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Vanadium doped CaTiO3z cuboids: role of vanadium
in improving the photocatalytic activityy

Harsha Bantawal,® U. Sandhya Shenoy {2 ** and D. Krishna Bhat (2 *@

CaTiOsz has attracted enormous interest in the fields of photocatalytic dye degradation and water splitting
owing to its low cost, excellent physicochemical stability and structural tunability. Herein, we have
developed a simple one pot solvothermal approach which directs V into the Ti sites in the isovalent state
during the synthesis of V doped CaTiOs cuboids. The prediction of reduction in the band gap due to the
formation of additional levels just beneath the conduction band edge by the first principles density
functional electronic structure study is confirmed by the experimental results. The suppression of charge
carrier recombination in 1.0 V leads to the highest photocatalytic activity in the degradation of
methylene blue. The percentage degradation of 94.2 indicates its suitability as an excellent catalyst for

rsc.li/nanoscale-advances photocatalytic water treatment.

1. Introduction

Environmental pollution and the energy crisis have become
serious problems in the developed and developing countries in
the world due to the expeditious growth of population and
industrialization."” Semiconductor materials, mainly oxides
and chalcogenides have been found to be the most promising
materials which can be used to solve the issue by using them in
thermoelectric or photocatalytic applications.*® While ther-
moelectric materials help scavenge the waste heat and convert
them to electricity without the release of harmful gases, the
photocatalysis strategy tackles these issues by using sunlight as
a green, low cost and renewable resource for generation of
hydrogen and degradation of pollutants.®** Metal oxides and
their composites have been utilized in energy and environ-
mental remediation due to their ease of synthesis, excellent
stability, photo-corrosion resistance and superior effi-
ciency.***"* Among the metal oxides, CaTiO3, is the first known
perovskite material which has sparked research interest due to
the above mentioned promising features for the decomposition
of water and degradation of harmful organic pollutants.’*® An
efficient photocatalyst should have a suitable band gap which
can effectively harvest the visible region of the solar spectrum,
suppressed recombination rate of photoinduced charge carriers
and excellent resistance towards photocorrosion.** The band
gap energy of CaTiO; is about 3.2 eV, as a result, its photo-
catalytic activity is restricted to the UV portion of the solar
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spectrum only and hence various strategies like doping,
construction of heterostructures and coupling with m-conju-
gated structures have been utilized in order to reduce the band
gap.'®**?* Among various strategies, doping foreign atoms in to
the lattice of wide band gap photocatalysts has been found to be
the promising method as there are three possible sites for
doping (Ca, Ti and O). However, dopants are known to intro-
duce bulk defects which can also act as recombination centres
of photoinduced charges thus diminishing the photocatalytic
efficiency of the material.>**® Hence it is imperative to find
dopants which can efficiently harvest the solar energy and also
can suppress the recombination of photo induced charge
carriers. Various dopants such as Ag, Cr, Cu, Er, Eu, Fe, La, N,
Na, and Zr have been utilized to improve the photocatalytic
efficiency of CaTiO;.>#*** In addition to this, co-doping has
been utilized in order to passivate the unoccupied impurity
states induced by mono-doped systems and thus suppress the
recombination rate of photoinduced charges.>**”**

Recently we reported vanadium to be a promising dopant in
SrTiO; and BaTiO; for photocatalytic degradation of MB and
thermoelectric applications, and found that the site occupancy
of the dopant decides the efficiency of the material.***” We
know that vanadium is a transition element which can exhibit
multiple oxidation states. Hence, substitutional doping
requires it to be introduced with isovalent charge in order to
avoid the formation of the so-called in-gap states acting as
recombination centres due to the formation of oxygen vacan-
cies.*®* Hence, there is a dire need to develop a novel and eco-
friendly synthetic technique which can avoid the formation of
defect states. Herein, for the first time we have synthesized V
doped CaTiO; by a facile one pot solvothermal approach by
avoiding high temperature calcination. The experimental
results indicated the successful incorporation of V** into the
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lattice of CaTiO; with a significant reduction in the band gap as
predicted by density functional theory (DFT) thereby efficiently
harvesting the visible light region of the solar spectrum. The
photocatalytic activity of the material was tested using methy-
lene blue (MB) dye as a model pollutant and the doped material
was found to be highly efficient as compared to parent CaTiO3.

2. Methods
2.1 Preparation of V-doped CaTiO;

All the chemicals were purchased from Sigma-Aldrich and were
used as received. Titanium(iv) isopropoxide (1.47 mL) was dis-
solved in 10 mL of 2-propanol. To this a calculated amount of
vanadyl acetylacetonate was added and stirred for one hour. An
appropriate amount of calcium nitrate tetrahydrate and 15 mL
of 2 M KOH were added. The resultant mixture was sealed in an
autoclave and kept in a hot air oven maintained at 180 °C for 24
hours. The resultant precipitates were washed thoroughly with
acetic acid and water. The washed products were dried in an
oven at 70 °C for 8 hours. The products obtained by using 0.25,
0.5, 1.0, 1.5 and 2.0 mol% of the V precursor were labelled as
0.25V, 0.5V, 1.0V, 1.5 V and 2.0 V respectively. The samples
were characterized using various techniques as given in the
ESIf.

2.2 Determination of photocatalytic activity

The photocatalytic efficiency was determined by taking MB dye
as a model pollutant. The photocatalytic reactor was fitted with
a high-pressure 250 W Hg vapour lamp which was used as
a visible light source by using a filter. Prior to the photocatalytic
studies, the photocatalyst (100 mg) was dispersed in 100 mL of
MB solution (10 mg L") with the help of a sonicator for 5
minutes. The resultant solution was loaded into the reactor and
then the visible light source is turned on. 5 mL of the reacted
MB solution was sampled out periodically and centrifuged in
order to remove the catalyst. The absorbance of the supernatant
dye solution was measured using a UV-visible spectrometer at
664 nm. The percentage degradation of dye was calculated as

per eqn (1).*
Degradation% = [(C, — C)/C,] x 100 (1)

where C, is the initial concentration of the dye solution and C is
the concentration at different intervals of time.

2.3 Computational details

The electronic structure of pristine CaTiO; and V doped CaTiO;
was simulated using an orthorhombic perovskite cell. The DFT
calculations carried out using the Quantum ESPRESSO package
used pseudopotentials with the Generalized Gradient Approxi-
mation (GGA) of Perdew, Burke and Ernzerhof (PBE) functional
type.*»* The electrons 4s%, 3d*4s?, 2s*2p*, and 3d’4s” of Ca, Ti,
O and V, respectively were considered as the valence electrons
by the pseudopotential. The plane wave basis representing the
wave functions was terminated with an energy cutoff of 50 Ry
and charge density cutoff of 400 Ry, respectively. The Brillouin
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zone was sampled using k point meshes of 8 x 8 x 8 and 16 X
16 x 16 for self-consistent and non-self-consistent field calcu-
lations, respectively. The electronic structure was determined
along the high symmetry path of I'-X-S-Y-I"-Z-U-R-T-Z of the
fully relaxed crystal.

3. Results and discussion
3.1 XRD analysis

The XRD diffraction profiles of CaTiO; and V-doped CaTiO; can
be well matched with the orthorhombic phase of CaTiO; with
JCPDS card number 42-0423 (Fig. 1a). There is no characteristic
peak of vanadium oxide in the XRD profiles of V-doped CaTiO3,
indicating the successful incorporation of V into the host lattice
of CaTiO;. The shift in the 26 values after V doping is negligible
due to the similar radius of V** and Ti*" ions. If V is doped in the
Ca site, then an appreciable shift would have been observed as
Ca®" ions are larger in size compared to V** ions. The average
crystallite sizes of the synthesized samples were calculated with
the help of the Scherrer equation by using the diffraction angle
and full width at half maximum values of the (121) crystal
plane.* The crystallite sizes were found to be 36.46 nm,
37.45 nm, 44.73 nm, 45.47 nm, 46.23 nm and 47.83 nm for
CaTiOs3, 0.25 V, 0.5V, 1.0 V, 1.5 V and 2.0 V, respectively. The
increase in the crystallite sizes with increase in doping points
towards the increased crystallinity due to favoured directional
growth with increase in the concentration of the V dopant.***’

3.2 Morphological and surface area analysis

The morphology of the doped CaTiO; was studied with the help
of field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) analysis. From the
FESEM image, we can observe that V doped CaTiO; has
cuboidal morphology (Fig. 2a). This fact is further supported by
TEM analysis (Fig. 2b). V doping showed no change in the
morphology of CaTiO;. High resolution transmission electron
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Fig. 1 XRD patterns as a function of the doping concentration of V.
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Fig. 2

microscopy (HRTEM) analysis of 1.0 V revealed lattice fringes
with 0.27 nm spacing, which could be indexed to the (121) plane
of CaTiO; (Fig. 2¢). The selected area electron diffraction (SAED)
pattern indicated the single crystalline nature of the material
(Fig. 2d). Electron diffraction X-ray (EDX) analysis showed the
presence of Ca, Ti, O and V which is in agreement with the
obtained X-ray photoelectron spectroscopy (XPS) results
(Fig. S1t). Further, elemental mapping of 1.0 V confirms the
uniform distribution of atoms in the material (Fig. S21).
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(a) FESEM image; (b) TEM image; (c) HRTEM image; (d) SAED pattern of 1.0 V.

The textural properties of the undoped CaTiO; and 1.0 V
were investigated by BET analysis. The nitrogen adsorption-
desorption isotherms indicated a type IV pattern with the
hysteresis loops resembling type H3 (P/P, >0.4), revealing the
presence of slit like pores (Fig. 3a and b).***” The BET surface
area of 1.0 V was found to be 21.78 m> g~ " which is higher in
comparison to CaTiO; (15.88 m”> g~ '), which enables the effi-
cient adsorption and degradation of the pollutants by
enhancing the surface-active sites.*® The pore size distribution
was determined using the Barrett-Joyner-Halenda (BJH)
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Fig. 3 Nitrogen adsorption—desorption isotherms and BJH pore size distribution (inset) of (a) CaTiOsz; (b) 1.0 V.
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method.* The BJH pore size distributions of the pure CaTiO;
and 1.0 V samples presented a narrow distribution ranging
from 3 to 6.6 nm indicating the presence of mesopores (insets of
Fig. 3a and b). The pore volume of 1.0 V was found to be 0.0270
cm® g~ " which is slightly higher than that of CaTiO; (0.0240 cm®
g™ 1), facilitating effective diffusion of molecules during the
photocatalytic reaction.

3.3 XPS analysis

The XPS survey spectrum of CaTiO; indicated the presence of
Ca, Ti and O elements (Fig. S31). However in the XPS spectrum
of 1.0 V we see additional peaks due to V in addition to Ca, Ti
and O. The double peaks at the binding energies of 346.7 eV and
350.3 eV could be attributed to Ca 2p3/, and Ca 2p,, spin states
of Ca**, respectively in 1.0 V (Fig. 4a).*° The peaks at the binding
energies of 458.8 eV and 464.6 eV could be ascribed to Ti 2p;/,
and Ti 2py, states, respectively. These binding energy values
confirmed the existence of the +4 oxidation state for Ti in the
1.0 V sample (Fig. 4b).>*** Further, it is observed that the shift in
the peaks for Ca 2p;/, (346.2 eV in CaTiO;) and 2p,/, (349.9 eV in
CaTiO;) is less compared to Ti 2ps/, (458.1 eV in CaTiO3) and Ti
2p1/» (464.1 eV in CaTiO;3) with V doping indicating that V is
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doped in the Ti site. The binding energies of 530.2 eV and
531.7 eV could be attributed to O*~ in the lattice (O.) and the
hydroxyl groups adsorbed on the surface (Ogy), respectively in
1.0 V (Fig. 4c).>*> However the same two peaks appear at
529.6 €V and 531.3 eV, respectively in CaTiO;. The double peaks
at the binding energies of 515.9 eV and 523.3 eV could be
ascribed to V 2p;/, and V 2p;, states, respectively, indicating the
oxidation state of V as +4 (Fig. 4d) and successful incorporation
of V in CaTiO5.>***** The maintenance of charge neutrality in
the crystal thus avoids the formation of defect states and hence
prevents recombination of charge carriers and enhances the
carrier lifetime.

3.4 Electronic structure analysis

CaTiO3, a perovskite material can occur in either cubic structure
or orthorhombic structure. Since the experimental results
indicated that the material was in the orthorhombic phase, the
electronic structure and density of states (DOS) of CaTiO; were
simulated using the pristine orthorhombic structure containing
20 atoms (Fig. 5a). The estimated lattice parameters of the fully
relaxed parent CaTiO; were found to be a = 5.399 A, b=5.499 A
and ¢ = 7.683 A, respectively. Fig. 5b reveals a direct band gap of
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Fig. 4 High resolution XPS spectrum of 1.0 V (a) Ca 2p; (b) Ti 2p; (c) O 1s; (d) V 2p.
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Fig. 5 (a) Crystal structure; (b) electronic structure; (c) pDOS of CaTiOs.
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Fig. 6 Electronic structure and pDOS of V doped CaTiOs (a and b) V in the Ca site; (c and d) V in the Ti site.
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2.397 eV at the I" point. Such an underestimation of the band
gap is typical of DFT calculations due to the presence of
discontinuities in the derivative of energy with respect to the
number of electrons.>**” The contribution of the various atoms
to the electronic structure was studied by projecting the atomic
orbitals onto the DOS. Fig. 5c indicates that the O ‘p’ orbitals
mainly contribute towards the valence band (VB) while the ‘d’
orbitals of Ti form the conduction band (CB) similar to the case
of SrTiO; and BaTiO;.3%37

The site occupied by the dopant largely effects its electronic
structure and properties.”>*® Since there are two possible
cationic doping sites for V, both were simulated. Doping V in Ca
sites led to a decrease in ‘a’ and ‘¢’ lattice parameters to 5.371 A
and 7.671 A, respectively while the ‘b’ parameter increased to
5.590 A. It is observed that when V goes into the Ca site the band
gap decreases to 2.501 eV at the I' point (Fig. 6a). This is due to
the ‘d’ states of V which pull the Ti ‘d’ states lower (Fig. 6b).
Substitution of V in the Ti site decreased the cell volume by
decreasing the lattice parameters to a = 5.383 A, b = 5.475 A and
¢ = 7.652 A, respectively. V in the Ti site leads to the formation
of an energy band just beneath the CB decreasing the band gap
at the I" point to 1.832 eV. This band is formed due to the
hybridization of ‘d’ states of V with ‘p’ states of O with a band-
width of 1.029 eV. The continuous nature of the additional band
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with the conduction states leads to easy migration of charge
carriers, effectively separating the electrons and holes avoiding
the recombination.> The results also indicate that directing V
into the Ti site would be more beneficial for photocatalytic
application due to the higher amount of decrease in the band

gap.

3.5 Optical absorbance analysis

As shown in Fig. 7a, the absorption edge of V-doped CaTiO; was
red shifted as compared to pristine CaTiO;. This could be
attributed to the insertion of the t,, level of the V 3d orbital
within the band gap as discussed in the previous section. The
absorption data were derived using the Kubelka-Munk equa-
tion (eqn (2)).%*°

R)’

A/S:L

SR (2)

where R is the reflectance, and A and S are the absorption and
scattering coefficients. The band gap was determined from the
plot of A/S versus energy (Fig. 7b). The band gap energies of
CaTiO;, 0.25 V, 0.5V, 1.0 V, 1.5 V and 2.0 V were found to be
3.24 eV, 2.2 eV, 2.12 eV, 2.02 eV, 1.92 eV and 1.83 eV,
respectively.
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(a) UV-visible DR spectra; (b) electronic absorption spectra; (c) PL spectra of CaTiOz and V-doped CaTiOs samples.
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Fig. 9 Cycling stability of the synthesized 1.0 V.

PL analysis was carried out in order to get more insight
into defect chemistry and charge recombination behaviour of
the synthesized materials.®® As shown in Fig. 7c, the V doped
CaTiO; sample exhibited inferior fluorescence intensity in
comparison to pristine CaTiO; which could be attributed to
the incorporation of V in the isovalent state, thus suppressing
the formation of the recombination centres. Among the
different samples, 1.0 V showed the least PL intensity and as
a result, it is expected to show the highest photocatalytic
activity.

3.6 Photocatalytic activity

The photocatalytic activity of the synthesized catalysts was eval-
uated for the degradation of MB dye solution under visible light.
Fig. 8a shows the photocatalytic degradation of MB as a function
of irradiation time in the presence of CaTiO; and V-doped

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) The photocatalytic degradation curves of MB; (b) the rate constants of the photocatalytic degradation of MB by the synthesized CaTiO3

CaTiO; samples. The photocatalytic activity of V-doped CaTiOs
samples was found to be higher than that of CaTiO; which could
be attributed to the introduction of additional energy levels just
beneath the CB effectively decreasing the band gap and reduc-
tion in the recombination of photoinduced charges due to effi-
cient charge separation. Among the various V-doped samples,
1.0 V exhibited the highest photocatalytic activity, beyond which
the photocatalytic activity decreases. This reduction in the pho-
tocatalytic activity can be attributed to the formation of recom-
bination centres as confirmed by PL analysis. In addition to this,
the 1.0 V sample exhibited higher surface area which enables the
efficient adsorption and degradation of the pollutants during the
photocatalytic reaction. It is observed that the adsorption
capacity is almost three times higher for 1.0 V compared to
CaTiO; (Fig. S41). Comparison of the photocatalytic activity of
1.0 V with the previously reported ones show that our material is
highly efficient (Table S17).>4230235,50:51,61-65
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Fig. 10 Effect of radical scavengers on the photocatalytic degradation
of MB by 1.0 V.
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Fig. 11 Proposed mechanism for the photocatalytic degradation of MB under visible light irradiation.

The degradation kinetics of MB by CaTiO; and V-doped
CaTiOj; is well fitted with the pseudo first-order rate equation
given by (3).*

—In(CIC,) = kt 3)

where C, is the initial concentration of the dye, C is the
concentration of the dye at irradiation time ‘¢’ and ‘k’ is the first
order rate constant. ‘%’ is calculated from the slope of the linear
fit of —In(C/C,) versus ‘t’. The rate constant of 1.0 V was found to
be higher than that of all the other samples indicating the
higher efficiency of the material (Fig. 8b). Further, 1.0 V
exhibited high stability towards the photocatalytic degradation
reactions as 1.0 V just showed a slight decline in the photo-
catalytic activity even after seven consecutive cycles (Fig. 9).

Trapping experiments were carried out in order to assess the
active species involved in the photocatalytic degradation by
following the same procedure as that of photocatalytic activity
evaluation in the presence of different radical scavenging
agents such as benzoquinone (1 mM) as a superoxide anion
radical (O, ") scavenger, potassium iodide (10 mM) as a hole
(h") scavenger and isopropyl alcohol (10 mM) as a hydroxyl
radical (OH") scavenger.>® From Fig. 10 it can be seen that
superoxide anion radicals are not the major active species as the
corresponding scavenger benzoquinone did not deteriorate the
photocatalytic activity much. This is also confirmed by the band
edge positions as a decrease in the band gap with V doping
brings the potential of the CB lower than the potential for the
generation of superoxide anion radicals. Further, the addition
of potassium ijodide (hole scavenger) and isopropyl alcohol
(OH" scavenger) reduced the photocatalytic activity signifi-
cantly. As a result, holes followed by hydroxyl radicals are
considered to be the active species for the effective degradation
of the dye.

The mechanism of photocatalytic degradation of MB can be
stated as follows: when V doped CaTiO; is irradiated with an

5308 | Nanoscale Adv, 2021, 3, 5301-5311

energy equal to or greater than its band gap, electrons from the
VB get excited to the energy levels created by V just beneath the
CB edge generating corresponding number of holes in the VB.
These electrons react with oxygen to produce superoxide radi-
cals (O, ). The holes in the VB either directly react with MB or
react with surface hydroxyl groups to produce hydroxyl radicals
(OH").”* The formed radicals are said to be active species for the
effective degradation of MB to carbon dioxide and water
(Fig. 11).

The thermodynamic parameters such as, activation energy
(E.), free energy of activation (AG"), enthalpy of activation (AH")
and entropy of activation (AS*) were computed by employing
activation complex theory and the Eyring equation.*>** From the
values tabulated we observe that higher energy of activation is
required for the photodegradation of MB without the catalyst,
whereas a relatively lower energy of activation is needed in the
presence of CaTiO; and V-doped CaTiOj; catalysts (Table 1). This
confirms that the catalyst alters the path of the reaction by
lowering the activation energy barrier. The 1.0 V sample
exhibited the lowest activation energy as compared to other
samples. The endothermic and non-spontaneous nature of the
reaction was indicated by the positive enthalpy and free energy
change.

Table 1 Thermodynamic parameters of CaTiOs and V doped CaTiOs
samples

E, AH* As* AG*
Sample (kmol™)  (kymol™") (kfmol™) (k] mol™)
Without catalyst  17.7 15.2 —0.25 91.2
CaTiO; 13.9 11.5 —0.25 87.4
025V 12.0 9.5 —0.25 85.5
0.5V 10.0 7.5 —0.25 83.5
1.0V 9.4 6.9 —0.25 82.8
1.5V 10.8 8.3 —0.25 84.3
2.0V 11.4 8.9 —0.25 84.9

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

V doped CaTiO; was successfully synthesized by a simple one
pot solvothermal approach by avoiding high temperature
calcination. The present synthetic strategy involves incorpora-
tion of V** ions into the Ti sites of CaTiO; with high surface
area, as confirmed by XRD, XPS and BET results. First principles
DFT calculations showed that the band gap of the doped
samples decreased due to the formation of additional energy
levels just beneath the conduction band. The PL results indi-
cated the efficient charge separation due to the isovalent doping
thereby boosting the photocatalytic efficiency. The superior
photocatalytic activity and high stability of V doped CaTiO; (1.0
V) for MB degradation reveal that the material can be a prom-
ising catalyst for photocatalytic water treatment.
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