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A B S T R A C T

CaO/SrTiO3 heterostructures were fabricated, and their photocatalytic activity for the discoloration of
Rhodamine B (RhB) dye was evaluated. SrTiO3 particles were obtained via a polymer precursor method, and
heterojunctions in which CaO grew on SrTiO3 crystalline particles were prepared via a sol-gel route.
Characterization was performed using X-ray diffraction, transmission electron microscopy, and ultraviolet/
visible/near-infrared, Raman, and photoluminescence spectroscopy. The photocatalytic activity of the hetero-
structures was verified by the discoloration of RhB using UV light. Defects caused by tensile strain in the in-
terface region were verified when the calcium oxide grew on the strontium titanate, altering the defects of the
material. In the heterojunctions, the defects of the monoionized and doubly ionized O (oxygen) vacancies had a
greater contribution to the photocatalytic process than the defects at deep levels generated in the stress region
and the direct transfer of charge between the conduction and valence bands.

1. Introduction

Pure CaO has been studied as a photocatalyst material [1–3]. Ad-
ditionally, CaO doped with metal ions and CaO in heterostructure form,
e.g., with TiO2 oxide [4–7], have been investigated. During the synth-
esis of CaO, other phases, such as hydroxide (Ca(OH)2) and carbonate
(CaCO3), can be detected, which also exhibit significant photocatalytic
activity [1,3]. These materials have been evaluated in several processes,
such as dye discoloration [1–3], biodiesel production via transester-
ification of palm oil [7], esterification of free fatty acids [4,6], synthesis
of organic compounds [4], and degradation of drugs [5] and ammonia
[8]. The photocatalytic activity using ultraviolet (UV) light [1–4,7],
sunlight [5,8], and with different wavelengths ranging from UV to near-
infrared (NIR) [6], has been studied.

Mixtures of CaO and TiO2 were used in [7] to obtain biodiesel via
photocatalysis, resulting in > 96% conversion of oil into biodiesel.
Abbas et al. (2017) used a heterogeneous CaO/TiO2 catalyst to syn-
thesize a wide variety of biologically active molecules, i.e., vitamin B6
analogues, with a yield of > 90%, and biodiesel from free fatty acids,
with a yield of 97%. Different phases of Ca - hydroxide, hydrated lime,
oxide, and carbonate - were evaluated as photocatalysts for the

degradation of Rhodamine 6G. Ca(OH)2 is the most photoactive phase,
with a bandgap of 5.69 eV. It behaves as an insulating material, and its
photocatalytic activity is attributed to the indirect sensitization of the
dye. The photoactivity is related to electron transfer from the dye to the
insulation material; that is, under irradiation, the dye is excited and
injects electrons into the conduction band (CB), which interact with the
adsorbed species on the surface of Ca(OH)2, producing radical species
for the degradation of the dye [1].

SrTiO3 is an oxide perovskite in which Sr2+ occupies the vertices of
the octahedral cluster of [TiO6] of a cubic crystalline system [9]. This
oxide is an n-type semiconductor with a bandgap energy of approxi-
mately 3.2 eV [10]. For this perovskite, the valence band (VB) is pre-
dominantly composed of O 2p orbitals, with a small contribution of Ti
3d orbitals, and the CB is composed mainly of 3d Ti orbitals and 3d Sr
orbitals at high energies [11]. The photocatalytic activity of the Ti and
Sr sites at the surface of the SrTiO3 structure for reducing CO2 was
studied, and the results indicated that the chemical environment sur-
rounding the Ti4+ ions was propitious to the photoactivity and that
SrTiO3 promoted the electronic transitions [12].

Heterojunctions composed of BiFeO3/TiO2, SrTiO3/TiO2, PbTiO3/
TiO2, MoS2/TiO2 and NiO/TiO2 have been used in several applications,
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such as fuel cells, sensors, catalysts, magnetic materials, and corrosion
protection [13–15]. Heterojunction materials are promising as photo-
catalysts owing to the generation of structural defects at the interface,
which increases the recombination time of the photogenerated elec-
trons/holes and thus increases the photocatalytic activity [16–21]. In
this study, we fabricated CaO/SrTiO3 heterojunctions via a simple sol-
gel method. The heterojunctions had dissimilar mechanisms of charge
transfer between different types of defects, yielding unusual photo-
catalytic activities. The desired defects were obtained by changing the
SrTiO3 concentration.

2. Experimental

The CaO and SrTiO3 used in this work were prepared via a poly-
meric precursor method, and the CaO/SrTiO3 heterostructures in which
CaO grew on SrTiO3 crystalline particles were prepared via a sol-gel
route.

CaO was obtained by mixing 1.0 mol of calcium nitrate tetrahydrate
(99.0%–103.0%, Synth) with 4.0 mol of citric acid (99.8%, ECIBRA)
and 16.0 mol of ethylene glycol (99.9%, Neon). The Ca salt was dis-
solved in approximately 100 mL of deionized H2O, and then citric acid
and ethylene glycol were added. The solution was stirred for 2.5 h at a
temperature of 130 °C until the liquid became a nearly solid gel. The
formed product was heated in a muffle oven at 250 °C/1 h with a
continuous air flow, and then the temperature was increased to 350 °C/
4 h. The generated solid was triturated in a mortar and subjected to
further heat treatment with a continuous air flow at 350 °C/12 h.
Finally, it was subjected to heat treatment in a muffle furnace at
1000 °C/4 hunder a continuous air flow. SrTiO3 particles were prepared
via a route similar to that for CaO, with titanium isopropoxide (97%,
Sigma-Aldrich) and strontium acetate (Sigma-Aldrich) as precursors.
The ratio of metal, citric acid, and ethylene glycol was maintained. The
mixture was stirred at a temperature of 120 °C/9 h. Heat treatment was
performed at 350 °C/4 h, and the generated solid was triturated and
subjected to further heat treatment at 600 °C/4 h.

The heterostructure was preparedusing a sol-gel route. The first step
involved the hydroxylation of the surface of the SrTiO3 particles via the
addition of H2O2 (20%–60%, Vetec), NH4OH (28%–30%, Qhemis), and
deionized water under heat treatment at 50 °C/30 min. Then, drops of
acrylic acid (99%, Sigma–Aldrich), 2-methoxyethanol (99.8%, Sigma-
Aldrich), and polyvinyl alcohol (99.6%, Vetec) were added for
30 min at 50 °C with stirring, yielding a stable SrTiO3 suspension. In the
second step, calcium nitrate tetrahydrate (99.0%–103.0%, Synth) was
dissolved in isopropyl alcohol (99.5%, Vetec), forming a solution of Ca.
Then, the SrTiO3 stable suspension was added to the Ca solution. The
resulting mixture was stirred at 150 °C/1 h to promote the coating of
the SrTiO3 particles with CaO. The generated solid was heated in a
muffle oven, with air injection, at 150 °C/12 h to eliminate the organic
matter. Then, further heat treatment was performed at 600 °C/4 h. The
sample was only inserted in the oven when the temperature was already
at 600 °C, with air injection, avoiding the temperature range of
400–600 °C, which is critical for the formation of the CaCO3 phase. The
resulting heterojunctions were denoted as Ca+0.5%STO, Ca+1%STO,
Ca+2%STO, Ca+5%STO, and Ca+10%STO, corresponding to 0.5%,
1%, 2%, 5%, and 10% SrTiO3 particles (by mass) added to the sol-gel
solution of Ca, respectively.

The heterojunctions were characterized via X-ray diffraction (XRD)
analysis using a diffractometer (RINT2000, Rigaku®), via UV/visible
(vis)/NIR absorption spectroscopy in the diffuse-reflectance mode in
the spectral range of 200–800 nm using a spectrophotometer (LAMBDA
1050, PerkinElmer®), and via photoluminescence spectroscopy using a
325-nm-wavelength excitation laser, where the exciton recombination
was measured from 350 to 850 nm and the generated spectra were
deconvoluted by employing the Peak Fit® software. The generated
spectra via Raman were obtained using a Horiba Jobin Yvon® LabRAM
HR spectrometer and high-resolution transmission electron microscopy

(HRTEM) using FEI TECNAI G2 F20 HRTEM® equipment.
To evaluate the photoactivity of the heterojunctions, photocatalysis

was performed using UV light (λmax = 254 nm, 11 W, Osram, Puritec
HNS 2G7) under constant stirring and air bubbling. For the photo-
catalytic experiments, 700 mL of an aqueous solution of 1 × 10−5 mol/
L of Rhodamine B (RhB) was used, which was sonicated for 20 min in a
dark room. During the catalytic process, an aliquot was removed before
the suspension was sonicated, and approximately 20 min after the so-
nication, another aliquot was removed (time zero). Subsequently, ali-
quots were removed 5, 10, 15, 30, 60, 90, and 120 min after the be-
ginning of the photocatalysis process. The aliquots were centrifuged
and analyzed using a spectrophotometer (80 PR, Femto Cirrus®) at
554 nm. The photocatalytic efficiency was calculated according to the
percentage of the absorbance of the RhB solution, by using Equation
(1). The half-life (t1/2) of the RhB photo-discoloration was calculated
using Equation (2).

=A% C C
C

. 1000 t

0 (1)

=t ln 2
k1/2 (2)

3. Results and discussion

3.1. Photoactivity of catalysts for discoloration of RhB

Fig. 1a shows a graph of the photolysis and photocatalysis with
respect to time for the pure materials CaO and SrTiO3, as well as the
CaO/SrTiO3 heterostructures (0.5%, 1%, 2%, 5%, and 10% m/m of
SrTiO3), for the discoloration of RhB using UV light. The discoloration
of RhB via photocatalysis had pseudo-first-order kinetics. The results for
ln (A0/A) with respect to time, as shown in Fig. 1b, were used to cal-
culate the kinetic parameters of the dye discoloration for the systems
studied. The results are presented in Table 1.

Table 1 shows the kinetic parameters of the RhB photo-discolora-
tion: the percentage of discoloration after 120 min of reaction, the re-
action rate constant, the calculated half-life (t1/2), and the observed
half-life (t1/2).

The results indicate that the heterostructures exhibited better photo-
discoloration performance than the pure CaO and SrTiO3. The hetero-
structures composed of 0.5% and 2% SrTiO3 (relative to CaO) were the
most efficient for the dye discoloration, reaching 92.5% for t1/

2 = 30 min (Ca+2%STO). As the content of the SrTiO3 phase in the
heterostructures increased beyond 2%, a gradual decrease in the pho-
tocatalytic activity was observed. To investigate the differences in the
photocatalytic behavior due to the phase composition, XRD, TEM, and
photoluminescence measurements were performed.

3.2. Microstructural characterization

The crystalline phases present in the SrTiO3 and CaO samples and
the CaO/SrTiO3 heterostructures were analyzed via XRD and trans-
mission electron microscopy (TEM), as shown in Fig. 2a and b, re-
spectively.

As shown in Fig. 2a, the XRD patterns of CaO and SrTiO3 were
compared to the JCPDS standards for CaO (ICSD: 51409) and SrTiO3

(ICSD: 23076), respectively. The CaO exhibited peaks at 32.2°, 37.3°,
53.8°, 64.1°, 67.3°, and 79.6°, which were related to the (111), (200),
(220), (311), (222), and (400) planes, respectively, of the CaO cubic
phase (space group Fm-3m). It also exhibited peaks at 18.0°, 28.7°,
34.1°, 47.1°, 50.8°, 54.4°, 62.6°, and 71.8°, corresponding to the (001),
(100), (101), (102), (110), (111), (021), and (022) planes, respectively,
of the Ca(OH)2 phase (ICSD: 73467). The SrTiO3 exhibited peaks at
22.7°, 32.4°, 40.0°, 46.4°, 52.3°, 57.8°, 67.8°, and 72.5°, corresponding
to the (100), (110), (111), (200), (210), (211), (220), and (221) planes,
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respectively, of the cubic crystalline phase of SrTiO3 (space group Pm-
3m). For the CaO/SrTiO3 heterostructures, the most intense XRD peak
for SrTiO3 (at 32.4°, corresponding to the (110) plane) overlaps with
the peak at 32.2° (corresponding to the (111) plane) for CaO. The low-
intensity peak observed at 29.5° is attributed to the formation of CaCO3

(ICSD: 18164), which is typical for CaO samples. The peak intensities in
the heterostructure patterns (e.g., at 32°) are higher than those in the
CaO patterns. This increase is attributed to the presence of SrTiO3. The

heterostructure composed of Ca+10%STO exhibited a peak at ap-
proximately 46.5°, corresponding to the (200) plane of SrTiO3. This
sample showed low-intensity peaks at 18.1° and 34.1°, corresponding to
the (001) and (101) planes, respectively, of the Ca(OH)2 phase. The
heterostructures exhibited similar XRD profile sowing to the phases of
their precursors.

As shown in Fig. 2b, HRTEM was performed on the samples to ob-
serve the interface region between the CaO and SrTiO3 phases and
determine the interplanar distance of the crystalline planes. An inter-
planar distance of 2.76 Å, which is attributed to the (110) plane of the
SrTiO3, is observed in the image. Around this region, there are inter-
planar distances of 1.70 and 2.40 Å, corresponding to the (220) and
(200) planes, respectively, of the CaO phase. These results indicate the
formation of the heterostructure between the cubic structures of CaO
(a= 4.81059 Å) and SrTiO3 (a= 3.90500 Å).

Raman scattering spectroscopy indicated that the main modes were
related to CaCO3 and Ca(OH)2 for all the samples, as shown in Fig. 3.
This is evident because Raman active modes corresponding to the cubic
structure of CaO were not observed, except for second-order scattering
by phonons. Therefore, the modes observed in the spectra were mainly
composed of calcium hydroxide and calcium carbonate. As the SrTiO3

concentration in the heterostructures increased to 5%, the mode located
at 282 cm−1 for the 0.5% sample shifted to 279 cm−1. Along with this

Fig. 1. a) Photocatalytic activity of CaO, SrTiO3, and CaO/SrTiO3 heterostructures and photolysis in the discoloration of RhB using UV light; b) ln (A0/At) versus time
for discoloration.

Table 1
Kinetic parameters of photolysis and photocatalysis for CaO, SrTiO3, and CaO/
SrTiO3 in the discoloration of RhB.

Sample Discoloration
(120 min) (%)

kapp x
10−2

(min−1)

t1/2 –
calculated
(min)

t1/2 -
observed
(min)

Photolysis 67.2 0.806 86.2 85.7
SrTiO3 (Pechini) 37.5 0.423 163.8 –
CaO (Pechini) 81.7 1.356 51.1 48.8
Ca+0.5%STO 91.4 1.864 37.2 38.8
Ca+1%STO 84.4 1.525 45.5 43.3
Ca+2%STO 92.5 2.377 29.2 27.5
Ca+5%STO 88.0 1.979 35.0 33.1
Ca+10%STO 85.5 1.729 40.1 40.0

Fig. 2. a) XRD patterns of CaO, SrTiO3, and the heterostructures: Ca+0.5%STO, Ca+1%STO, Ca+2%STO, Ca+5%STO, and Ca+10%STO. b) HRTEM image of the
Ca+10%STO heterostructure. A magnified view of the central region is shown on the right.
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shift, the suppression of the most intense modes (∼360 cm−1) and the
appearance of modes at 179 and 333 cm−1 were observed. Factors such
as phonon confinement, defects, non-stoichiometry, and crystal lattice
stress contributed to the observed behavior [22,23]. In the case of
heterojunctions, it is expected that stress - such as tension or com-
pression of the crystalline lattice - is induced in the interface region
between the structures, forming defects [15]. Defects, e.g., those due to
tensile strain of the crystal lattice, cause the Raman modes to redshift
[24–26]. In our results, this redshift was evident and was due to defects
caused by the tensile strain in the interface region when the CaO
(a= 4.81059 Å) grew on the crystalline particles of SrTiO3
(a= 3.90500 Å). The suppression of the mode intensity and the for-
mation of new modes in the 5% sample were related to the local
symmetry breaking in the interface region. This symmetry breaking
restricted and diminished the typical vibrational modes of the structure,
while creating new points of short-range symmetry represented by the
formation of the new modes. The spectrum of the sample with 10%
SrTiO3 resembled that of the sample with 0.5% SrTiO3, and there was
probably no interaction between the phases, as for the samples with up
to 5% SrTiO3. Therefore, the short-range analysis allowed the tensile
strain intensity to be investigated as a function of the SrTiO3 con-
centration in the heterostructure.

3.3. Optical characterization

Fig. 4 illustrates the photoluminescence behavior of CaO, Ca+0.5%
STO, Ca+1%STO, Ca+2%STO, Ca+5%STO, Ca+10%STO, and SrTiO3

samples. For the analysis, the excitation wavelength was 325 nm, and
the emission range was 350–850 nm. The spectra of the samples showed
that the recombination of the excitons (pairs consisting of an electron in
an excited state and a hole) occurred at different energy levels, from
3.45 eV (360 nm) to approximately 1.46 eV (850 nm). The energy range
from the UV region (360 nm) to the red region (700 nm) exhibited the
highest luminescence emission, as indicated by the broadband of the
spectrum.

To elucidate the photoluminescent behavior, the spectra were de-
convoluted, as shown in Fig. 5. Each component represents a radiative
decay, corresponding to the relaxation of the electrons from a higher
energy level to a lower energy level, and the sum of all the radiative

processes resulted in the broadband. The defects located at electronic
levels near the VB and CB were classified as shallow and formed bands
in the high-energy region (blue). Defects located at electronic levels
near the Fermi level were classified as deep defects and correspond to
photoluminescent emissions in regions of lower energy (green/yellow/
red) [27–29]. Emissions in the violet region represent the band–band
radioactive decay due to the recombination of the electron-hole pairs
[27,30], whereas the blue emissions indicate the presence of mono-
ionized O vacancies [20,31,32]. The emissions observed in regions of
lower energy (green/yellow/red) are related to doubly ionized O va-
cancies [16,31]. The spectrum of SrTiO3 (Eg = 3.18 eV, Fig. 6 and
Table 2) was deconvoluted in three bands, as shown in Fig. 5. The
emission centers were located in the violet, green, and red regions,
indicating band–band transitions, i.e., direct transitions from the VB to
the CB, and defects at deep levels due to the presence of doubly ionized
O vacancies. As shown in Fig. 5, CaO (Eg insulation) exhibited photo-
luminescent bands similar to those of SrTiO3, with the exception of the
band in the red region, which was shifted to the infrared region and to a
lesser extent. This was due to the photoluminescent emission caused by
the interfacial defects generated by the presence of Ca(OH)2, which had
a more compact structure than the cubic CaO and emitted at a lower
energy. The Ca+0.5%STO (Eg = 3.08 and 3.73) and Ca+1%STO
(Eg = 3.04 and 3.38) heterostructures, with inflection of two bandgap
energies (Table 2) separated by 0.65 and 0.34 eV, respectively, ex-
hibited photoluminescent bands in the violet, green, red, and infrared
regions. The infrared band was generated by defects in the interface
region between CaO and SrTiO3, which caused compression stress in
the junction of the two cubic phases, as indicated by the Raman spec-
trum. The red band was due to double-ionized O vacancies generated by
the CaO–SrTiO3 interface. Increasing the proportion of SrTiO3 (0.5% →
1%) in the heterostructure reduced the emission in the violet region,
indicating reduced direct transitions from the CB to the VB and in-
creased structural defects. The increase of the SrTiO3 concentration
beyond 2% increased the concentration of defects in the hetero-
structure, as indicated by the larger bandgap energy inflection
(Table 2). In the photoluminescence spectrum for the 2% hetero-
structure, there was pronounced emission in the blue region (∼50% of
the spectrum), and approximately 48% of the spectrum emission was in
the green region. The first region corresponds to defects due to mono-
ionized O vacancies, and the second region corresponds to defects due
to doubly ionized O vacancies. There was low emission in the infrared
region. As the concentration of the SrTiO3 phase increased from 2% to
10%, the emission in the blue and green regions, which were related to
the monoionized and doubly ionized O vacancies, respectively, de-
creased. These were the main defects related to the charge transfer in
the interface region of the heterostructure. The enhanced emission in
the infrared region was caused by the large amount of defects in the
crystalline lattice at the CaO/SrTiO3 interface, such as stress-related

Fig. 3. Raman spectra of the heterostructure samples.

Fig. 4. Photoluminescence spectra of CaO, SrTiO3, and the heterojunctions at
room temperature.
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defects, which resulted in the reduction of the charge transfer between
the phases.

The photocatalytic results are related to the defects generated at the
interface of the heterostructures, which promoted the charge transfer,
generating the species responsible for the oxidation reduction reactions
that discolored the RhB. The most photoactive heterostructure - Ca
+2%STO - showed bands in the blue region, indicating monoionized O
vacancies; in the green region, indicating doubly ionized O vacancies;
and in the infrared region, indicating interfacial defects generated by
the formation of the heterostructure. When the concentration of SrTiO3

increased beyond 2%, the amount of interfacial defects increased and

the amount of O vacancies decreased, reducing the photoactivity. When
the SrTiO3 concentration decreased below 2%, the amount of structural
defects decreased and the electrons began to recombine directly from
the CB to the VB, as indicated by emission in the violet region. For
effective heterostructures, i.e., with easy charge transfer, for the dis-
coloration of RhB, it was verified that the electronic holes and super-
oxide radicals (generated by the excited electrons) were the most active
species [20]. Therefore, the emissions in the blue, green, and red re-
gions were responsible for the increase in photocatalytic activity. In
contrast, the emissions in the violet and infrared regions appeared to
retard the photocatalytic effect.

Fig. 5. Deconvolution of the photoluminescence spectra of the SrTiO3, CaO, and CaO/SrTiO3 heterostructure samples.
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3.4. Heterojunction charge-transfer model

We propose a photocatalytic model for the semiconductor hetero-
junction considering that pure CaO behaves as an insulator with pho-
tocatalytic activity (81.7% discoloration of RhB). The behavior was
determined to be either photocatalytic or only catalytic. Tests were
performed under the aforementioned conditions, but in the absence of
light. In Fig. 7, the results are illustrated and compared with those
obtained under light.

The percentage of RhB dye discoloration with respect to time for
CaO particles in the presence of light and in the dark are shown in

Fig. 7a. The analysis was performed for 120 min of the photocatalytic
reaction. Fig. 7b was used to calculate the kinetic parameters for the
discoloration of RhB, as shown in Table 3. As shown in Fig. 7 and
Table 3, CaO had a photocatalytic effect for the dye discoloration; i.e.,
its effect was dependent on the electromagnetic radiation. However, the
material exhibited insulating behavior, as indicated by diffuse-re-
flectance analysis. When a UV lamp was used for photo-discoloration,
the light energy (254 nm) was unable to excite the electrons of the VB
to the CB of the material insulator.

To explain the photochemistry of RhB discoloration using CaO
particles, it is proposed that electrons be transferred from the dye that

Fig. 6. Tauc plot of CaO, SrTiO3, and CaO/SrTiO3 heterostructure samples.
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acts as an electrons donor -undergoing oxidation and initiating the
discoloration process - by injecting electrons into the CaO CB rich in Ca
(OH)2 [1,33]. The injected electrons interacts with the O absorbed on
the surface of the catalyst, producing superoxide radicals (O2

∗−) [1],
which are among the most active species in the discoloration of RhB
[20]. The following reactions are proposed.

RhB + hν → RhB∗ + e− (5)

CaO / Ca(OH)2 + e− → CaO / Ca(OH)2 (e−
CB) (6)

CaO / Ca(OH)2 (e−
CB) + O2 → CaO / Ca(OH)2 + O2

∗− (7)

O2
∗− + RhB → RhB discoloration (8)

The heterostructures act as semiconductors, generating electrons
and holes that are photogenerated by UV light. Thus, when an energy
greater than or equal to the bandgap energy is provided, the CaO/
SrTiO3 heterojunction generates an exciton. The photogenerated elec-
tron can be captured by an O2 molecule, forming a superoxide radical
(O2

∗-). The holes can capture an electrons from the water or hydroxyl
ions adsorbed on its surface, generating hydroxyl radicals (OH∗) that
remain adsorbed on the surface of the catalyst [34]. The generated
radicals and the electronic holes are responsible for oxidation reactions
that discolor RhB. The following reactions are proposed for the het-
erojunctions.

CaO / SrTiO3 + hν → CaO / SrTiO3 (e−
CB + h+

VB) (9)

CaO / SrTiO3 (e−
CB) + O2 → CaO / SrTiO3 + O2

∗− (10)

CaO / SrTiO3 (h+
VB) + H2Oads → CaO / SrTiO3 + H+ + OH∗

ads (11)

CaO / SrTiO3 (h+
VB) + OH−

ads → CaO / SrTiO3 + OH∗
ads (12)

CaO / SrTiO3 (h+
VB) + RhB → RhB∗ + RhB oxidation (13)

OH∗
ads + RhB → RhB discoloration (14)

O2
∗− + RhB → RhB discoloration (15)

e−
CB + h+

VB → heat (16)

The lower PL intensities observed in the heterojunctions compared
with pure CaO indicate that the recombination of electron/hole pairs
occurred slowly, resulting in charge carriers acting at the surface of the
material. In the case of the more photoactive heterojunction Ca+2%
STO, in addition to the doubly ionized vacancies ([CaO5.Vo

••]) detected
by the photoluminescence emission in the green region, there were
monoionized vacancies ([CaO5.Vo

•]) detected by the PL emission in the
blue region, which acted both as electron donors and electron accep-
tors. In contrast, the heterostructures with less photocatalytic action did
not exhibit active emission in the blue region, an emission increase in
the green and red regions (indicating the presence of doubly ionized O
vacancies ([CaO5.Vo

••]) that acted only as electron receptors), or an
emission increase in the near-infrared region (indicating that the de-
fects at the interface of the materials generated a more compact
structure that reduced the photoactivity).

In the Kröger-Vink notation (Equations(17)–(20)), the subscripts o
and d indicate ordered and disordered clusters, respectively. Vo

x and Vo
•

indicate vacancies of neutral and monoionized O, respectively, and the
superscript ’ indicates an electron. All the CaO/SrTiO3 heterostructures
exhibited doubly ionized O vacancies (Vo

••), and the heterostructures
with SrTiO3 concentrations of ≥2% also exhibited monoionized va-
cancies (Vo

•).

+ +[CaO ] [CaO . V ] [CaO ] [CaO .V ]o6 o
x

5 o
x

d 6 5 o
•

d (17)

+ +[CaO .V ] [CaO ] [CaO .V ] [CaO ]5 o
•

d 6 o
x

5 o
••

d 6 o (18)

+ +r[SrO ] [SrO .V ] [S O ] [SrO . V ]o12 o
x

11
x

d 12 o 11 o
•

d (19)

+ +[SrO ] [SrO .V ] [SrO ] [SrO . V ]12 o
x

11 o
•

d 12 o 11 o
••

d (20)

The heterojunction with 2% SrTiO3 exhibited the best photo-
catalytic performance owing to the monoionized O vacancy defects.
The monoionized O vacancy defects increased the recombination time
of the load carriers in relation to the others defects, such as doubly
ionized O vacancies (Vo

••), enhancing the photocatalytic activity. The
role of the monoionized O vacancies in the photodegradation reactions
was expected: these defects acted as donors (generating doubly ionized
vacancies) and receptors of electrons (generating neutral vacancies), in
contrast to doubly ionized vacancies, which only accepted electrons.
Thus, the monoionized O vacancies acted as electronic bridges for
charge-carrier transport.

4. Conclusion

CaO/SrTiO3 heterojunctions were prepared via a sol-gel route. The

Table 2
Bandgap (eV) energy obtained from the UV/vis/NIR
spectrum with the diffuse-reflectance modulus for the
SrTiO3, CaO, and CaO/SrTiO3 heterostructure samples.

Sample Band gap (eV)

SrTiO3 (Pechini) 3.18
CaO (Pechini) –
Ca+0.5%STO 3.08 e 3.73
Ca+1%STO 3.04 e 3.38
Ca+2%STO 3.21
Ca+5%STO 3.18
Ca+10%STO 3.18

Fig. 7. a) Photocatalytic activity of CaO in the discoloration of RhB under UV light and in the dark; b) ln (A0/At) versus time for discoloration.
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heterostructures were more photoactive than their precursors, i.e., pure
CaO and SrTiO3, owing to the formation of structural defects, such as O
vacancies, which were good charge-trapping agents, increasing the re-
combination time of the excitons. The heterostructure with the highest
photocatalytic activity (Ca+2%STO) was the one with the greatest
photoluminescent emission in the blue region, indicating that mono-
ionized O vacancies were the most significant defects for increasing the
photoactivity. Increasing the SrTiO3 concentration beyond > 2% in-
creased the interfacial defects and decreased the O vacancies, reducing
the photoactivity. Decreasing the SrTiO3 concentration below 2% de-
creased the amount of defects generated, causing a direct transition
from the CB to the VB, reducing the photoactivity.
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