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ABSTRACT: In the present study, alkaline earth metal scheelite-
type ABO4 compounds (A = Ca, Sr, and Ba; B = Mo and W)
synthesized by a hydrothermal method were systematically studied.
The as-obtained photocatalysts were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM),
Brunauer−Emmett−Teller (BET) surface area analysis, UV−vis
diffuse reflectance (DR/UV−vis) spectroscopy, photolumines-
cence, and thermoluminescence (TL) spectroscopy together with
charge carrier lifetime measurements, electron paramagnetic
resonance (EPR) spectroscopy, and electrochemical impedance
spectroscopy (EIS). The photocatalytic activity was studied in the
reaction of phenol degradation under simulated solar light. The
obtained tungstates and molybdates revealed excellent photo-
catalytic activity despite the low surface area and wide bandgap typical for insulators. The mechanism of phenol degradation
proceeded through hydroquinone and catechol formation in the presence of hydroxyl and superoxide radicals. The presence of
electron traps allowed absorption of light with lower energy than resulting from the absorption edge. BaWO4 and SrWO4, with the
most extended average carrier lifetime, were the most efficient photocatalysts from the obtained series. In general, molybdates
exhibited lower photocatalytic activity toward phenol degradation due to deeper trap states and lower average charge carrier lifetimes
than tungstates. Additionally, electrochemical studies demonstrated that molybdates exhibit more insulating behavior than
tungstates. The overall results showed that wide-bandgap semiconductors, mainly tungstates, can be applied as earth-abundant
photocatalytic materials for the degradation of persistent organic pollutants.

1. INTRODUCTION

The environmental pollution due to increased agricultural,
industrial, and domestic activities has led to the global need to
develop advanced and more effective water treatment
technologies. Heterogeneous photocatalysis belonging to the
group of advanced oxidation processes (AOPs) has been
demonstrated as a green technology for removing toxic
contaminants and energy production. The main advantage is
the possibility of light-induced degradation of the broad
spectrum of recalcitrant organic pollutants.1−5 The most
frequently studied photocatalysts include oxides, sulfides,
selenides, and iodides as single and hybrid compounds.6

However, the ability to apply heterogeneous photocatalysis in
wastewater treatment at a full technological scale requires the
application of earth-abundant photocatalytic materials, whose
preparation method will not be expensive or sophisticated.
Many inorganic solids from the class of materials with ABO4

composition occur naturally, including CaWO4 (scheelite) or
CaMoO4 (powellite).7 Scheelite-type compounds with the
composition ABO4, in which A and B cations are different
elements with various oxidation states, have been investigated

in recent years due to their attractive properties and potential
applications as Raman lasers,8,9 cryogenic scintillation
detectors,10,11 white light-emitting diodes,12 and a highly
suitable host for luminescent materials due to thermal and
chemical stability.12−14 The synthesis of these materials can be
cost-effective and simple; the most popular method is a facile
co-precipitation.15 Scheelite-type compounds possess a tetrag-
onal structure characterized by a I41/a space group (no. 88).
Each of the B atoms (B = Mo and W) is 4-fold-coordinated,
forming the [BO4]

2− tetrahedral configuration, while each
divalent metal AII shares corners with eight adjacent oxygen
atoms from the [BO4]

2− tetrahedra, composing the AO8

polyhedra (bisdisphenoid).16 The scheelite structure, which
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was visualized using the VESTA program,17 is presented in
Figure 1.

Since scheelite-type compounds are mainly semiconductors,
they are supposed to have photocatalytic properties. Previous
sparse studies have focused on the possibility of application
ABO4 compounds in photocatalytic degradation of organic
dyes,18−20 salicylic acid,21 tetracycline, or hydrogen gener-
ation.22 However, in these reports, for scheelite-type
compounds due to their wide bandgaps of about 4−5 eV,
only high energy-consuming ultraviolet radiation was applied
to study the efficiency of photocatalytic processes. However,
the high value of Eg does not have to be an obstacle for the
application of scheelite-type materials as photocatalysts
because it may increase the valence band maximum to higher
energy levels relative to the redox potentials of adsorbed
molecules. This rise might contribute to the higher reactivity of
electrons in semiconductors.23 For example, Dong et al.
demonstrated the O-vacancy defects present in the typical
insulator BaCO3, which played dominant roles in the
photocatalytic removal of NO.24 Similar observations were
also noticed by Cui et al. in BaSO4 with intrinsic Ba vacancy.25

All of these examples suggest that scheelite-type compounds
containing Ba, Sr, or Ca cations might exhibit good
photocatalytic performance, despite large values of Eg. The
wide-bandgap photocatalysts can be used as a co-catalyst to
facilitate the migration of charge carriers from the semi-
conductor photocatalyst or a locked layer to prevent the
recombination of charge carriers.26

In this regard, in the present study, the alkaline earth
tungstates and molybdates with interesting luminescence and
structural properties were studied for the first time as potential
alkali earth metal-abundant photocatalytic materials. Alkaline
earth metal scheelite-type ABO4 compounds (A = Ca, Sr, and
Ba; B = Mo and W) as examples of wide-bandgap
semiconductors were applied for phenol photodegradation.
Phenol was selected as a model pollutant since it is photostable
and non-volatile, and the mechanism of phenol degradation is
well established. Moreover, phenol is produced by chemical,
food-processing, or biotechnological industries. Phenol and its
derivatives are hardly biodegradable and have a phytotoxic
effect on the microorganisms responsible for their biological
degradation.27,28 Also, the current phenol levels and removal of
their derivatives from water, which can be achieved using
conventional water treatment technologies, are often unsat-
isfactory. The photocatalytic degradation of phenol in water

starts with the formation of a phenoxy radical due to the
reaction between phenol molecules and photocatalytically
generated hydroxyl radicals (•OH). These phenoxy radicals are
in resonance with two radical structures in the ortho- and para-
positions; thus, di-hydroxylated side products, such as catechol
and hydroquinone, are formed. After that, further oxidation of
phenol derivatives occurs, and finally, the photocatalytic
process leads to the opening of the benzene ring and the
formation of shorter aliphatic compounds, which can be easily
mineralized to carbon(IV) dioxide.29,30 However, phenol
photocatalytic degradation is still challenging because it is
dependent on the efficiency of the generation of reactive
oxygen species (ROS), especially •OH and •O2

− radicals.
Aslam et al. have reported that superoxide radicals were the
major contributors in phenol degradation because only the
•O2

− radicals can open the phenyl ring and contribute to the
loss of aromaticity. These observations were noticed for disc-
shaped WO3 photocatalysts.

31

The main aim of the present work was the demonstration of
alkaline earth metal tungstates and molybdates as potential
photocatalysts in a broad sense, including also crucial
differences between tungstates and molybdates. The ABO4
compounds were studied for the first time as potential alkali
earth metal-abundant materials for UV−vis light-induced
phenol photocatalytic degradation. Furthermore, the effects
of morphology, their electrochemical and optical properties,
and their influence on the mechanism of phenol degradation
were also studied in detail.

2. METHODS
2.1. Fabrication of Metal Tungstates and Molyb-

dates. Alkaline earth metal tungstates and molybdates,
namely, CaWO4, SrWO4, BaWO4, CaMoO4, SrMoO4, and
BaMoO4, were synthesized by a hydrothermal method without
using any surfactant or stabilizing agent. Calcium chloride
(CaCl2), strontium chloride hexahydrate (SrCl2·6H2O),
barium nitrate (Ba(NO3)2), sodium tungstate dihydrate
(Na2WO4·2H2O), and sodium molybdate dihydrate
(Na2MoO4·2H2O) were used as received from Sigma-Aldrich
without any purification. In a typical synthesis of scheelite-type
compounds, a stoichiometric amount of alkali metal salts and
Na2WO4·2H2O (metal tungstates) or Na2MoO4·2H2O (metal
molybdates) were dissolved in 50 cm3 distilled water
separately. The solution containing sodium molybdates or
tungstates was placed inside a 200 cm3 Teflon-lined reactor,
and the second solution was added dropwise to the reactor.
The obtained mixtures were stirred for 30 min to form stable
suspensions using a Teflon-coated magnetic stirrer bar. After
that, the reactor was transferred into a stainless steel autoclave
immediately and was heated at 160 °C for 6 h in an oven and
then cooled down to room temperature. The obtained
products were separated through centrifugation and were
washed thoroughly with deionized water to remove the
residual contamination. After drying at 80 °C to dry mass,
the white powders were obtained.

2.2. Material Characterization. The structure and phase
composition of the obtained compounds were investigated by
powder X-ray diffraction (XRD). XRD patterns were recorded
on the Rigaku MiniFlex 600 X-ray diffractometer with Cu Kα
radiation (λ = 1.5405 Å) in the 10−80° range (step 1°/min).
Rietveld refinements of the diffraction data were performed
using the X’Pert HighScorePlus software package (PANalyt-
ical, 2006) with data fitting based on the pseudo-Voigt profile

Figure 1. Visualization of the (a) scheelite structure, (b) AO8, and
[BO4]

2− polyhedra.
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function. The specimen displacement, lattice parameters,
polynomial coefficients for the background function, profile
parameters, and Gaussian and Lorentzian profile coefficients
were refined.
The alkaline earth tungstates and molybdate morphologies

were characterized by scanning electron microscopy (SEM)
with a field emission gun, model FEI Quanta FEG 250. In
addition, the Micromeritics Gemini V instrument was used to
determine the porous structure parameters of the scheelite-
type compounds and adsorption isotherms, including
Brunauer−Emmett−Teller (BET) surface area and pore
volume, using low-temperature nitrogen sorption. Before
measurement, the analyzed materials were degassed at 200
°C for 2 h. The surface area was determined by the multipoint
BET method in the p/p0 range from 0.05 to 0.30. The total
pore volumes were estimated from the adsorbed amount of
nitrogen at p/p0 = 0.995. The average pore diameters were
calculated from adsorption isotherms according to the
procedure described in Soltanali and Darian.32 By using the
Barrett−Joyner−Halenda (BJH) method, pore size distribu-
tions were derived from the branches of the adsorption
isotherms.
2.3. Optical Properties. The UV−visible diffuse reflec-

tance spectra (DRS/UV−vis) were measured on a Thermo
Fisher Scientific Evolution 220 spectrophotometer using
BaSO4 as a reflectance standard. Based on the obtained data,
the bandgap energy calculations were performed using Tauc’s
method.33 The excitation and luminescence spectra were
recorded using an FLS980 fluorescence spectrophotometer
from Edinburg Instruments equipped with a 450 W xenon
lamp as an excitation source and a Hamamatsu 928 PMT
detector. Measured spectra were corrected for the sensitivity
and wavelength of the experimental setup. The slit width was 2
μm (excitation spectra) or 0.3 μm (emission spectra). The
same equipment was used for decay measurements, and the
lamp was changed to a 150 W pulse xenon lamp. All spectra
were recorded at room temperature. Based on these measure-
ments, the carrier lifetime of photocatalysts was calculated. The
best luminescence decay curve fits of the data were noticed
from a poly-phase exponential decay function with time
constant parameters (eq 1)
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where I(t) is the intensity, αi is the pre-exponential scaling
factor, ⟨τ⟩ is the lifetime of the ith exponential component, and
y0 is a constant. The average lifetime ⟨τ⟩ is given by eq 2
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The errors associated with the carrier lifetime evaluations
consider only the uncertainty in decay curve fitting.34,35

The thermoluminescence (TL) glow curves were collected
from room temperature up to 300 °C with a heating rate of 5
K/s after 5 min of X-ray irradiation. A Varian VF-50J/S RTG
tube with a tungsten core and copper case as an X-ray radiation
source was used as an irradiation source. The voltage and
amperage for the X-ray source were 35 kV and 0.7 mA,
respectively. The signal was collected with an R13456 PMT
(Hamamatsu Photonics) monitoring the global emission from
the whole spectral response (from 185 to 980 nm) with an

integration (channel) time of 0.1 s without a filter. The energy
of the traps was calculated according to the general-order
expression describing intensity I as a function of temperature T
(eq 3)36,37
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where n0 is the trap concentration at t = 0, kB is Boltzmann’s
constant, and β is the heating rate. The kinetics order l was
determined from the peak asymmetry defined as the thermal
activation energy E. The parameter E is associated with the
trap depth, assuming no re-trapping. The frequency factor s
was obtained by taking the derivative of eq 3 with respect to T
and setting it to zero at the peak temperature.

2.4. Electrode Surface Preparation, Electrochemical
Measurements, and EPR Studies. Preparation of the
electrode substrates modified with ABO4 photocatalysts,
suitable for electrochemical measurements, was performed in
three stages: pretreatment, deposition of the sample, and
surface blockage. Each sample was deposited onto FTO
electrodes (7 Ω/sq) (Sigma Aldrich), 35 × 15 mm by size, by
drop-casting a suspension of samples (Vdrop = 0.005 cm3). The
suspension was prepared by mixing water/isopropanol solution
(v/v: 3/1) with ca. 0.06 mol of the given sample. The
suspension were then sonicated for a couple of seconds and
drop-cast onto the electrode, followed by drying to evaporate
the solvent completely. The surface blockage was carried out
by spin-coating 0.1 cm3 of Nafion (Sigma-Aldrich) onto the
FTO surface (200 rpm). After this step, the electrodes were
placed in the electrochemical cell for further experiments.
Electrochemical measurements were performed in a glass

cell with a built-in cylindrical glassy carbon (GC) auxiliary
electrode. A silver chloride (3 M KCl) electrode was used as a
reference. A 0.25 M Na2SO4 was used as a supporting
electrolyte, and a 2.5 mM solution of potassium
hexacyanoferrate(II/III) [Fe(CN)6]

3−/4− was chosen as a
redox probe. An Autolab Multi M204 potentiostat/galvanostat
with the FRA32 module (Metrohm) was used for electro-
chemical measurements, and a built-in software, Nova 2.1.4.,
was used for EIS spectra fitting.
In the photochemical EPR experiments, the samples were

prepared as an aqueous suspension of BaWO4 or SrWO4
(concentration 0.4 g cm−3) in the presence of α-phenyl-N-tert-
butylnitrone (PBN) spin trap (concentration 60 mmol dm−3)
at room temperature. Approximately 0.017 cm3 mixture of
PBN and BaWO4 or SrWO4 aqueous suspension was placed
into a thin-walled quartz tube with 0.8 mm ID and put in an
EPR cavity. LG UV LED (3 W, λmax = 365 nm) was used as an
irradiation source. During photochemical EPR experiments,
the samples were irradiated directly in the EPR resonator with
a light power of about 70 mW/cm2. EPR measurements were
performed both for samples obtained under aerobic and
hypoxic conditions. For studies under aerobic or hypoxic
conditions, air or N2 was passed over the sample at a rate of a
few dm3 h−1.

2.5. Determination of Photocatalytic Activity. The
photocatalytic activity of the obtained samples was tested in a
phenol degradation reaction performed in the black box. All
mentioned chemicals were used as delivered by the provider
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and were used without any purification. In a typical experiment
of phenol photocatalytic degradation, 25 cm3 of 0.21 mmol
dm−3 phenol solution and 50 mg of the photocatalyst were put
into a quartz reactor under magnetic stirring. A xenon lamp
(model 6271H, Oriel, USA) was used as a simulated solar light
source with a narrow range of UV light.38 The UV spectrum
flux intensity at the reactor border was set as 45 mW cm−2. A
constant air flow of 5 dm3 h−1 was introduced during the
reaction through suspension, which was thermostated to 20
°C. Before irradiation, the whole system was kept in the dark
for 30 min to achieve the adsorption−desorption equilibrium.
After that, the process was initiated by turning on the Xe lamp.
The samples were collected at −30, 0, 20, 40, 60, 80, 100, and
120 min of the process, where 0 is the point of light
introduction. The degradation efficiency was monitored using
a high-performance liquid chromatography system (HPLC,
model Shimadzu LC-6A), combined with a photodiode array

detector (SPD-M20A) and a C18 column (Phenomenex

Gemini 5 μm; 150 × 4.6 mm) working at 45 °C. During
HPLC measurements, the mobile phase composed of (v/v)

70% acetonitrile, 29.5% water, and 0.5% orthophosphoric acid

(85% w/w solution) was used at a flow rate of 0.3 cm3 min−1.

Quantitative analysis of all the observed species was performed

using standard compounds from Sigma-Aldrich using the

external calibration method. An HPLC-grade acetonitrile and

orthophosphoric acid solution was provided by Merck. Charge

carrier scavengers, such as ammonium oxalate, silver nitrate,

isopropyl alcohol, and benzoquinone, were provided by Sigma-

Aldrich. Simultaneously, the total organic carbon (TOC)

concentration after each process was monitored using the

Shimadzu TOC-L analyzer.

Figure 2. XRD patterns of obtained (a) molybdates and (b) tungstates.

Table 1. Structural Parameters of the Obtained Samples Using Rietveld Analysis

lattice parameters cation−oxygen distance Rietveld refinementa

compound crystallite size estimation (nm) a, b (Å) c (Å) V (Å3) A−O (Å) B−O (Å) Rexp(%) Rwp (%) χ2

CaMoO4 50 5.225 11.432 312.18 2.448 1.749 10.76 13.51 1.58
2.477

SrMoO4 43 5.395 12.023 350.01 2.619 1.735 9.39 11.99 1.63
2.626

BaMoO4 47 5.582 12.823 399.50 2.800 1.697 9.43 12.80 1.35
2.808

CaWO4 31 5.240 11.368 312.10 2.358 1.890 10.20 12.70 1.55
2.514

SrWO4 41 5.415 11.945 350.21 2.529 1.862 9.16 11.82 1.67
2.533

BaWO4 75 5.612 12.721 401.70 2.704 1.825 9.73 12.52 1.30
2.753

aThe uncertainty of structural parameters, including lattice constants and bond lengths, is strictly correlated with a Rietveld refinement quality. The
insight into how well the model fits the experimental data is determined by expected profile residual (Rexp), weighted profile residual (Rwp), and
goodness of fit (χ2).
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3. RESULTS AND DISCUSSION
3.1. Structural and Morphological Analysis. To

confirm the presence of single-phase metal tungstates and
molybdates, XRD was performed, and the obtained patterns
are presented in Figure 2. According to Rietveld analysis and
CIF files, single-phase compounds with high crystallinity were
successfully obtained. The refinement results revealed that all
compounds crystallized in the tetragonal scheelite structure
with the space group I41/a and a good agreement between the
recorded and calculated patterns were observed. The refined
structural parameters of scheelite compounds are presented in
Table 1. The lattice parameters (a and c) and the unit cell
volume rise with the increasing ionic radii of alkaline earth ions
(Ca2+ = 0.112 nm, Sr2+ = 0.125 nm, and Ba2+ = 0.142 nm) due
to the change in the charge density of AO8 together with the
rise of metal’s ionic radii.16

Additionally, the relative intensity of some peaks was
changed in the same relation. For example, the signal at 20°
2θ originating from the (101) CaMoO4 plane was lowered
when the Ca atom was replaced by a heavier one and almost
completely vanished in BaMoO4. The average crystallite size
was estimated from the (112) peaks at 30° 2θ using Scherrer’s
equation. The greatest crystallite size was noticed for BaWO4,
in which both the heaviest cation and transition metal were
present.
The morphologies of alkali earth metal molybdates and

tungstates were further studied by scanning electron
microscopy analysis. Size distributions of particles or micro-
crystals are presented in Figure S1 in the Supporting
Information. Figure 3a shows the uniform CaWO4 micro-

spheres with an average size of ca. 7 μm. These spheres consist
of agglomerated nanoparticles with an average size of 79 ± 14
nm (Figure 3b). A similar morphology was observed for the
CaMoO4 (Figure 3c,d), SrWO4 (Figure 4a,b), and SrMoO4
(Figure 4c,d) samples, but in comparison with CaWO4, their
aggregates were more deformed. Additionally, nanoparticles
present in SrMoO4 microspheres were polyhedral, and the
exposed crystal facets of nanocrystals can be easily observed. In
the case of BaWO4 (Figure 5a) and BaMoO4 (Figure 5b)

samples, polyhedra-shaped microcrystals presenting a poly-
disperse nature were observed. Similar morphologies were
noticed by Cavalcante et al.39 and Oliveira et al.,40 suggesting
enhanced crystal growth when heavy cations such as barium
are introduced to the system. Although the nucleation rate of
barium-based materials is slower than for strontium and
calcium ones, the crystal growth is the fastest with Ba2+. This
effect explains the formation of microcrystals only for BaMoO4
and BaWO4.
The data from electron microscopy were completed by

surface area and pore analysis using the BET and BJH
methods, as presented in Table 2. More detailed information,
including adsorption isotherms and pore size distribution, are
presented in Figure S2 in the Supporting Information. All
samples were characterized by low surface area. Calcium and
strontium compounds, which created the microspheres
consisting of agglomerated nanoparticles, had surface areas
ranging from 4 to 10 m2 g−1, while BaWO4 and BaMoO4
possessed a reduced surface area of about 0.4−1 m2 g−1. These
results can be explained as the beginning of the aggregation
process and the formation of microcrystals with smooth facets,
as observed under SEM images. In the previous reports, the
morphology of barium compounds was studied for BaWO4
crystals with {1 1 2}, {0 0 1}, and {1 0 0} as predominantly
exposed facets, in which the {1 1 2} facet is commonly the
most exposed. However, edge-truncated octahedra can be
noticed due to the destabilization of the {1 1 2} surface.41 The
preferential growth was also observed for BaMoO4 crystals,

Figure 3. SEM images of CaWO4 (a,b) and CaMoO4 (c,d)
microspheres and nanoparticles, respectively.

Figure 4. SEM images of SrWO4 (a,b) and SrMoO4 (c,d)
microspheres and nanoparticles, respectively.

Figure 5. SEM images of BaWO4 (a) and BaMoO4 (b) microcrystals.
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which occur along with the [0 0 1] direction of the micro-
octahedrons.39−41

3.2. Absorption and Emission Spectroscopy Analysis.
The DR/UV−vis spectra of the obtained ABO4 photocatalysts
are presented in Figure 6a. All the obtained materials absorb
light in the UV range, which is typical for wide-bandgap
compounds. Therefore, the absorption of solar light irradiation
can be limited because only 3−5% of the solar spectrum is
ultraviolet light.42,43 According to the recorded spectra,
strontium and barium compounds possess the highest

absorbance in the series; however, the absorption behavior is
different for tungstates and molybdates. The spectra bands for
AWO4 materials are narrow, and probably single excitation
states are observed. In contrast, the bands of AMoO4

compounds are broader, with more overlapping excitation
states.
After converting spectra to the Kubelka−Munk functions,

the bandgaps of scheelite-type compounds were calculated.
The transformations of these functions are presented in the
Supporting Information (Figure S3). All photocatalysts are

Table 2. Specific Surface Area and Morphology Summation of the Obtained Samples

Sample surface area (m2g−1)a pore volume (cm3g−1)a mean agglomerate diameter (μm) mean nanoparticle size (nm)

CaMoO4 3.88 ± 0.17 0.0264 ± 0.0012 5.22 ± 1.18 195 ± 37
SrMoO4 4.21 ± 0.04 0.0386 ± 0.0004 8.62 ± 1.81 141 ± 30
BaMoO4 0.42 ± 0.20 0.0003 ± 0.0001 1.55 ± 0.56 -
CaWO4 10.15 ± 0.29 0.0781 ± 0.0023 6.96 ± 0.94 79 ± 14
SrWO4 6.98 ± 0.13 0.0537 ± 0.0011 2.39 ± 0.67 107 ± 22
BaWO4 1.03 ± 0.14 0.0043 ± 0.0006 1.08 ± 0.70 -

aAn average of three measurements ± the standard error.

Figure 6. (a) DR/UV−vis spectra of the obtained tungstates and molybdates and (b) relation between the bandgap and the cation−oxygen
distance of the obtained samples.

Figure 7. Emission spectra of alkali earth metals: (a) molybdates (λexc = 260 nm for BaMoO4, λexc = 265 nm for SrMoO4, and λexc = 261 nm for
CaMoO4) and (b) tungstates (λexc = 250 nm).
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wide-bandgap semiconductors close to the range typical for
insulators.24,44,45 Remarkably for A cations, the cation−oxygen
distance decreases with the increase of the A ionic radius (see
in Table 1 and Figure 6b). The reduction of the size of
[BO4]

2− tetrahedra with simultaneous changes in AO8
polyhedra (bisdisphenoid) led to the structural disorder and,
in consequence, changed the crystal fields of each cation. The
reduced strength of the coordinative bond from O atoms at
larger distances led to lower crystal-field splitting. Therefore, it
can be observed that the energy gap rises with a decrease of the
cation A−oxygen distance (an increase of the A ionic radius).
The same situation occurs if we take into account the cation B
radii. The larger ion deforms the [BO4]

2− tetrahedra and may
lead to a decrease of cation−oxygen distance and, in
consequence, increasing the energy gap. This contributes to
changes in the absorption properties of the scheelite-type
compounds.
The emission spectra of the obtained scheelite-type

photocatalysts are presented in Figure 7, while the excitation
results are presented in Figure S4 in the Supporting
Information. Among the series, the most intense photo-
luminescence was observed for calcium compounds. These
bands, located at about 527 nm (CaMoO4) or 413 nm
(CaWO4), were attributed to the intrinsic luminescence of the
host lattice.46,47 It is worth mentioning that the blue emission
from CaWO4 and green from CaMoO4 were visible with the
naked eye under UV light excitation. While comparing the
emission spectra of molybdates (Figure 7a) with those of
tungstates (Figure 7b), a blue shift can be seen, especially for
SrWO4 and BaWO4. According to Puma and Yue,48 the

degradation rates can be significantly enhanced by shifting the
irradiation toward a lower wavelength (higher energy).
Therefore, although the emission intensity for BaWO4 and
SrWO4 is lower (compared with CaWO4 and CaMoO4), their
photoactivity can be higher due to the higher emission energy.
Generally, the photoluminescence emission is strongly

connected with radiative recombination processes because
they result from optically excited semiconductors. The
excitonic photoluminescence signal can origin from surface
oxygen vacancies or defects of semiconductors. The lattice
distortions may positively impact the photocatalytic perform-
ance because they can easily bind electrons to form excitons in
the sub-band.49,50 As the result of the defect binding of the
photoinduced electrons, the photoluminescence signal can
easily occur. In that case, the stronger the emission signal, the
higher the photocatalytic activity, so oxygen vacancies and
lattice distortions might favor photocatalytic reactions.50 On
the contrary, lattice distortions can also act as recombination
centers that influence the lower photocatalytic performance
compared to defect-free samples, as was shown by Liqiang et
al.51 Thus, the relation between structural defects and
photocatalytic activity is challenging to determine based only
on the photoluminescence signals.
In this regard, the optical properties of scheelite-type

photocatalysts were completed by decay measurements. The
luminescence decay curves and carrier lifetimes calculated from
curve fits are presented in Figure 8 and Table 3, respectively.
All materials in this series possess an average carrier lifetime in
the range ca. 9−110 μs. In the AMoO4 series, barium
molybdate has the most extended carrier lifetime, whereas, in

Figure 8. Luminescence decay curve of (a) molybdates (λexc = 260 nm for BaMoO4, λexc = 265 nm for SrMoO4, and λexc = 261 nm for CaMoO4)
and (b) tungstates (λexc = 250 nm).

Table 3. Carrier Lifetimes and Energy Traps for Scheelite-Type Photocatalysts

sample τ1 (μs) τ2 (μs) ⟨τ⟩ (μs) trap energy (eV)

CaMoO4 20.11 ± 2.03 10.89 ± 1.26 17.08 ± 3.71 0.71 ± 0.02
0.89 ± 0.04

SrMoO4 35.53 ± 0.13 4.17 ± 0.03 8.61 ± 0.10 0.70 ± 0.01
BaMoO4 61.62 ± 2.53 29.98 ± 1.85 50.76 ± 5.22 0.74 ± 0.02
CaWO4 129.61 ± 7.39 10.16 ± 0.03 12.38 ± 0.75 0.65 ± 0.01

0.87 ± 0.03
SrWO4 110.12 ± 0.35 - 110.12 ± 0.35 0.63 ± 0.01
BaWO4 110.25 ± 0.29 - 110.25 ± 0.29 0.70 ± 0.02
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the AWO4 ones, both strontium and barium tungstates were
characterized by the highest ⟨τ⟩ value (110 μs). In general, the
carrier lifetime of tungstates was more prolonged than that of
molybdates, although the average lifetime for CaWO4 was
lower than for CaMoO4. However, the τ1 parameter for
CaWO4 was much higher than for other AWO4 compounds,
suggesting the presence of charge carrier traps. Several
attempts at fitting the luminescence decay curves by a single
exponential function have been made; however, these
calculations were finished successfully only for SrWO4 and
BaWO4. The remaining samples required poly-phase exponen-
tial decay models, which further suggest that these materials
have structural defects in the lattice or the presence of
recombination and trapping centers.51,52 Optical measure-
ments were further followed by electrochemical studies to
complete photocatalyst characterization. However, it can be
assumed that although the light absorption is limited, the

photon amount is sufficient to create photogenerated charge
carriers, which are necessary for initiating the photocatalytic
reaction.
To confirm the presence of trapping centers in the obtained

scheelite-type compounds, thermoluminescence (TL) spec-
troscopy was performed. Thermoluminescence is a phenom-
enon that refers to the light emission as a result of heating from
an insulator or a wide-bandgap semiconductor that has already
been irradiated by a radiation source. High temperatures cause
emptying the filled trapping centers obtained from electrons,
which then move toward the delocalized bands and finally
undergo radiative recombination. The TL parameters of the
thermal activation energy are associated with a trap depth.53

The TL glow curves are presented in Figure 9. A distinct glow
in Figure 9a was observed at ∼371 and ∼352 K for BaMoO4
and SrMoO4, respectively. A similar observation was noticed
from Figure 9b for BaWO4 (∼348 K) and SrWO4 (∼336 K). It

Figure 9. Thermoluminescence glow curves of alkali earth metals: (a) molybdates and (b) tungstates. The measurement was performed after 5 min
of X-ray irradiation.

Figure 10. Cyclic voltammograms of (a) AMoO4 and (b) AWO4 (A = Ba, Ca, and Sr) recorded in the degassed 0.25 M Na2SO4 and 2.5 mM
[Fe(CN)6]

3−/4− system.
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is worth highlighting that the calcium compounds can be
characterized by two glow peaks (∼355 and ∼446 K for
CaMoO4 and ∼327 and ∼435 K for CaWO4), which suggest
the presence of more than one trapping center.
Considering that the traps are located below the conduction

band, it can be supposed that these compounds also absorb
light with lower energy than determined by the absorption
edge. Therefore, these materials are supposed to be applied as
solar-driven photocatalysts. Moreover, the distribution and
energy of traps affect photocatalytic efficiency. According to
Kong et al., the photocatalytic efficiencies increased with the
increasing ratio of the amount of surface to total defects.54 It
was also shown that shallow traps (up to 0.7 eV) have higher
electron-transfer efficiency from the defects to the species
adsorbed on the surface.55 The TL studies indicated a
significant role of the type of cations A and B in the creation
of electron traps in the scheelite structure, which, con-
sequently, greatly impacts the photocatalytic process. The
simple calculation of the energy of the traps (see Table 3)
showed that molybdates have deeper traps and therefore
should have lower photocatalytic efficiency compared to
tungstates. It can also be seen that the scheelite with the
smaller A cation are characterized by shallower traps, so more
electrons can react with molecules such as phenol or water.
3.3. Electrochemical Studies. The profile of the as-

synthesized photocatalysts was complemented by electro-
chemical measurements. First, cyclic voltammograms (CV)
were recorded, as presented in Figure 10. By using a negatively
charged inorganic probe ([Fe(CN)6]

3−/4−), the behavior of the
scheelite-type structures incorporated into the Nafion elec-
trode surface was studied. As [Fe(CN)6]

3−/4− is a quasi-
reversible probe, both the oxidation and reduction of Fe(II)
and Fe(III) form of the probe on a bare, non-modified
electrode should be observed. These processes are usually
represented on voltammograms by current peaks. By studying
the changes in peak height and position, different phenomena
regarding the electron transfer can be discussed. The
introduction of the Nafion film to the surface of the FTO
electrode resulted in complete blockage of the electrode
surface as we did not observe the reduction or oxidation
process of [Fe(CN)6]

3−/4−. This phenomenon can be

explained by the nature of Nafion, which is rich in negatively
charged SO3− groups. These groups prevent charge transfer
from [Fe(CN)6]

3−/4− due to the electrostatic repulsion of the
redox probe.56

Meanwhile, implementing scheelite-type compounds into
the conductive layer structure resulted in an appearance of
slight [Fe(CN)6]

3−/4− peaks and an increase of capacitive
currents of the electrode. Molybdates exhibited a much more
significant rise in peak currents, with the anodic peak better
shaped than the cathodic peak. It is worth mentioning that the
difference of redox potential (ΔE) after modification of the
surface is equal to ca. 370−390 mV. The unequal current
response for the redox process together with high values of ΔE
indicates the complex mechanism of charge transfer through
the layer. We can observe the dependence on the divalent
cation for the shape of CV voltammograms and measured
currents.
On the other hand, tungstates demonstrated different

electrochemical behaviors than molybdates. The recorded
voltammograms seem to be less dependent on the cation
present in the AWO4 photocatalyst. Again, the [Fe(CN)6]

3−/4−

peaks became visible but with much lower values of the
faradaic currents of the probe. The electrochemical process
seems to be reversible due to the difference in the reduction
and oxidation voltage values of around ΔE ca. 82−90 mV. The
comparison of the values of the oxidation and reduction
current |Ipa/Ipk| ≈ 1 confirms the reversibility of the
[Fe(CN)6]

3−/4− process. Comparing the results for both
groups, the barium and calcium compounds exhibited
significantly better electrochemical features than strontium,
which impeded the redox process on the electrode.
However, due to the chemical nature of the system and

equivocal current changes, electron impedance spectroscopy
(EIS) measurements were performed in order to explain the
observed phenomenon. The Nyquist plot of EIS spectra of
alkali earth metal tungstates and molybdates is presented in
Figure 11. Few circuits were tested for data fitting, including
R(Q(RW)), R(QR)(QR), and R(Q(R(Q(RW)))), with the
last one fitting the best for all the AMoO4 spectra and
R(Q(RW)) for AWO4. The recorded spectra differed in
shapetwo semi-circles were visible for molybdates, while for

Figure 11. EIS spectra of (a) AMoO4s and (b) AWO4s (A = Ba, Ca, and Sr) recorded in the degassed 0.25 M Na2SO4 and 2.5 mM [Fe(CN)6]
3−/4−

system.
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tungstates, no curvature of mid- to low-frequency impedance
plot was observed. The shape of the AMoO4 spectra indicated
the possible presence of at least two charge-transfer
resistancesone for the obtained material and the other one
for FTO itself (ca. 200−300 Ω), whereas AWO4 spectra
showed only one charge-transfer resistance, which was a total
resistance of FTO and the photocatalyst. The separated FTO
resistance was not observed due to the high resistance of
scheelite-type compounds, which impedes charge transfer
resulting in the collapse of two resistances. By analyzing both
coherent data, a distinct behavior of each group of samples can
be observed. The obtained results suggest that the presence of
tungstates changes the double layer so that it exhibits a more
resistive nature than molybdates. Additionally, cyclic voltam-
mograms indicated that AWO4 compounds are better
conductors than the AMoO4 ones. Another possible
explanation of improved reversibility for alkali earth metal
tungstates suggests a formation of charge carrier channels in
the layer of the conductive polymer. Both hypotheses are
planned to be studied at a further stage of research.
In order to determine the flat band potential of the obtained

samples, a Mott−Schottky analysis was performed (Figure 12).
The flat bands (EFB) and capacities (CSC) of these photo-
catalysts are presented in Figure S5 and Table S1 in the
Supporting Information. The positive slope in the linear region
of the f(E) = CSC

−2 (where CSC is the capacitance of the
semiconductor) plot was observed. The flat band potential
(EFB) was determined from the intersection of the slope with
the X-axis (x position at y = 0). The obtained potential was
later considered as a conductive band (ECB) of investigated
scheelite-type compounds. All the investigated samples are
considered n-type semiconductors, which is in agreement with
the previous reports.22,57 Connecting these data with the EIS
measurements, a significant difference between alkali earth
metal tungstates and molybdates becomes even more visible.
AMoO4 compounds exhibited higher values of flat band
potential compared to AWO4. Moreover, the values of CSC and
EFB for tungstates were more stable and did not differ very
much between samples. On the other hand, the values of
molybdates differed depending on the cation present in the
compound.
According to Mott−Schottky diagrams and bandgap

calculations from DR/UV−vis spectroscopy, the band

positions of photocatalysts were calculated (Figure 13). This
parameter determines the position of band edges at the

interface between the electrode material and the electrolyte.58

Therefore, the potential of conduction band electrons and
considering the obtained bandgap value, the valence band edge
position can be estimated. Based on band positions, it is
possible to predict the photocatalytic performance by
monitoring the behavior of reactive oxygen species (ROS).
The degradation of organic pollutants depends on ROS
generation, especially •OH and •O2

− through water oxidation
and reduction of the adsorbed oxygen on the photocatalyst
surface.59 As can be observed in both diagrams, all the
semiconductors exhibited a suitable conduction and valence
band position to perform the reduction of water. Therefore,
there is a possibility of oxidizing phenol using alkali earth metal
tungstates and molybdates due to suitable band position to
hydroxyl radical generation. It is worth noticing that in the first
step of the reaction, the oxidation of phenol by hydroxyl
radicals led mainly to the ortho- and para-oriented hydroxy
derivatives.60

Figure 12. Mott−Schottky diagrams of (a) AMoO4s and (b) AWO4s (A = Ba, Ca, and Sr).

Figure 13. Band edge positions of the obtained photocatalysts
determined from the Mott−Schottky analysis and UV−vis absorption.
The length of the gray stripes corresponds to the bandgap energy
values.
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Except for BaMoO4, each photocatalyst has a negative
conduction band position. However, the occurrence of a one-

electron process of O2 reduction potential to •O2
− is doubtful

(−0.33 eV for the standard gas state of 1 atm61) due to an

Figure 14. Photocatalytic phenol degradation for different alkali earth scheelite-type compounds.

Table 4. Comparison of ABO4 with the Reported Unmodified Catalysts for Phenol Degradation

catalyst
initial phenol concentration
(mg/L) and catalyst mass (g) light source

surface area
(m2/g)

rate constant
(10−3 min−1)

surface-area-
normalized rate
constantsa ref.

TiO2 (Degussa P25) 20 mg/L 300 W Xe lamp,
45 mW/cm2

55 90 0.033 68

0.05 g
TiO2 (TBT hydrolysis) 20 mg/L 300 W Xe lamp,

30 mW/cm2
169 9.8 0.015 69

0.05 g
ZnO 25 mg/L 300 W, light flux not

mentioned
no information 5 - 70

0.02 g
WO3
(Shanghai Chemicals)

40 mg/L 300 W Hg lamp, light flux
not mentioned

2.3 0.15 0.0005 71

0.12 ga

CeO2 40 mg/L Hg lamp 4.4 mW 89 0.80 ∼0.0001 72

0.10 g
SnO2 10 mg/L 8 W Hg lamp, 8 mW/cm2 28 6.20a 0.003 73

0.065 g
CaMoO4 20 mg/L 300 W Xe lamp,

45 mW/cm2
3.88 ± 0.17 6.09 ± 0.20 0.031 ± 0.003 present

work
0.05 g

SrMoO4 20 mg/L 300 W Xe lamp,
45 mW/cm2

4.21 ± 0.04 4.58 ± 0.10 0.022 ± 0.001 present
work

0.05 g
BaMoO4 20 mg/L 300 W Xe lamp,

45 mW/cm2
0.42 ± 0.20 8.31 ± 0.24 0.396 ± 0.201 present

work
0.05 g

CaWO4 20 mg/L 300 W Xe lamp,
45 mW/cm2

10.15 ± 0.29 8.42 ± 0.15 0.017 ± 0.001 present
work

0.05 g
SrWO4 20 mg/L 300 W Xe lamp,

45 mW/cm2
6.98 ± 0.13 10.7 ± 0.09 0.031 ± 0.001 present

work
0.05 g

BaWO4 20 mg/L 300 W Xe lamp,
45 mW/cm2

1.03 ± 0.14 11.1 ± 0.50 0.216 ± 0.040 present
work

0.05 g
aFor better comparison, some parameters were calculated based on the experimental results described in cited reports.
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unsuitable band position. This indicates that the participation
of superoxide radicals in the degradation reaction might be
limited during the photocatalytic process.62 However, the
redox potential is not constant and is changed with process
parameters such as a type of gas or a gas flow. Wardman63 has
calculated the redox potential of O2/

•O2
− process for 0.2 atm

in air and in the case of oxygen concentration equals to 1 M in
water. These values were estimated to be −0.29 and −0.16 V,
respectively. Therefore, scheelite-type compounds may be
capable of generating •O2

− radicals because the introduction of
air and dissolved oxygen in the water system leads to lowering
the absolute value of the redox potential. Another possible
explanation of these results is that the reduction potential of
O2 might be changed due to the adsorption on the
photocatalyst surface. Finally, •O2

− radicals can also derive
from the two-electron process from hydrogen peroxide and
further reaction with holes according to eqs 4 and 5

+ + →+O 2H 2e H O2 2 2 (4)

+ → ++ • − +H O h O 2H2 2 2 (5)

The redox potential of hydrogen peroxide generation is
+0.30 eV,61 so this process can occur in the photocatalytic
process with scheelite-type compounds.
3.4. Photocatalytic Activity Analysis. The photocatalytic

activity of the as-prepared scheelite-type compounds was
evaluated in the reaction of phenol photodegradation. No
phenol was degraded in the absence of illumination, indicating
no dark reaction at the surface of the obtained samples.
Photolysis tests of phenol under UV−vis irradiation without
the presence of photocatalyst were also performed. Under the
experimental conditions, phenol photolysis was not observed.
The results of phenol degradation in the presence of the

obtained materials are presented in Figure 14. The highest
photocatalytic activity was observed for SrWO4 and BaWO4
materials. Although their light absorption is limited, scheelite-
type compounds exhibited good photocatalytic performance.
The comparison of k-constant rates with other photocatalysts
described in the literature is presented in Table 4. In addition,
the surface-area-normalized rate constants were calculated due
to better comparison photocatalysts with different specific
surface areas.64 Regarding ABO4 compounds with a low
specific surface area, especially BaMoO4 and BaWO4, the ratio
for these materials is similar or higher, even 1 order of
magnitude than TiO2. Therefore, it can be concluded that
developing the surface area of tungstates and molybdates may
cause more efficient phenol degradation. Remarkably, no
information about the photocatalytic performance of alkali
earth metal scheelite-type compounds was reported in the
literature.
Another observation is the trend to decrease the efficiency

while the bandgap value was decreasing. Generally, both
photocatalytic and photochemical processes require sufficient
energy to generate the electron−holes pairs responsible for the
reduction and oxidation processes.5,65 Therefore, almost all of
the reported photocatalysts are semiconductor-based materials
with a suitable band structure. It is commonly believed that
insulators cannot be used for photocatalytic water treatment
due to large bandgaps to be excited by the usual UV and visible
light sources.66,67 However, barium (BaWO4 and BaMoO4)
and strontium (SrWO4) compounds possess the highest
photocatalytic activity despite the Eg value in the range 4−5
eV.

The light absorption properties and bandgap values are not
the main factors influencing the phenol degradation efficiency.
In this regard, photoluminescence properties were also studied
in detail. While comparing the values of carrier lifetimes with k-
constants, it can be noted that SrWO4 and BaWO4 revealed the
highest ⟨τ⟩ values. By analogy, the short carrier lifetimes
contributed to low phenol degradation. It can be assumed that
the average lifetime calculated from time-resolved PL decay
curves is the main factor that affected the photocatalytic
performance. This observation is not entirely consistent with
CaWO4, which has a lower ⟨τ⟩ value than BaMoO4, although
their phenol photocatalytic degradation is similar. The
luminescence decay curve fits the data from a poly-phase
exponential decay function with constant parameters τ1 and τ2.
Meanwhile, the τ1 value is higher for CaWO4 (129.61 μs) than
for BaMoO4 (61.62 μs). The explanation of this discrepancy
can be found in thermoluminescence spectra.
SrWO4 and BaWO4 are the most efficient photocatalysts

within this scheelite-type series, so this can be explained by no
or very low recombination states, which reduce the carrier
lifetimes. This observation was described by Wang et al., whose
research includes nitrogen-doped anatase titania nanobelts.74

Although the N 2p levels near the valence band contribute to
the visible light absorbance, the band originated from the risen
oxygen vacancies. The associated Ti3+ species were relatively
deep and acted as the recombination centers for the
photoinduced electrons and holes, reducing the photocatalytic
activity. By analogy, tungstates revealed higher photocatalytic
activity than molybdates due to more shallow traps and higher
average charge carrier lifetimes. The only exception is probably
CaWO4. The photocatalytic activity of CaWO4 can be
explained as the presence of trapping centers, which allows
for elongating the lifetime carriers. Kato et al. have reported
that Na-doping in SrTiO3 enhances the activity because new
mid-gap states are introduced. The photoexcited electrons
were trapped into these states after excitation, so trapped
electrons had a longer lifetime than those in undoped
SrTiO3.

75 This hypothesis can be confirmed while comparing
the τ1 in this series. This value is the highest from presented
scheelite-type compounds, so CaWO4 had a similar photo-
catalytic performance to BaMoO4. This observation is also in
agreement with the TL spectratwo distinct glow peaks were
detected for CaWO4, in which the first electron trap causes the
prolongation of charge carrier lifetime, whereas the second one
is responsible for radiative recombination. However, the
second trap was probably a reason for low photocatalytic
activity in the AWO4 series.

3.5. Degradation Mechanism Discussion. During a
photocatalytic process, phenol derivatives are formed, indicat-
ing the degradation pathway of the organic pollutant. In the
case of photoreaction with alkali earth scheelite-type
compounds, by HPLC analysis, catechol (CT) and hydro-
quinone (HQ) were detected as the main intermediate
products during the phenol photodegradation reaction. The
production of CT and HQ during the reaction is typical for
many photocatalysts.30,68,76 Some works also suggest the
formation of benzoquinone (BQ) being in possible equilibrium
with hydroquinone.77,78 However, in this study, BQ presence
and the slowdown of the photocatalytic process were not
observed. The evolution of phenol removal with the monitored
formation of catechol and hydroquinone concentration as a
function of photoreaction time using different photocatalysts is
presented in Figure S6 in the Supporting Information.
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According to the graph, the phenol concentration decreased
with the reaction time, whereas the concentration of
hydroquinone and catechol increased.
Overall, the photocatalysis mechanism is depicted as the

generation of photoexcited electrons and holes in the
conduction band and valence band. These charge carriers
migrate to the photocatalyst surface and undergo reactions
with a water molecule to form reactive oxygen species (ROS).
Therefore, the phenol degradation analyses were carried out in
the presence of •O2

−, •OH, e−, and h+ scavengers and under
anaerobic conditions (N2 purging) to understand the phenol
degradation pathway. The results of the photocatalytic activity
of BaWO4 and SrWO4 in the presence of e−, h+, •O2

−, and
•OH scavengers, that is, silver nitrate, ammonium oxalate,
benzoquinone, and isopropyl alcohol, respectively, and during
N2 purging are presented in Figure 15. BaWO4 and SrWO4
were selected as the most effective photocatalysts in solar-
driven phenol degradation.
A significant contribution of both •OH and •O2

− on the
photocatalytic process was observed in both samples. These
observations are in agreement with other reports, which
confirm that hydroxyl and superoxide radicals are the main

factors that contribute to phenol oxidation.60,76 It suggests that
water oxidation, as well as oxygen reduction, can be efficiently
performed in the presence of BaWO4 or SrWO4 photocatalysts.
Furthermore, in the case of SrWO4, oxygen reduction was
predominant in comparison with BaWO4 due to the higher
observed effect of •O2− scavenger as well as an e− scavenger
and N2 purge to eliminate O2 from the suspension. On the
other hand, BaWO4 seems more suitable for the •OH
generation, which agrees with the observed lowering of the
valence band potential for this compound. Our overall results
suggest that changing the cation in the AWO4 structure affects
the generation ability of ROS generated during irradiation.
This effect might be possible due to (i) morphology change of
the sample or facet effect in the case of BaWO4 or (ii) modified
electronic structure of the conduction band.
BaWO4 and SrWO4 were selected for photochemical EPR

measurements. Figure 16 shows the EPR spectra of PBN in
BaWO4 (Figure 16a) and SrWO4 (Figure 16b) aqueous
suspension. The presented spectra of the suspensions that were
not irradiated showed no signals from short-lived •O2− and
•OH radicals trapped on PBN for both hypoxic conditions or
aerobic. The spectra of the UV-irradiated suspensions consist

Figure 15. Photocatalytic degradation of phenol in the presence of (a) SrWO4 and (b) BaWO4 and charge carrier scavengers.

Figure 16. EPR spectra of PBN in (a) BaWO4 and (b) SrWO4 aqueous suspension recorded under hypoxic and aerobic conditions before and after
UV irradiation (70 s).
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of sextets described by spin Hamiltonian parameters (AN =
1.56 mT, AH = 0.27 mT, and g = 2.0057),79−81 which clearly
indicate that the PBN traps hydroxyl radicals. It should be
noted that the intensity of the EPR spectra recorded under
hypoxic conditions was less intense than the spectra obtained
under aerobic conditions. The formation of hydroxyl radicals
can take place under hypoxic conditions, in opposite to
superoxide radicals. On the other hand, the superoxide radical
anion can transform directly into a non-paramagnetic form or
participate in the formation of the hydroxyl radical. The above
statement explains the EPR results in which, due to aerobic
conditions, a higher concentration of trapped hydroxyl radicals
was observed. Despite the lack of lines in EPR spectra that
could be attributed to the •O2− radical, the decrease in the
number of trapped •OH radicals under hypoxic conditions is
also an indirect evidence of the superoxide radical creation.
The possible mechanism of the phenol degradation can be

described as follows: the •OH radicals initiate the oxidation of
phenol molecules, explaining the decline of k-constant for both
tungstates. The performed analysis is consistent with HPLC
analysis, which indicates the formation of catechol and
hydroquinone. These derivatives are the results of phenol
oxidation by hydroxyl radicals. After further oxidation of
phenol derivatives, superoxide radicals (•O2

−) are needed to
break the benzyl ring and mineralize it to CO2. An increased
ability of SrWO4 to reduce oxygen would especially explain the
higher TOC removal observed for this sample due to the
possible aromatic ring breaking with •O2

−. In the case of
BaWO4, the concentration of superoxide radicals is probably
too low to open the benzyl ring; therefore, no mineralization
was observed82 (see Figure S7 in the Supporting Information).
3.6. Stability Test. SrWO4 and SrMoO4 compounds with

the highest mineralization efficiency measured as a TOC
removal were selected to study the stability and reusability of
ABO4 photocatalysts. After each 120 min cycle, photocatalysts
were separated and used in another run without any treatment.
The obtained results of phenol degradation are presented in
Figure S8 in the Supporting Information. No significant loss in
photocatalytic activity was noticed after three subsequent
cycles of degradation. Moreover, XRD analyses (Figure S9 in
the Supporting Information) performed after a single photo-
catalytic degradation reaction and three subsequent degrada-
tion cycles confirmed that scheelite-type compounds are stable
after the photocatalytic process and can be reused without
specific treatment. Finally, the SEM images of photocatalysts
after degradation processes (Figures S10 and S11 in the
Supporting Information) indicate that only partial deagglom-
eration is observed, which is typical for photocatalytic reactions
in water systems.

4. CONCLUSIONS
To summarize, a simple synthesis of alkaline earth metal
scheelite-type compounds was developed. The photocatalytic
activity under simulated solar light irradiation for phenol
degradation using AWO4- and AMoO4-based photocatalysts
(A = Ca, Sr, and Ba) was reported for the first time. The
morphologies of the potential photocatalyst, together with
BET measurements, were described. Despite the microcrystals
or microsphere formation and low surface area, all samples
exhibit photocatalytic activity toward phenol degradation.
Although ABO4 compounds absorb mainly UV light, the
photon amount was sufficient to create photogenerated
electron−hole pairs. The thermoluminescence glow curves

showed the presence of energy traps, which allow absorbing
light at higher wavelengths that it could be suggested by
bandgap calculations. Remarkably, the charge carrier lifetime
was the crucial factor influencing the photocatalytic perform-
ance of the as-synthesized materials. BaWO4 and SrWO4, with
the longest ⟨τ⟩ value, demonstrated the highest photo-
degradation rate constants. Ultimately, AWO4s are more
efficient photocatalysts than AMoO4s because of the possible
conduction through charge carrier channels as well as more
resistive characteristic, which was observed during electro-
chemical studies. In addition, molybdates had deeper electron
traps than tungstates, which was a reason for their lower
photocatalytic activity. Finally, the photocatalytic processes
with charge carrier scavengers indicate the significant role of
•OH and •O2

− radicals, which oxidize phenol to hydroquinone
and catechol. An increased ability of SrWO4 to reduce oxygen
explained the observed phenol mineralization due to the
predominant role of •O2

−, e− and dissolved oxygen in phenol
photocatalytic degradation.
The obtained results provide information about the unique

physicochemical properties of alkali earth metal scheelite-type
compounds and shed new light on the photocatalytic
performance of AWO4 and AMoO4. The precise characteristics
facilitate further investigation of these compounds and find
novel solutions for enhancing photocatalytic performance in
wide-bandgap semiconductors.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06481.

Size distribution of nanoparticles or microcrystals of
scheelite-type compounds; adsorption isotherms and
pore distributions of scheelite-type compounds; bandgap
calculations based on Tauc’s method for scheelite-type
compounds; excitation spectra of scheelite-type com-
pounds; determination of flat bands and capacity of
ABO4 compounds; phenol, hydroquinone, and catechol
concentration versus irradiation time during photo-
catalytic process for all samples; TOC measurements
for scheelite-type compounds after 120 min of photo-
catalytic process; stability tests of scheelite-type
compounds (XRD patterns and SEM images), stability
tests of SrWO4 and SrMoO4 after three degradation
cycles (XRD patterns and SEM images); and efficiency
of phenol degradation after 120 min of the photo-
catalytic process after three degradation cycles (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
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Poland; Institute of Interdisciplinary Research (USR 3078),
French National Centre for Scientific Research, Villeneuve-
d’Ascq F-59652, France

Tadeusz Ossowski − Department of Analytical Chemistry,
Faculty of Chemistry, University of Gdansk, Gdanśk 80-308,
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233, Poland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.1c06481

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was financially supported by the Polish National
Science Centre (grant no. NCN 2018/30/E/ST5/00845). We
also acknowledge Bogusław Macalik from the Polish Academy
of Sciences for reflectance spectra measurements.

■ REFERENCES
(1) Oturan, M. A.; Aaron, J.-J. Advanced Oxidation Processes in
Water/Wastewater Treatment: Principles and Applications. A Review.
Crit. Rev. Environ. Sci. Technol. 2014, 44, 2577−2641.
(2) Howe, R. F. Recent Developments in Photocatalysis. Dev. Chem.
Eng. Miner. Process. 1998, 6, 55−84.
(3) Ahmed, S. N.; Haider, W. Heterogeneous Photocatalysis and Its
Potential Applications in Water and Wastewater Treatment: A
Review. Nanotechnology 2018, 29, 342001.
(4) Schneider, J.; Matsuoka, M.; Takeuchi, M.; Zhang, J.; Horiuchi,
Y.; Anpo, M.; Bahnemann, D. W. Understanding TiO2 Photocatalysis:
Mechanisms and Materials. Chem. Rev. 2014, 114, 9919−9986.
(5) Fujishima, A.; Zhang, X.; Tryk, D. TiO2 Photocatalysis and
Related Surface Phenomena. Surf. Sci. Rep. 2008, 63, 515−582.
(6) Li, W.; Ismat Shah, S. Semiconductor Nanoparticles for
Photocatalysis. Encycl. Nanosci. Nanotechnol. 2004, 9, 669−695.
(7) Hsu, L. C.; Galli, P. E. Origin of the Scheelite-Powellite Series of
Minerals. Econ. Geol. 1973, 68, 681−696.
(8) Fan, L.; Fan, Y. X.; Duan, Y. H.; Wang, Q.; Wang, H. T.; Jia, G.
H.; Tu, C. Y. Continuous-Wave Intracavity Raman Laser at 1179.5
Nm with SrWO4 Raman Crystal in Diode-End-Pumped Nd:YVO4
Laser. Appl. Phys. B: Lasers Opt. 2009, 94, 553−557.
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