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Green Fabrication of Heterostructured CoTiO;/TiO, Nanocatalysts
for Efficient Photocatalytic Degradation of Cinnamic Acid
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ABSTRACT: In this work, CoTiO;/TiO, (CTO/Ti) heterostruc- AnataseTiO, Perovskite
tures were prepared by a hydrothermal procedure in a neutral Fwe(V) 0,°” o, CoTiO;
medium using perovskite CoTiO; and tetraisopropyl titanate. °
Characteristics of the synthesized catalysts were analyzed by various
techniques including X-ray diffraction, Fourier transform infrared
spectroscopy, Raman spectroscopy, UV—vis diffuse reflectance
spectroscopy, Brunauer—Emmett—Teller adsorption—desorption,
energy-dispersive X-ray spectroscopy, field emission scanning
electron microscopy, high-resolution transmission electron micros-
copy, and point of zero charges. The activity in the photodegradation
of cinnamic acid (CA) under UV-A irradiation of the CTO/Ti
heterostructure was investigated and compared with individual
materials TiO, (Ti-w) and CoTiO; (CTO). The investigation
showed that the heterostructured CoTiO;/TiO, catalyst with optimal composition (5% CTO) exhibited much higher photocatalytic
activity for degradation of cinnamic acid than individual CoTiO; and TiO,. Under the optimal conditions (C_,, = 0.75 g/L, Q,;; = 0.3
L/min, and pH = 3.8) the 90 min conversion of cinnamic acid reached 80.9% on SCTO/Ti, much higher than those of CTO (4.6%)
and Ti-w (75.2%). It was found that the enhancement in activity for the CA removal of the CTO/Ti heterostructure was due to the
construction of a heterojunction structure between TiO,(Ti-w) and CoTiOj that resulted in an increase in the specific surface area
and porosity, reduction of the band gap energy, and higher efficient separation of charge carriers on the surface to prevent
recombination. Alternatively, a comparison of the recyclability of SCTO/Ti and Ti-w was made for CA degradation. The results
showed a decrease in the CA conversion by 38% on SCTO/Ti and 48% on Ti-w after six reaction cycles.
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Bl INTRODUCTION Among the various photocatalysts for wastewater treatment,
metal oxide TiO, (Ti) was generally considered the best and
widely used commercially due to its natural abundance,
nontoxicity, low cost, and high corrosion resistance.””’
However, the limitation of light-harvesting ability, the easy
recombination of electron—hole pairs, and the low surface area
caused a decrease in the photocatalytic efficiency.'® Graphene
oxide has received attention for improving photocatalytic
performance. TiO, combined with graphene oxide exhibited
high photocatalytic activity for pollutants owing to the
increased surface area.'”'” Additionally, titanium-based perov-
skite MTiO; (M = Fe, Co, and Ni) has been pointed out as a
promising candidate for photoactive materials'>'* due to its
low band gap energy. Recently, CoTiO; (CTO) has received

Phenolic compounds belong to one of the largest groups of
pollutants because of their wide applications in the agro-
industrial sector and as antimicrobial agents.' Due to their high
toxicity and nonbiodegradability the phenolic compounds are
defined as priority pollutants. Thus, the treatment of
wastewater containing phenolic compounds is critical to the
sustainability of water resources. Among the phenolic
compounds, cinnamic acid (CA) is one of the important
intermediates in organic synthesis as well as widely used in the
manufacture of drugs, pesticides, resins, and photosensitive
resins.” In particular, wastewater from olive factories and
wineries contained a lot of phenolic acids and polyphenols,
mainly derivatives of benzoic acid and cinnamic acid.”* The
concentration of toxic and persistent CA present in wastewater

from olive oil factories can reach 106 mg/L.5 Photocatalytic Received: August S, 2022
oxidation has received increasing attention for removing Accepted: October 18, 2022
organic pollutants in water due to its high efficiency, low Published: October 26, 2022

energy consumption,® and the ability to completely mineralize
the organic pollutants into carbon dioxide and water at room
temperature and atmospheric pressure.7
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much attention thanks to its narrow band gap energy (E, =
2.25 eV), strong visible-light absorption, outstanding photo-
chemical stability, and low cost.'

Subsequently, the combination of TiO, with perovskite
titanate to form a heterostructure has been developed to
improve the photocatalytic performance based on a synergistic
effect to transfer charges efficiently, enhance light harvesting,
and stability.'®™"" SrTiO,/TiO, nano-heterostructures en-
hance the charge separation hole-transportation and visible-
light-driven photocatalytic performance over TiO,.”’ Combi-
nation TiO, with visible-light-sensitized NiTiO; has signifi-
cantly enhanced the surface area, light absorption, and charge
separation for photocatalytic hydrogen evolution.”"** Attach-
ing a small amount of NiTiO; to TiO, reduces the particle size
and average crystallite size (8.6 vs 34.8 nm) and lowers the
band gap energy (3.02 vs 3.20 eV). The mixed catalysts enable
a red-shift in the absorption band from UV (4 = 385 nm) to
UV-A light (4 = 404—412 nm) that improved the activity of
the catalyst in CA photodegradation.”

In some studies, TiO, was combined with pseudobrookites
such as Fe,TiOs”**® or AL, TiO5*° to construct heterostructure
photocatalysts having high efficiency. In this work,”* the type-
II heterojunction Fe,TiO;/TiO, was synthesized by carbon
templates and ion adsorption. The hollow nanosphere had a
high surface area of 220 m?/g and its photocatalytic activity
was three times that of P25 in the degradation of rhodamine B.
Meanwhile, Fe,TiO/TiO,”* and ALTiO./TiO,*® hetero-
structures were synthesized via a simple combination of sol—
gel and hydrothermal methods in a neutral medium of water. It
was found that compared to TiO,, the combination of TiO,
with Fe,TiOg and AL, TiOj; has significantly reduced the crystal
and particle size, increased the surface area, simultaneously
reduced the band gap energy of the catalyst, and extended the
region of the photon absorption zone toward visible waves
(407 vs 395 nm). As a result, the maximal 90 min CA
conversion reached 89.0 and 76.0%, much higher than that of
individual Fe,TiO; (8.5%), ALTiOs (10%), and TiO, (60%).
The results showed that hybridizing a small band gap
perovskite or pseudobrookite and the large band gap TiO,
semiconductor was a prominent approach to fabricating highly
active photocatalysts.

From the review, it is observed that different methods are
used in the preparation of perovskite-based materials. The
citrate method is widely used in the preparation of many types
of perovskites, for example, the catalytic oxide precursors
MNiO, (M = La, Ce, and Sr)*”*® and the La,_,Ce NiO,
mixed oxides”” were prepared by the citrate method. A series
of LaNiO; materials were synthesized by the ethylenediamine
tetraacetic acid (EDTA)—citrate complexing method®® and
citrate sol—gel method,”"** while ferroelectric LaNiO,
powders were prepared using an “amorphous citrate” route.’”
This method uses citric acid as a complexing agent and
metallic nitrates as precursors. Several other synthesis methods
are also used for the preparation of perovskites, such as the
Pechini method,** sol—gel self-combustion method that uses
citric acid monohydrate (CsHgO,-H,0) as the complexing
agent, and lanthanum oxide (La,O;), cobalt nitrate hexahy-
drate (Co(NO,),-6H,0), nickel nitrate hexahydrate (Ni-
(NO;),-6H,0), and ferric nitrate nonahydrate (Fe(NO,);-
9H,0) as precursors,”” and the self-combustion method that
uses metallic nitrates and glycine as a precursor for the
preparation of nanocrystalline perovskites, Ce,Sr;_,NiO; (x =
0.6—1.0),°° nanocrystals SrNiO; and CeNiO;,*"*" and

La,_,Sr,NiO; perovskite-type oxides.”**” Of the methods
used to prepare perovskite-like materials, hydrothermal
synthesis in supercritical water has advantages because the
reaction rate is enhanced more than 10° times that under the
conventional hydrothermal conditions with the products of
high crystallinity and at relatively low temperatures, below 300
°C, since ionic products (Kw) have a maximum value of
around 250—300 °C.*" Hydrothermal methods for preparing
fine metal oxide particles in subcritical and sugercritical water
have been developed using batch reaction”' ™" and flow
reaction systems.44_46

Up to now, the combination of small band gap titanate
perovskites with TiO, to create a heterostructure catalyst with
efficient photocatalytic activity in the treatment of phenolic
organic compounds in polluted water has been rarely studied.
To our knowledge, up to now, there has been no research on
synthesizing CoTiO;/TiO, composites, especially by the green
route and investigating its activity in the photodegradation of
phenolic acids. From the above analysis, in the present work,
the heterostructured catalyst CoTiO;/TiO, was synthesized
via the hydrothermal technique in a neutral medium. The
peculiarity of this method is that it is green because water was
used as the solvent in the synthesis of TiO, and mixed oxides.
The structural and physicochemical characteristics of the
CTO/Ti composite system were explored, and its activity and
stability were tested for photocatalytic degradation of CA
under UVA irradiation and compared with individual TiO, and
CoTiO;.

B EXPERIMENTAL SECTION

Materials. Tetraisopropyl titanate (Ti(OC;H,),, Merck,
97.0%), hydrochloric acid (HCI, Prolabo, 98.0%), sodium
chloride (NaCl, Merck, 99.0%), sodium hydroxide 1.0 N
solution (NaOH, Pharmacopoeia Europaea), cinnamic acid
(CyH0,, Merck, 97.0%), ethanol (C,H;OH, Merck, 99.5%),
citric acid monohydrate (C4HgO,-H,0, Merck, 99.0%), and
cobalt(II) nitrate hexahydrate (Co(NO;),-6H,0, Merck,
97.0%) were used in this investigation.

Synthesis of Catalysts. Synthesis of the CoTiO; (CTO)
Perovskite. The CTO perovskite was prepared by the citrate
sol—gel method. Typically, solutions containing 2.10 g of citric
acid and 2.91 g of Co(NO;),-6H,0 in 5.0 mL of ethanol under
stirring for 30 min to obtain a homogeneous solution. Next, 3
mL of tetraisopropyl titanate was added to the obtained
solution to form a gel. After aging overnight at room
temperature, the prepared gel was dried at 60 °C for 12 h.
Finally, the dried gel was calcined at temperatures in the range
of 650—750 °C for 1-3 h to obtain the CTO catalyst.

Synthesis of the CoTiOy/TiO, (CTO/Ti) Catalyst. The
construction of the CTO/Ti composites was achieved by the
hydrothermal method. In a typical synthesis, 3 mL of
tetraisopropyl titanate was added to 40 mL of water under
magnetic stirring for 30 min. Then, the CTO perovskite and
the obtained mixture were simultaneously transferred to a 100
mL Teflon-lined stainless steel autoclave and subsequently
heated at 160 °C for 12 h in an oven. After the reaction, the
greenish-white precipitate was centrifuged and washed with
deionized water as well as ethanol three times. The product
was obtained by drying in a vacuum oven at 60 °C for 12 h and
denoted as xCTO/Ti, where x is the CTO content (wt %). As
a comparison, a pure TiO, catalyst, namely Ti-w, was also
prepared by the same procedure using water as the solvent and
without CTO.

https://doi.org/10.1021/acsomega.2c04999
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Characterization of the Catalysts. The physicochemical
characteristics of the samples were studied by several methods,
which are described in detail in the article.”® Briefly, X-ray
powder diffraction (XRD) on a Bruker D2 Phaser X-Ray
diffractometer with Cu Ka radiation (4 = 0.1542 nm), field
emission scanning electron microscopy (FE-SEM) using
Hitachi S4800, high-resolution transmission electron micros-
copy (HR-TEM) on a JEOL JEM 1400; energy-dispersive X-
ray spectroscopy (EDS) on a JEOL JST-IT 200 instrument
and the weight percent of the elements present in the xCTO/
Ti catalyst composition was calculated by eq 1

x«M; + (100 — x)M;
= X 100
xMcqrio, + (100 — )Mo, (1)

i

where W, is the weight percent of the element (i = Co, Ti, and
0), x is the mass percent of the CTO present in the catalyst
x¥CTO/Ti, M, is the mass of an element in the catalyst, Mc,rio,

is the molecular weight of CoTiO;, and Mr,q, is the molecular
weight of TiO,.

Fourier transform infrared (FT-IR) spectroscopy in the
range from 400 to 4000 cm ™' was carried out on a Tensor 27-
Bruker spectrometer, UV—vis diffuse reflectance spectroscopy
(DRS) was carried out on a Varian Cary 5000 UV-VisNIR
spectrophotometer and band gap of catalyst was calculated
using the general equation (eq 2)

ahv = B(hv — Eg)o'5 Q)

where E_ is the band gap (eV), h is the Planck’s constant (J X
s), B is the absorption constant, v is the light frequency (s™"),
and « is the extinction coefficient.

The specific surface area was measured on a Nova 2200e
instrument and calculated with the Brunauer—Emmett—Teller
(BET) model and the pore size distribution was determined
using the Barrett—Joyner—Halenda (BJH) method. The point
of zero charge (PZC) of the samples was determined by the
salt addition method.”’

Photocatalytic Activity. Photocatalytic activity of the
synthesized samples was evaluated by CA degradation in the
batch system, under ultraviolet light irradiation from 36 UV-A
Engin LZ1-00 U600 lamps with 1 =~ 350—400 nm,
concentrated at 365 nm, as described in our previous
study.”® Briefly, the reaction solution volume is 250 mL and
cinnamic acid concentration is 50 mg/L. The reaction solution
was separated by filtration and analyzed using a UV-1800
(Shimadzu) UV—visible spectrophotometer at 272 nm. The
effects of the operation parameters including the catalyst
dosage (C, = 0.50, 0.75, 1.00, and 1.25 g/L), the initial pH of
the solution (pH = 3.0, 3.8, 5.0, 7.0, and 9.0), and the airflow
rate (Q = 0, 0.1, 0.3, and 0.5 L/min) were investigated. The
recyclability of catalysts was tested under favorable reaction
conditions for six cyclic. CA solution was removed at the end
of each batch and replaced with a new CA solution to conduct
the photocatalytic reactions in succession.

B RESULTS AND DISCUSSION

Physicochemical Properties of the Obtained Materi-
als. The thermogravimetric analysis (TGA) diagram used to
investigate the thermal pyrolysis of the as-prepared CoTiO; gel
is shown in Figure 1. There are four weight loss processes that
could be observed in Figure 1. The first step, corresponding to
24.8% weight loss at temperatures between 30 and 200 °C with
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Figure 1. TGA diagram of the as-prepared CoTiO; gel.

two temperature peaks at 123.4 and 181.1 °C, is assigned to
the evaporation of water and melting of the gel.*® The second
4.1% weight loss appeared at temperatures from 210 to 300
°C, which is attributed to the continued removal of residues in
the gel structure. The third step is apparent at temperatures
from 300 to 500 °C with a prominent exothermic peak at
418.4 °C, corresponding to 30% weight loss. This weight loss is
attributable to the dehydration and combustion of nitrate
precursors to form chemical bonds in the gel. The last very
weak and broad peak is observed in the range of 500—600 °C
with small temperature peak at 547.1 °C, which was assigned
to the formation of ilmenite CoTiO5.*’ The results of the
TGA—differential scanning calorimetry (DSC) analysis show
that the total mass loss in the whole process is 62.5% and the
weight loss ends at around 600 °C or more. Based on the TGA
analysis, to obtain CoTiO; powder, the as-prepared CoTiO;
gel should be calcined at a temperature of 600 °C or higher.

The influence of the calcining mode and the CTO
composition in the mixed catalysts on the materials’
physicochemical properties was studied to determine the
appropriate synthesis procedure. The XRD patterns of CoTiO;
calcined at 600—750 °C and for various durations are shown in
Figure 2. The characteristic XRD peaks at 20 = 23.8, 32.6, 35.2,
40.2, 48.7, 53.1, 61.2, and 63.1° with the strongest intensity at
20 = 32.6°, which could be attributed to the (012), (104),
(110), (113), (024), (116), (214), and (300) reflections for
ilmenite CoTiO; (JCPDS card no. 15—0866), are observed in
each samples. Notably, there is a little rutile phase TiO, (20 =
27.5°) and cobalt oxide Co;0, (20 = 31.0, 36.6, 38.3, 44.5,
55.2, 58.9, and 64.7°) found as an impurity in the sample after
calcination at 600 and 750 °C. However, pure ilmenite
CoTiO; is obtained after calcination at 650 or 700 °C. No
characteristic peaks of TiO, and Co;0, impurities indicate that
the products are pure CoTiO; in CTO-650 and CTO-700
samples. Among the samples, CTO-650 has the strongest
intensity of perovskite CoTiO; characteristic peaks, indicating
that this sample has the best crystallinity. Similarly, the suitable
calcination time was selected as 2 h, since the XRD pattern of
the CTO-2h sample showed no characteristic peaks of TiO,
and Co;0, impurities and pure ilmenite CoTiO; appeared
with the highest crystallinity. Meanwhile, in the XRD spectrum
of samples calcined at 1 or 3 h, the characteristic peaks for
rutile TiO, and Co;0, appear apparently in addition to the
CoTiO; crystal signals. Therefore, the most favorable
calcination mode is 650 °C and 2 h, and the CTO-650-2h
sample was used in the synthesis of composite material and
was labeled CTO/Ti.

https://doi.org/10.1021/acsomega.2c04999
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Figure 2. XRD patterns of the CoTiO; perovskite calcined at various temperatures for 2 h (a), at 650 °C for various durations (b), and CTO/Ti

catalysts (c).

Table 1. Crystalline Size of the TiO, Anatase at 20 = 25.7° (dr;) and CoTiOj; at 20 = 32.6° (dcro) from the XRD Pattern, the
Specific Surface Area (Sygr), the Pore Volume (V,,.), and the Pore Size (d,.) from BET Adsorption Isotherms, the Band

Gap Energy (E,), and the Absorbable Wavelength (4) of the Synthesized Catalysts

catalyst dr;, nm doro, nm Sper, M/, g
Ti-w 7.1 84.8
CTO 39.9 8.5
SCTO/Ti 7.9 30.9 130.5
7CTO/Ti 8.5 31.5 120.7

Viorer cm’/ g Ao DM E;, eV A, nm
0.100 2.20 3.14 3958
0.005 1.80 2.26 549
0.171 2.44 3.09 402
0.078 2.44 3.08 403

As shown in Figure 2¢, XRD patterns of the mixed CTO/Ti
catalysts showed diffraction peaks at 26 of 33.0 and 35.6°,
confirming the formation of CoTiO; (JCPDS card no. 15—
0866). Simultaneously, the diffraction peaks at 20 values of
25.7, 382, 48.1, 54.6, and 63.1° could also be assigned to
anatase TiO, (JCPDS card no. 21—-1272). As for the
composites, the intensities of the main diffraction peaks for
perovskite CTO increase with increasing content of CTO,
suggesting the coexistence of both CTO and anatase TiO,
crystals on a heterostructure catalyst. No other new crystalline
phases have been found in all mixed catalysts, suggesting high
purity of the composite samples. Especially, for the 2CTO-Ti
sample, due to the low CTO content (2%), the characteristic
peaks of CoTiO; were almost not observed.

Based on the XRD results at 20 = 32.6° of the (104)
CoTiOj perovskite and at 20 = 25.7° of the TiO, anatase
phase, their average crystal size is calculated by the Debye—
Scherrer equation®’ and shown in Table 1. It has been found
from Table 1 that the average crystal sizes of TiO, anatase and
CoTiO; are in the range of 7.1-8.5 and 30.9—39.9 nm,
respectively. In the mixed samples, the crystal size of TiO,
anatase increased slightly, while that of CTO decreased. Of the
mixed samples, a sample containing S%CTO possessed the
smallest crystalline size of CTO and TiO,, being 30.9 and 7.9
nm, respectively.

40166

In the Raman spectra in Figure 3a characteristic shifts at 195,
233, 264, 335, 383, 478, 520, 608, and 689 cm™ are observed,
confirming that the CTO-650-2h sample is CoTiO; The
Raman shift at 689 cm™ is ascribed to the symmetric
vibrational mode of the CoOg octahedron (regular CoOq
octahedron Ay, symmetry).”’ In the Raman spectra of the
mixed samples (Figure 3b), the strong peak at 147 cm™,
assigned to the strongest mode of anatase TiO,, shows the
presence of anatase TiO, on the CTO/Ti catalysts. In
addition, four weak modes from anatase TiO, were expected
at 199, 402, 517, and 641 cm ™. Among characteristic modes of
anatase TiO,, Ay, (517 cm™')/B,, (402 cm™") were related to
antisymmetric/symmetric bending vibrations of O—-Ti—0O;
while E, at 147, 199, and 641 cm™ was associated with O—
Ti—O symmetric stretching vibrations.”> There is almost no
appearance of characteristic peaks of CoTiO; due to its low
content.

The chemical structure and functional groups of the as-
synthesized samples were further studied by FT-IR spectra,
which are illustrated in Figure 3c. In all samples, including pure
CTO, Ti-w, and mixed samples, the peaks at 3435 and 1635
cm™" corresponding to the O—H stretching of the physically
absorbed H,O on the surface of catalysts and O—H bending
vibration of water molecules, respectively,” as well as the
vibration of C—H bonds of organic compounds at wavelengths

https://doi.org/10.1021/acsomega.2c04999
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of 2930—2850 cm™', were apparently visible.”* The strong
bands at around 400—800 cm™!, which are attributed to the
Ti—O and Ti—O-Ti stretching vibrations,” and the band at
588 cm ™ attributed to the vibration of Ti—O°° also appeared
on the FT-IR spectrum of all samples. In the case of pure
CoTiOj, in addition to the above bands, the band appearing at
1090 cm™" was associated with the Co—O group linked to Ti,

which reveals the formation of CoTiO;.>> The presence of
hydroxyl groups on the surface of the catalyst was considered a
vital factor for enhancing photocatalytic activity. Notably, the
intensity of the hydroxyl groups on the mixed samples was
significantly stronger than that of the CTO, but comparable to
the Ti-w sample. Of the mixed samples, SCTO/Ti is the
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sample with the strongest intensity of —OH groups, which is
expected to possess outstanding photocatalytic activity.

The elemental distribution and composition of the catalysts
including Ti-w, CTO, and SCTO/Ti were analyzed by energy-
dispersive X-ray spectroscopy (EDX). The EDX images of the
samples (Figure 4) reflect the presence of Co, Ti, and O
elements, where the distribution of Co and Ti elements is
entirely even on the surface of CTO-containing samples. On
the EDX spectrum, the peaks at 0.4, 4.5, and 4.9 keV were
assigned to the Ti element, while peaks at 0.8 and 6.9 keV were
linked to the binding energies of Co, and the O signal appeared
at 0.5 keV, which can be seen. From Table 2, the weight

Table 2. Elemental Composition from the EDX Spectrum

weight from experiment, % weight from calculation, %

catalyst Co Ti (¢) Co Ti (¢)
Ti-w 0 59.4 40.6 0 60.0 40.0
CTO 39.6 28.3 321 38.1 31.0 30.9
SCTO/Ti 0.5 57.5 42.0 3.5 57.3 39.2

composition of the elements determined based on the EDX
spectrum of the individual Ti-w and CTO samples was
relatively consistent with the ideal data. For the SCTO/Ti
heterostructure sample, the experimental composition of Co is
lower, and the O is higher than the theoretical value, that is,
CoTiO; is distributed both on the surface and inside the mixed
catalyst bulks.

FE-SEM and TEM technologies were used to investigate the
surface morphology of catalysts. As observed from the FE-SEM

image (Figure S), the CTO sample is characterized by large
particles (30—60 nm in size) and the particles agglomerated
together to form larger bulks with a smooth surface.
Meanwhile, on CTO and CTO/Ti samples the SEM (Figure
5) and TEM images (Figure 6a) showed a quasi-sphere-like
morphology with a diameter of 5—7 nm.

After introducing CoTiO;, the CoTiO; crystals, shown as
dark particles in the HR-TEM images of SCTO/Ti (Figure
6a), were found anchored on the surface of TiO, anatase
particles and even inserted into the TiO, volume, which was
confirmed by the elemental composition analysis by EDX
(Table 2), as the weight content of Co from the experiment is
much lower than the theoretically predicted results (0.5 vs
3.5%). As shown in the HR-TEM image (Figure 6b), the
CoTiO; crystal and TiO, anatase combine closely with each
other to form a smooth interface along their boundaries. The
formed intimate interfaces in the heterostructured CoTiO;/
TiO, facilitate the migration of photogenerated charge carriers,
limiting the recombination of photogenerated electron—hole
pairs that enhance the photocatalytic activity.

Thus, in this study by the green hydrothermal method, the
heterostructured CTO/Ti has been synthesized with uniform
and separate particles evenly distributed, as seen in Figure Ga.
The TiO, particle size estimated from the TEM image (Figure
6a), distributed in a narrow range, S—7 nm, while the CTO
particles, shown in Figure 6b, are about 2—3 nm. In addition,
there were more porous channels of anatase TiO, comprised of
the SCTO/Ti catalyst. From the higher resolution image
(Figure 6b), lattice fringe spacing was 0.38 nm. This results in
a much larger surface area of the heterostructured samples than

INT 2.0kV 3.0mm x10

500nm

Figure S. FE-SEM images of the synthesized CTO, SCTO/Ti, and 7CTO/Ti catalysts.
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Figure 6. High-resolution transmission electron microscopy (HR-TEM) images of the SCTO/Ti catalyst.
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Figure 7. N, adsorption/desorption isotherms (a) and the pore size
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Figure 8. UV—vis diffuse reflectance spectra (a) and Tauc plot (b) of the synthesized catalysts.

that of the CTO (130 vs 8.5 m?/g), as shown in Table 1.
Notably, the particle sizes of both TiO, and CoTiO; in the
mixed sample were smaller than the average crystallite size,
determined from XRD patterns. This is explained by the close
interlacing and interaction between TiO, and CTO, leading to
the splitting of their crystals. From the above results, it is
confirmed that the CoTiO;/TiO, heterojunction structures
have been constructed.

The pores are studied using N, adsorption—desorption
isotherms shown in Figure 7. The common characteristics of
the N, adsorption/desorption isotherms of Ti-w, CTO, and
SCTO-Ti samples (Figure 7) are that there is no inflection
point, the adsorption and desorption branches coincide at
relative pressure P/P, below a certain value, and then, when P/
P, is higher than this value the adsorption and desorption
curves separate, and the adsorption hysteresis loop appears,
which is consistent with the IV(a) type curve.”” This means
mesopores are present in the material structure and the

capillary condensation phenomenon occurs. The shape of the
adsorption/desorption isotherm of the Ti-w, CTO, and
SCTO-Ti samples correspond to the HI1—H2 hysteresis
rings.”” A hysteresis loop without the inflection point belongs
to type H1 of Ti-w and CTO samples correspond to cylindrical
pores with openings at both ends.”” The hysteresis loop type
H2(b) of the CTO/Ti mixed sample exhibits more complex
pore structures and more random distribution of pores and an
interconnected pore system in the heterostructure sample®’
that affects the textural properties of the CTO/Ti catalysts,
such as surface area, pore volume, and pore size. Indeed,
among the catalysts investigated, CTO/Ti has the steepest
isotherm slopes and the most significant deviation between the
adsorption and desorption branches, thus having the largest
pore size (2.44 nm), pore volume (0.171 cm®/g), and specific
surface area (130.5 m?/g) (Table 1). Specifically, the surface
area of the SCTO/Ti heterostructure was 1.5 times higher
than that of the Ti-w catalyst. The existence of open cylindrical
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pores with a larger diameter of the heterostructured CTO-Ti
sample provides superior adsorption capacity compared to
other catalysts.

Furthermore, in the first stage of the isotherms, for the CTO
sample the adsorption quantity increases very gradually with
the increase of the relative pressure, which suggests the
presence of micropores (<2 nm).”® In fact, the pore diameter
of CTO was determined to be 1.8 nm. The steeper isotherm
slopes of Ti-w and CTO-Ti samples indicate the higher
average pore radius, being 2.2 and 2.44 nm respectively. This
shows that the introduction of CTO to TiO, has significantly
improved the surface feature through the formation of the
CTO/Ti heterojunction structures, although CTO has a very
low specific surface area (8.5 m*/g) and pore volume (0.005
cm?/g). The superior specific surface area of the composite
samples may result from their heterojunction structures leading
to the creation of many small, separate particles, and the
intergranular slits form the secondary surface. The porous
structure increases the surface area and thus offers more active
sites.””

As seen from the absorption spectra in Figure 8, CoTiO;
absorbs light in two regions. The first UV region is below 500
nm due to O>~ — Ti* charge transfer.** The second visible
region is in the range of 500—670 nm, centering at ca. 574 nm,
due to d—d transition of Co?* ions.”" The band gap (Eg) of the
obtained CoTiO; perovskite is calculated to be approximately
2.26 €V based on the Tauc plot (Figure 8b), which is
approximate to previous studies (2.25 eV®* and 2.28 eV*®).
Pure Ti-w has an absorption onset at 39S nm, corresponding
to the band gap energy of 3.14 eV.”” When CoTiO; is added
into Ti-w, a weak additional visible-light absorption range
(500—670 nm), which is a characteristic of CoTiO,, can be
found in the composite. On increasing the loading amount of
CoTiOj; to 7 wt%, the intensity of the visible absorption peak
increases. As shown in Figure 8b, the band gap energies of
SCTO/Ti and 7CTO/Ti catalysts were 3.09 and 3.08 eV,
respectively. The extension of adsorption to the visible-light
region may be beneficial for enhanced photoactivity of the
heterostructured catalyst.”> With this band gap value, UVA
light is suitable for catalyst activation.

Photocatalytic Activity of the Obtained Materials.
The experimental result showed that the adsorption/
desorption equilibrium of cinnamic acid on the catalysts
reached after 40 min and the amount of CA adsorbed on the
catalyst surface in the dark and decomposed by UVA light
(without catalyst) on all catalysts is negligible. Then, before
starting the reaction, the catalyst-containing solution was
stirred in the dark for 40 min to establish the adsorption/
desorption equilibrium.

Comparison of the activity of the studied catalysts. The
photocatalytic activity of Ti-w, CTO, and CTO/Ti hetero-
structures for the degradation of CA was investigated. An
obvious degradation of CA was observed under UVA light in
the presence of the synthesized catalysts. The efficiency of CA
removal after 90 min was 75.2, 79.7, 80.9, and 66.5% for Ti-w,
2CTO/Ti, SCTO/Ti, and 7CTO/Tj, respectively (Figure 9).
Compared with Ti-w, CoTiO; exhibits much lower activity
under the same experimental conditions (Xyy = 4.6 vs 67.1%),
implying that CoTiOj; is the less active component for CA
photodegradation. The low photoactivity of pure CoTiOj; is
caused by the high recombination rate of photogenerated
electron—hole pairs®* and low specific surface area. The results
in Figure 9 indicate that although pure CoTiO; does not show
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Figure 9. CA removal efficiency for 90 min (Xy,) in photocatalytic
reaction on the synthesized Ti-w, 2CTO/Ti, SCTO/Ti, and 7CTO/
Ti catalysts at pH = 3.8, C,,, = 0.75 g/L, Qy; = 0.3 L/min, and T = 25
°C.

a satisfactory CA degradation activity, the mixed sample CTO/
Ti was demonstrated to be a highly photo-oxidizing catalyst
under UVA light. As the content of CTO increased, the
photocatalytic activity increased at first but decreased when the
value of CTO reached 7%. The lower activity of the 7CTO/Ti
sample compared to that of the SCTO/Ti sample due to a
decline in the surface with high content of the perovskite,”
larger crystal size of TiO, and CoTiOj, and lower density of
hydroxyl groups on the surface. Specifically, with increasing
CTO content from 5 to 7% the specific surface area reduces
from 130.5 to 120.7 m?/g. The large surface area was an
important factor in improving the photocatalytic performance
of the SCTO/Ti heterostructured sample based on active sites
present on the catalyst surface. The observed decrease in
photocatalytic efficiency of CTO/Ti with a high CoTiO;
content (7%) could also be caused by the agglomeration of
CoTiO; crystals, as seen in the FE-SEM image, and act as the
recombination centers of photogenerated charge carriers and
destroy the formed heterojunction structures, thus inhibiting
the transfer and separation of photogenerated electron—hole
pairs.”> The results show that controlling CTO content plays a
decisive role in obtaining the highest activity in mixed CTO-Ti
photocatalysts.

The CTO/Ti catalyst with 5% CTO provided the highest
activity for CA degradation, with 90 min CA conversion
reaching 80.9%, much higher than that of pure CoTiO; (4.6%)
and even higher than Ti-w (75.2%). The high activity of the
SCTO/Ti catalyst is most likely related to its heterojunction
structures, which provide a high specific surface area, and more
hydroxyl groups on the surface of the catalyst, consequentially
supplying greater amounts of active species.

It was reported by Wangkawong et a that when
methylene blue (MB) photodegradation was performed
under an O, atmosphere the performance reached 12.2%,
while it almost stopped when the reaction was performed
under a N, atmosphere. According to the authors, it is likely
that e—h" recombination in the CoTiO; system highly
competes with the photocatalytic reaction, thus resulting in
very low generations of ®OH and ®0,”. Additionally, the
results confirm the important role of dissolved oxygen in
scavenging the conduction band electrons and,supporting the
hypothesis that the photogenerated charge recombination
occurs in the CoTiOj; system.

In our study, for the SCTO/Ti heterostructure system
Figure 10b shows that the reduction in airflow rate does not
apparently decrease the photocatalytic performance of the
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Figure 10. Effects of the conditions for the photocatalytic degradation of cinnamic acid at T = 25 °C: (a) Influence of the catalyst dosage (pH =
3.8, Qi = 0.3 L/min), (b) the airflow rate (pH = 3.8, C, = 0.75 g/L); (c) the initial pH of solution (C, = 0.75 g/L, Q; = 0.3 L/min), and (d)

PZC of the SCTO/Ti nanocatalyst.

material. Specifically, reducing the airflow from 0.5 to 0 L/min
led to a maximum decrease in 90 min CA conversion of 12%,
from 80.9 to 68.6%. Especially, when the reaction was
performed under a N, atmosphere the CA conversion
remained high (Xy, = 68.6%). Under the same conditions
when the pure CTO catalyst was used the CA conversion was
very low, and the CA degradation stopped when the reaction
was carried out under a N, atmosphere. This result shows that
compared with pure CTO, the CTO-Ti catalyst exhibits a high
generation of active species as a result of improved light
absorption and an efficient e—h* separation upon the
heterojunction formation between CoTiO; and Ti-w, enhanc-
ing the physicochemical properties.'”

CoTiOj; in the hybrid catalyst probably plays two important
roles: one is enhancing the visible-light-absorption ability of
the composite; another is increasing the e—h" separation
efficiency induced by the hybridization effect between TiO,
and CoTiO;. Upon coupling TiO, with CoTiO;, an efficient
e—h" charge transfer between the two materials and an
enhanced visible-light-absorption ability were achieved. Under
visible-light irradiation, CoTiO; can be activated to generate
e—h" pairs that act as photosensitizers and transferred their
electron to the conduction band of TiO,. Because the electrons
in the conduction band of TiO, is less negative (—0.29 eV)
than the potential of O%/0,°” (—0.33 €V), they could reduce
O, to O, superoxide. The superoxide radicals could react
with adsorbed H,O molecules on the surface of the catalyst or
the H* ions present in the solution to form *OH radicals. The
holes (h*) in the valance band of CTO/Ti react with OH— on
the catalyst surface to form *OH radicals because the holes in
the valence band of CTO (2.66 eV) and TiO, (2.91 eV) are
more positive than *OH/OH™ (1.99 eV). XRD patterns and
the Raman spectra of the mixed CTO/Ti catalysts confirmed
the formation of CoTiO; and anatase TiO, and their close
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combination forms a smooth interface along the boundaries,
which facilitates the migration of photogenerated charge
carriers, limiting the recombination of photogenerated
electron—hole pairs. Moreover, the number of the hydroxyl
groups on the mixed samples was significantly increased as
compared to the CTO and comparable to the Ti-w sample. All
these factors enhance the photocatalytic activity.

Effects of the Reaction Conditions. The actual efficiency of
the catalyst is determined by internal factors (composition and
properties of the catalyst) and extrinsic factors (reaction
conditions). The influence of reaction conditions on CA
decomposition efficiency was investigated to select the most
favorable reaction conditions and is reflected in Figure 10.

The influence of photocatalyst dosages on photocatalytic
activity for CA degradation is illustrated in Figure 10a. First,
CA conversion increased with increasing catalyst dosage (C.,,)
from 0.5 to 0.75 g/L, changed insignificantly with a further
increase in catalyst dose to 1.0 mg/L, and then decreased when
the catalyst dose increased to 1.25 g/L. Commonly, the
conversion increases as the catalyst content increase due to the
increase in the number of active sites. However, in the
photocatalytic reaction, when the increase in the catalyst
concentration was excessively high (above 1 g/L), a decrease
in conversion with increasing catalyst content was observed.
This is due to the aggregation of the photocatalyst and
interception of light occurring at a higher dosage of 1.25 g/ L.5¢

The effect of the airflow rate on CA degradation efficiency is
shown in Figure 10b. During the photocatalytic reaction,
airflow functioned as a promoter by introducing molecular
oxygen. Oxygen molecules in the airflow reacted with the free
electrons, formed at the active sites on the catalyst surface and
prevented the recombination of the electron—hole pairs. As a
result, more oxidative radicals were generated to oxidize
organic pollutants.”” CA degradation was favored by a high
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Figure 11. The recyclability of the Ti-w and SCTO/Ti catalysts for CA degradation at pH = 3.8, C,,, = 0.75 g/L, Q,;; = 0.3 L/min, and T = 25 °C.

airflow rate of 0.3 L/min, mainly due to the increase in active
species. At lower airflow of 0.1 L/min or the absence of
oxygen, there was a lower efficiency for CA degradation
compared to the introduction at 0.3 L/min due to a deficiency
of active species. Conversely, the light absorbance on the
catalyst surface was hindered at a high concentration of
oxygen®® leading to a decrease in CA conversion at an airflow
rate of 0.5 L/min. Additionally, a decline in CA degradation at
the high oxygen concentration is also due to the nonselective
oxidation of the oxidative radicals.””

Figure 10c shows the dependence of CA degradation on the
initial pH of CA solution. The optimal pH for CA conversion
was recognized to be 3.8. The isoelectric point of SCTO/Ti
was determined to be 6.6 (Figure 10d). Electrostatic attraction
promoted CA adsorption because the surface SCTO/Ti was
positively charged at pH = 3.0, 3.8, and 5.0. In contrast,
negative charges were formed on the catalyst surface at pH =
7.0 and 9.0. As a result, electrostatic repulsion was dominant
between deprotonated CA (pK, = 4.44) and the catalyst
surface leading to minimization of CA adsorption.”” At pH =
3.0, CA mainly existed in neutral molecules,”’ reducing CA
adsorption. Furthermore, the pH of the solution also affected
the formation of active species. Normally, the degradation of
contaminants decreased in a strong base and strong acid, which
are unfavorable for forming hydroxyl radicals. In contrast, the
weakly acidic to neutral environment favored the formation of
hydroxyl radicals.”” The degradation efficiencies were recorded
28.7, 80.9, 46.8, 15.9, and 9.2% after 90 min of reaction with
pH values of 3.0, 3.8, 5.0, 7.0, and 9.0, respectively.

From the obtained results, the optimal conditions for CA
photodegradation were found as follows: the catalyst dosage of
0.75 g/L, the airflow rate of 0.3 L/min and the initial pH of the
solution of 3.8. The recycling experiment for CA photo-
degradation was conducted under these most favorable
conditions.

The recyclability of photocatalysts is crucial for practical
applications in photocatalysis. The recycling of the SCTO/Ti
catalyst was experimentally investigated for CA degradation to
compare with the Ti-w catalyst, and the results are shown in
Figure 11. After six consecutive cycles, the 90 min CA
conversion of the SCTO/Ti catalyst reduced approximately by
38.0 from 80.9% in the first cycle to 50.0% in the sixth cycle,
while on the Ti-w catalyst X, decreased by 48% after 6 cycles,
from 75.2 to 39.2% under the same reaction conditions. This
indicates that the SCTO/Ti heterostructured material had
better stability than Ti-w for CA removal. The reduction in CA
conversion of the catalyst was due to the covering of the active
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sites on the surface by the degraded sediments and loss of
catalyst for CA elimination from the reaction mixture.*”

Recently, CoTiOj; has received enormous attention in the
field of photocatalysis because of its narrow band gap, suitable
electronic band structure, strong visible-light absorption, and
high stability."> Many attempts have been made to improve the
photocatalytic activity of CoTiO;. Currently, the research on
the synthesis and application of perovskite MTiO;-TiO,
heterostructure catalysts in general and CoTiO;-TiO, is still
limited. Especially, their application in the photocatalytic
degradation of polluted phenolic compounds such as cinnamic
acid rarely appear in publications.

To date, very few publications allow a comparison of the
activity of CTO-TiO, in the photodegradation of a
representative phenolic compound, cinnamic acid. It was
reported” that the combination of NiTiO; with TiO, enables
a red-shift in the absorption band from UV (4 = 385 nm) to
UV-A light (1 = 404—412 nm). The 1.0 wt % NiTiO, in
NiTiO;/TiO, composite was found to maximize CA photo-
degradation with 90 min conversion, reaching 73.7%.
Compared with the SCTO-Ti catalyst 1%NiTiO;—TiO,
(NTO/Ti) was found to have lower activity under the same
reaction conditions despite its better physicochemical proper-
ties. The NiTiO;/TiO, catalyst possessed a higher specific
surface area (145.4 m’/g) and pore volume (0.182 cm?®/g),
and lower band gap energy (3.02 eV) compared with CTO-Ti.
Notably, the typical characteristics of CoTiO; and NiTiO;
perovskites possess low band gap energy (~2.2 €V) and low
catalytic activity of CA photodegradation under UVA light
(X9o = 4.6 and 3.8% respectively). The reason for the low
photocatalytic activity of NiTiOj is that the crystal structure of
NiTiO; consists of alternating NiO4 and TiOg4 layers and
induces a wide energy gap from the hybridized Ni 3d and O 2p
orbitals to the predominant Ti 3d orbitals, blocking both Ni**
— Ti* and O 2p — Ti 3d charge-transfer transitions.”* When
NiTiO; was incorporated into TiO, the change in the phase
composition of TiO, from pure anatase (E; = 3.2 V) to a
mixture of anatase (Eg = 3.2 eV), rutile (Eg = 3.1 eV), and
brookite (Eg = 1.86 eV) crystalline phases and the occurrence
of O — Ti* charge-transfer band of NiTiO; caused a
decrease in the band gap energy.”” The mixed catalyst NiTiO;-
TiO, showed a much higher degradation rate of cinnamic acid
than pure NiTiO;. However, with a low NiTiO; optimal load
(1%), the activity improvement of the TiO,-based catalyst was
not obvious, although the specific surface area and porosity of
the catalyst were improved. Meanwhile, the CTO/Ti
composite system in this study exhibited an improved activity
comparison with TiO, and the reason for this enhancement
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was explained to be related to the formation of a
heterojunction structure. Two causes of low photocatalytic
activity of CoTiO;, ie., high recombination of the photo-
generated e—h" pair and low specific surface area of the
perovskite, have been demonstrated to be overcome in the
mixed catalyst.

In addition to combining with the TiO, photocatalyst, in
some studies, CTO is also mixed with other semiconductors to
overcome its disadvantages and construct more -efficient
photocatalysts. Coupling CoTiO; with other semiconductors
with suitable band edges to create the composite photo-
catalysts, such as CoTiO;/Ag;VO, causes an eflicient charge
separatation and improved photocatalytic performance for the
photocatalytic degradation of methylene blue.”” In the
CoTiO;/Ag;VO, composite the heterostructure was formed.
The CoTiO;/gC;N, heterostructures obtained by the
combination of visible-light sensitizer CoTiO; (E, = 2.33
eV) with a small band gap semiconductor g-C;N, (E, = 2.68
eV) exhibited remarkably improved photocatalytic perform-
ance for the degradation of methyl orange under visible-light
irradiation in comparison with both pure g-C;N, and CoTiO;
thanks to the synergistic effect existing between g-C;N, and
CoTiO; and efficient spatial separation of photogenetrated
electrons and holes on different sides of the heterojuction.”*

The investigation results showed that mixing 5% CTO with
TiO, increased the activity and durability of the titania catalyst
thanks to the special heterojuction structure of the composite
catalyst. This result shows that in addition to the traditional
methods of doping TiO, with metals or nonmetals, it is
possible to improve the performance of the traditional TiO,
catalyst by combining it with a small band gap perovskite to
construct a heterojunction-structure catalyst. A valuable feature
of this investigation that should be noted is that the catalyst is
synthesized by a green method, using water as the solvent.

B CONCLUSIONS

The heterostructured CoTiO;/TiO, catalysts have been
successfully synthesized by a hydrothermal route in the water
medium. The combination of CoTiO; with TiO, both
overcomes the disadvantage of high recombination of the
photogenerated e—h* pair and the low specific surface area of
the CoTiOj; perovskite and expands the light-absorption region
of TiO,, leading to increased activity in the photooxidation of
cinnamic acid. The physicochemical properties and activity of
the CoTiO;/TiO, composite catalyst depend on the heat
treatment regime and the CoTiO; content. Sample 5%
CoTiO;3/TiO, calcined at 650 °C for 2 h had the highest
purity and crystallinity. Excellent performance of the SCTO/Ti
catalyst was associated with the construction of a hetero-
junction structure that improves the specific surface area,
porosity, and charge separation, enhancing the hydroxyl groups
on the surface. The SCTO/Ti catalyst exhibited better
photocatalytic activity and stability than the Ti-w catalyst
with the 90 min conversion of cinnamic acid reaching 80.9%,
much higher than that of individual CoTiO; (4.6%) and TiO,
(75.2%).
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