
kinetic behaviors where a much faster reaction could be observed for the
90 min samples. It turns out that a higher content of Pt°, as observed by
XPS for the 480 min sample, was detrimental to the photocatalytic ac-
tivity of the BVO/Pt/PtOy photocatalytic system. Reusability of the best
photocatalyst was investigated against MB photodegradation and a
slight decrease in the photoactivity could be observed (Fig. S8) due to
photoreduction of the oxidized Pt species and/or formation of more Pt°
particles. However, it is important to highlight that in our experiments
the photocatalysis is fast and almost all the MB decolorized after the first
15 min of photoirradiation. Therefore, the irradiation dose during a
whole photocatalytic run is not so high, and even after three consecutive
runs the MB total removal diminished from 98% (first run) to only 93%
(third run), showing that the photocatalysts can be recycled several
times without a substantial loss in efficiency.

At this point, the reader may be concerned about the photosensiti-
zation effect since many dyes can inject electrons into the CB of a
semiconductor when photoexcited, which could throw any
semiconductor-based photocatalytic mechanism down, as warned by
previous studies [61]. In fact, this is sometimes the problem when dis-
cussing the photocatalytic activity of semiconductors without due care
regarding all possibilities that can impact the chemical reactions. To
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investigate the presence of a possible sensitization effect, we show in
Fig. 5 the photoactivity of BVO and BVO/Pt/PtOy samples by using an
LED light source irradiating at 420 + 10 nm, specially chosen because in
this particular range the MB dye cannot absorb photons (Fig. S7).
Therefore, under these conditions, only the semiconductor can act as the
absorber material. After five minutes of irradiation with this LED setup
(1330 W m 2 @420 nm), the BVO/Pt/PtOx photocatalyst could
completely degrade the MB dye, meanwhile, the BVO removed 65% of
the dye and the photolysis effect accounted for only 6% removal. This
result guarantee that the semiconductor is the main absorber material
and photosensitization is not an issue since MB does not absorb photons
at 420 nm [18,62,63]. Fig. 5b shows the value of the pseudo-first-order
kinetic constants (k) for MB removal in the presence of BVO and BVO/
Pt/PtOx photocatalyst. The kinetic constant of pristine BVO is 0.021
min~! against 1.21 min~! for BVO/Pt/PtO,, showing that the photo-
deposited Pt accelerated MB removal by an impressive factor of ~58
folds under LED irradiation. It is to note that the same experiment ended
in a 10-fold increase for the kinetic constant when using simulated solar
light.

The apparent quantum efficiency (AQE) of the BVO/Pt/PtOy pho-
tocatalyst was estimated under LED irradiation (Fig. 5¢). AQE mea-
surements are important because it gauges the photocatalytic activity
based on the number of incident photons and the illuminated area, and
therefore can be compared with other measurements carried out in
different laboratories, provided that proper experimental care is taken.
It is noted that the AQE for pure BVO is small (0.024%), however, with
the addition of the Pt/PtOy cocatalysts, AQE showed a 3.8-fold increase
(0.091%). It is expected an AQE decrease as the reaction time proceeds
as the degradation follows an exponential decay law with the time of
irradiation, i.e., higher amounts of the dye are degraded at the very
beginning of the reaction. In fact, our results show that the AQE of BVO/
Pt/PtOy decreased from 0.091 to 0.067 and, soon after to 0.049%,
considering the irradiation times of 1, 2, and 3 min, respectively.
Moreover, the AQE decrease with irradiation time is higher for the Pt-
containing samples which may be due to the increase in the content of
Pt® during the photoirradiation, as will be discussed later.

3.3. Discussion of the improved photoactivity mechanism

To better understand the photocatalytic behavior of the samples, XPS
characterization before and after the MB photodegradation experiment
was performed. Fig. S5 and Fig. 6 respectively present the high-
resolution spectra of the O 1s and Pt 4f regions after the MB photo-
degradation experiments for the samples photoreduced by 90 and 480
min.

XPS analysis of the recovered BVO/Pt/PtOx 90 min (Fig. 6a, Table 1)
after the MB photodegradation test showed the presence of Pt°
(35.55%), PtO (53.54%), and PtO, (10.91%) [39,52]. Thus, the PtOy
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content decreased with and concomitantly increased Pt° content after
the photodegradation experiment (see Table 1). Therefore, our results
show that the higher the irradiation dose, the smaller is the proportion of
oxidized platinum species (Pt>*/Pt*"). Indeed, the BVO/Pt/PtO, 480
min sample (Fig. 6b) exhibits only two oxidation states after the MB
photodegradation test, pt° (95.46%) and PtO (4.54%), with their cor-
responding Pt 4f;,5 component located at 70.97 and 72.93 eV, respec-
tively [39,52,53]. This fact is expected since Pt*" was not completely
reduced during photodeposition (preparation of BVO/Pt/PtOy samples),
therefore, the reduction process of the remaining oxidized Pt species
continues to proceed during the dye photodegradation experiment. This
hypothesis is confirmed by the investigation performed on the O 1s re-
gion (Fig. S5). Furthermore, the increase of Pt° species after photo-
degradation was followed by an increase in the amount of adsorbed
oxygen species (Table S3) which points to an effective dye-photocatalyst
interaction important for the photocatalytic activity of the material.
The photoluminescence (PL) technique is a useful tool to study
electron/hole (e /h™) recombination in semiconductor materials as the
electron decay from an excited state to some lower energy state or
ground state results in the emission of PL light [64]. The intensity of
emitted PL light depends on the type/structure of materials [65] and the
rate of e~ /h™ recombination, where a lower PL emission intensity (at a
fixed wavelength near the absorption band edge) may be indicative of
lesser e"/h" recombination [66,67]. PL technique was thus used to
elucidate the role of deposited Pt-species in the promotion or inhibition
of e”/h" recombination in BVO. Fig. 7a presents the PL emission spectra
of the pristine BVO and the BVO/Pt/PtOy sample obtained under exci-
tation at 375 nm and the excitation spectrum of pristine BVO can be seen
in Fig. S9. All samples show a broad PL emission centered at around 520
nm (wavelength close to the BVO absorption edge), suggesting that it
results from the recombination of e~ /h* in BVO [68,69]. It is important
to highlight that electron-hole pairs can recombine by radiative or
nonradiative pathways. PL emission bands come from radiative
recombination of electron-hole pairs via numerous key routes upon
photoexcitation energies higher than the bandgap [64]. The first and
primary step involves the successful relaxation of charge carriers to the
shallow surface trap states and the bottom of the CB (for the electrons,
and top of the VB in the case of holes). The recombination only con-
tributes to band edge emission when photons are emitted, whilst non-
radiative decays normally involve charge trapping at defect states
within the bandgap [64,70]. One should note that further radiative
recombination coming from these trapped charges (donor-acceptor
levels) may produce additional emission bands of lower energy than the
band edge emission. In our case, we could observe a broad emission
band extending up to 580 nm that can be explained by the presence of
radiative recombination of trapped charges. In summary, the overall
lower PL intensity for BVO/Pt/PtOy indicates that photogenerated
electrons in the excited BiVO4 are transferred to the Pt/PtOy NPs
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Fig. 5. Photocatalytic experiments using 1 mg mL ™! of BVO/Pt/PtO, 0.75% photocatalyst and 10 ppm dye solution under an LED light source (irradiating at 420 +
10 nm). (a) C/Cy curves of MB photodegradation; (b) the respective pseudo-first-order kinetic fit and (c) AQE measurements.
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Fig. 7. (a) PL emission spectra under 375 nm excitation and (b) electrochemical impedance spectroscopy measurements of BVO and BVO/Pt/PtO 0.75% (90 min)
samples under the dark condition; (c) Mott-Schottky plot of the BiVO, electrodes recorded in the dark at 1000 Hz.

immediately after the photo-production, reducing, therefore, the
recombination rate of charge carriers, as also reported for BiVOg4-
reduced graphene oxide [71], Ce0,/BiVO4Eut NPs [72], Co-doped
BiVO4 [67]. Besides, band-edge PL lifetime was studied using the
time-correlated single-photon counting technique (Fig. S10). The PL
lifetime curves at the nanosecond range could be fitted with two decay
times where the fast component is attributed to electron trapping and
the slow component is due to electron-hole recombination, as reported
before [73]. BVO with and without Pt/PtOy deposition showed equiv-
alent lifetimes of 5.8 and 12.2 ns for the fast (t1) and slow (t3) com-
ponents, respectively. This result suggests that deposition of Pt/PtOy
cocatalysts did not change the lifetime of BVO charge carriers but show
that electron-hole recombination was avoided by the efficient charge
transfer to Pt/PtOy NPs.

EIS analyses were performed to study the charge transfer resistance
from the semiconductor to the electrolyte and, indirectly, the separation
ofe /h" pairs at the electrode surface (Fig. 7b). The radii of the formed
semicircles are related to the charge transfer at the interface formed
between the semiconductor and the electrolyte, so that the smaller the
radius of the semicircle, the lower the resistance of charge transfer
[74,75]. The EIS data shows a single semicircular arch for both samples;
however, the semicircle referring to the BVO/Pt/PtOy sample is far
smaller than that of pristine BVO, thus indicating a lower charge transfer
resistance when Pt/PtOy is present in the photoelectrode. The EIS data
were simulated taking into account the equivalent circuit shown in
Fig. 7b (inset), which includes the resistance of the solution (Rg), the

charge transfer resistance at the interface between the working electrode
and the electrolyte (R¢), and a constant phase element (CPE). The re-
sults obtained for the R were 928 KQ and 4.68 KQ before and after
photoreduction of Pt on BVO, respectively, indicating that the Pt
deposition considerably decreased the charge transfer resistance of the
photoelectrode by a factor of ~200. This represents a considerable
reduction for this system since studies reported in the literature for the
BVO showed that the R. decrease between 30 and 70% [76-79].
Therefore, the EIS results corroborate the PL findings, indicating that Pt/
PtOy is working as an efficient cocatalyst on the surface of the BVO,
decreasing the recombination of the photogenerated charges and,
consequently, improving the photocatalytic activity.

For a further in-depth understanding of the photoactivity perfor-
mances including the electronic properties of the photocatalysts, we
conducted the Mott-Schottky (M—S) analysis to determine the type of
conductivity of the system and the flab band potential (V,), with is close
to the CB of n-type semiconductors. Under the M—S analysis, by plotting
1/C2 against V (where C is the space charge layer capacitance, and V is
the applied voltage), the curve intercept at the horizontal axis provides
the Vg, of the electrode material, Fig. 7c. The M—S plots of all samples
showed positive slopes, indicating that all the photocatalysts are indeed
n-type semiconductors, meaning electrons are the majority charge car-
riers. The Vg, of the electrodes is ~—0.2 vs. RHE for both pristine BVO
and BVO/Pt/POy, showing that deposition of Pt/PtOy species does not
modify the electronic properties of the BVO photocatalyst.

From an analysis of the discussion presented above, it can be inferred
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that the presence of high amounts of Pt>* (PtO) and Pt*+ (PtOy) species
distributed over the BVO surface improves the photocatalytic perfor-
mance when compared to pure BVO or even with the case of Pt as the
majority Pt specie. Based on these results, a mechanism for the dye’s
photocatalytic degradation is proposed, as shown in Fig. 8.

Initially, PtOx NPs (PtO and PtO;) are deposited on the surface of
BVO. These PtOx NPs act as traps for the photoexcited electrons in the CB
of BVO (measured as —0.2 V vs. RHE), getting reduced to form a
structure with the reduced Pt-species distributed at the NP outer surface
and avoiding recombination of the BVO electron/hole pairs due to the
formation of Schottky barrier between Pt° species and BVO (Fig. 8). As
observed by XPS, the longer the irradiation time the greater the amount
of reduced Pt-based species due to the consumption of the photo-
generated electrons at the CB of BVO. Besides, the PtOy is a p-type
semiconductor, and a metal/semiconductor junction is also promoted at
the NPs interface. Under light excitation, even if to a lesser extent owing
to the low content of platinum, electrons are injected from the PtOy to
the Pt° and the photogenerated holes are left behind in the VB of PtOy.
Therefore, electrons both coming from the CB of BVO or the PtOy
accumulate at the Pt® NPs. At this stage, electrons most probably react
with the dye molecules to produce reduced dye species or with adsorbed
O, to generate HOo' (E° (02/HO5") = —0.046 V vs NHE) [80]. The latter
may further oxidize the dye directly or by the formation of radical in-
termediate species such as HyOo (E® = +1.46 V vs NHE) [81]. However,
the CB of BVO (—0.2 V vs. RHE) is not negative enough to promote the
reaction of the electrons with adsorbed O, to generate O5™ radicals (E°
(02/035") = —0.33 V). On the other hand, the photogenerated holes at the
VB of BVO are located at a more positive potential (+2.2 V vs. RHE
calculated by considering the obtained CB energy level and the bandgap
of the semiconductor) and can either directly oxidize the dye molecules
or react with OH™ to produce hydroxyl radicals (E0 (OH /OH)=+1.9V
vs. NHE) [82].

Hence, the charge separation is facilitated by the concomitant pres-
ence of Pt and PtOy at the surface of BVO by the formation of a dual
metal/semiconductor junction with superior performance when
compared only to BVO/Pt°. Besides, the presence of oxidized platinum
significantly increased the light absorption of the samples in the visible
range as observed in Fig. 3. Therefore, the overall improved photo-
activity is a result of the combination of two effects: (i) the improved
light absorption and (ii) the better charge separation of the BVO/Pt/
PtOy photocatalyst.

4. Conclusions

In this study, BVO/Pt/PtO, photocatalysts with different Pt®/PtOy
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ratios were successfully prepared using a controlled photoreduction/
deposition process. A careful analysis of the oxidation state of Pt ®t°/
Pt2*/Pt**) cocatalyst deposited over monoclinic-BVO (0.75 %w/w)
indicated that the PtOy species perform better than Pt°, leading to a 10-
fold increase in the photodegradation rate constant under simulated
solar irradiation and 58-fold increase under 420 nm LED irradiation,
followed by an increase in apparent quantum yield as compared to
pristine BVO by a factor of almost 4. Using an array of complementary
analytical techniques, we attribute the enhanced photoactivity of BVO/
Pt/PtOy photocatalysts to their improved visible light absorption and
better charge carrier separation than BVO, with Pt’/PtOy species func-
tioning as traps for the photoexcited electrons in the CB of BVO. Finally,
it is found that the concomitant presence of Pt° and PtOy cocatalyst
considerably enhances the photoactivity of BVO for the photo-
degradation of organic pollutants. The results reported herein may
contribute to a better understanding of the role of metal oxidation states
in the widely investigated metal/metal oxide/photocatalysts systems.
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