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High-purity TiO, and CuO/TiO; nanocomposite systems were prepared via a simple polyol
solvothermal method. The synthetic precursors for nanomaterials were titanium isopropoxide
(TTIP) and copper nitrate trihydrate. Several characteristic techniques, including X-ray
diffraction (XRD), field-emission scanning electron microscopy (FESEM), energy-dispersive X-
ray spectroscopy (EDX), Fourier transform infrared (FTIR) spectroscopy, Brunauer-Emmett-
Teller (BET) testing, and photoluminescence (PL) spectroscopy, were employed to investigate
the as-synthesised nanomaterials. The findings showed that the undoped TiO, and CuO/TiO,
composite samples exhibited a rice-like structure after heat treatment for 3 hours at 450 °C in an
oven. The optimized MB degradation reached approximately 99.87% at 160 min, compared to
bare TiO; nanoparticles, which achieved approximately 93.81% after 180 min of UV irradiation.
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Chemicals used in daily living, such as dyes in
wastewater, have recently emerged as a new source of
environmental contamination. Furthermore, it can alter
the human body and affect organisms, as a small
amount of dye can cause poisoning [1]. Researchers
have developed numerous techniques to remove such
dyes from water [2, 3]. Photocatalysis is an efficient
and environmentally friendly method for removing
pollutants, such as dyes, from water compared to other
methods. One of the most used semiconductor
photocatalysts, titanium dioxide (TiOy), is distinguished
by its non-toxicity, corrosion resistance, chemical
stability, low cost, and thermal resilience [4, 5]. There
are numerous applications for TiO, nanomaterials,
such as photocatalysis and environmental purification
[6, 7], self-cleaning surfaces [8, 9], solar energy and
electronics [10, 11], cosmetics and skin protection [12].
Due to the main limitation of TiO,, which is a
semiconductor material (n-type) with a broad band
energy gap of approximately 3.2 eV. Many studies
have suggested several techniques to enhance the
photocatalytic efficacy of TiO; in the ultraviolet
(UV) spectrum, including doping [13], semiconductor
combination [14], and surface modification [15].
Among these techniques, TiO; is combined with
another semiconductor (p-type) with a narrow band
gap, forming a heterojunction [16]. A heterojunction
system is a medium composed of two distinct materials
with different energy gaps on either side of the junction.
One heterojunction-based structure is a metal oxide
system comprising two semiconductors. Copper(I)
oxide (CuO) is a small-band-gap semiconductor (1.2-
1.5 eV), making it a suitable catalyst for various
applications, such as photocatalytic removal of organic
pollutants [17, 18]. The formation of a CuO/TiO;

heterojunction is occasioned by the excitation of the
electron (e) from the valence band (VB) to the
conductive band (CB) of CuO and its transfer to the
conductive band of the TiO [19, 20].

This study aimed to prepare pure TiO, and
CuO/TiO; heterojunctions using a polyol-mediated
solvothermal method, which was subsequently tested
as photocatalysts for the elimination of the organic
pollutant methylene blue (MB). This method provides
precise control over material properties, such as shape,
particle size, and dispersion, by using a polyol solvent,
such as ethylene glycol (EG), which stabilizes metal
ions and promotes uniform particle growth. The
suggested preparation approach is expected to facilitate
the formation of a stable heterojunction, enhancing the
photocatalytic efficiency of the produced materials and
promoting efficient electron-hole pair separation.

EXPERIMENTAL
Materials

Titanium isopropoxide (Ci2H2304Ti, TTIP), ethylene
glycol (C2H¢O»), cupric nitrate trihydrate (Cu(NO3).
3H,0), high-purity water, absolute ethanol (C,HsOH),
ammonium hydroxide solution (NH4OH), and
methylene blue (MB) were purchased from the local
market in Baghdad, Iraq. Every reagent was analytical
grade and utilized without additional purification.

Preparation of TiOz and CuO/TiO:2 Heterojunction

Pristin TiO; and CuO/TiO; heterojunction system was
prepared via a simple polyol-mediated solvothermal
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process [21]. First, 100 mL of solvent was placed in a
reactor and warmed up to 170 °C using a hot plate and
magnetic stirring. Next, 2.5 mL of titania precursor
TTIP was added dropwise to the EG solvent. A white
titanium complex glycolate precipitate was obtained
after mixing. The mixing process was maintained at a
constant stirrer rate for 5 hours. After the mixing period
was completed, the mixture was left to cool down
gradually to room temperature. The resulting titanium
complex glycolate was then cleaned with absolute
ethanol and deionized water several times to remove
impurities from the mixture. Finally, the obtained
white nano powders were dried in an oven at 80 °C
for 6 hours and then annealed for 3 hours at 450 °C.

To synthesize the CuO/TiO; heterojunction
system, after the white titanium solution was formed
and cooled to room temperature, 0.25 g of the copper
precursor was dissolved in 5 mL of absolute ethanol and
then added to the solution. A few drops of NHsOH
solution were added to reach a pH value of 6. The
resulting solution was then reheated to 170 °C and
stirred for an additional hour at a constant rate. Finally,
the obtained mixture was centrifuged and repeatedly
cleaned with ethanol and high-purity water. The
prepared CuO/TiO; heterojunction was dried at 80 °C
for 8 hours and then annealed at 450 °C for 3 hours.

Characterization Methods

The crystalline phase of the prepared samples was
determined using X-ray diffraction (XRD) analysis
(Aeris, Panalytical, Holland). XRD analysis was
performed with Cu Ka irradiation (a =1.541 A). The
prepared samples were scanned at (A20 =0.05°/s)
over a range of 5°-90° to form the XRD patterns. To
determine the sample morphology, a Field Emission
Scanning Electron Microscopy (FESEM) model
Inspect F50 (USA) was used, coupled with an energy-
dispersive X-ray (EDX) analyser. The EDX technique
was used to detect the chemical elements in the sample
structure. Fourier transform infrared spectrometry
(FTIR) (Shimadzu, 8400s, Japan) was used to
determine the functional groups of TiO; and the
CuO/TiO, nanocomposite using the KBr pressed
disc method. To determine the surface area, size,
and volume of pores in the TiO, and CuO/TiO»
metal oxide systems, a low-temperature nitrogen
adsorption analysis using a Brunauer-Emmett-Teller
(BET) analyser (Micromeritics ASAP 2010) was
employed. The surface area was determined from
adsorption data at relative pressures (p/po) between 0.05
and 0.3. The PL studies of the prepared sample were
conducted using a PL spectrophotometer (SHIMADZU
RF5301, Japan) in the wavelength range 300-850 nm.

Photocatalytic Test
To assess the photocatalytic activity of the prepared

TiO; and CuO/TiO; binary systems, MB dye
photodegradation was performed under UV irradiation.
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The UV source is equipped with a 16 W power supply.
A 500 mL MB solution at 10 ppm was placed in a
vessel. Then, 150 mg of the photocatalyst was added to
the solution. The mixture was magnetically agitated in
the dark for at least 1 hour. This step was to establish
the adsorption-desorption equilibrium of MB on the
catalyst and to remove inaccuracies from elementary
absorption. At the end of the dark period, about 3 mL
was withdrawn to determine the dye concentration. This
was taken as the primary concentration (C,). Then, the
MB solution was irradiated with UV light. Samples
of approximately 3 mL were collected every 20 minutes
to monitor the decreasing MB concentration as it
degraded. The photocatalyst was separated from the
solution by centrifuging for 5 minutes at 4000 rpm. The
MB concentration (C;) in the supernatant was then
measured. Finally, the resulting clean solution was
analyzed by UV-Vis spectroscopy (Shimadzu, 1900i-
Japan) in the 190-1100 nm wavelength region to
monitor MB degradation in the final solution.

RESULTS AND DISCUSSIONS

Figure 1 shows the XRD pattern of the reference
sample TiO2 and the CuO/TiO; heterojunction system
prepared by the polyol-mediated solvothermal method.
The diffraction pattern for undoped TiO,, as shown
in the Figure, displays characteristic bands for the
anatase crystal phase (JCPDS No. 21-1272). No
other diffraction peaks appear, indicating a high-
purity phase structure for the TiO, photocatalyst. The
observed crystalline planes, (101), (004), (200), (105),
(204), (220), (215), and (224), occur in the anatase TiO;
sample. These correspond to diffraction angles (26)
at 25.3°,37.8°, 48.0°, 55.1°, 62.7°, 70.3°, 75.1°, and
82.7°, respectively.

The XRD result of the TiO, sample modified
with CuO nanoparticles (as a heterojunction) provided
a pattern similar to that of bare anatase TiO»
nanoparticles without any additional diffraction peaks.
Moreover, the results showed that the peak intensity
decreased and broadened as CuO was doped into the
TiO; nanoparticles. This finding is due to the Ti*"
substitutional ions being replaced by Cu?" dopant
ions, which prevented the lattice nanostructure from
distorting. The Debye-Scherrer equation was used to
determine the average crystalline size of the obtained
nanostructure:

D= 0.9Vp (1)

where D is the size of the crystal particle, k is a
constant usually 0.9, A is the X-ray wavelength
(1.541 A), B is the value of the full diffraction
peak width at half maximum, and 0 is the peak
diffraction angle. The results show that the CuO/TiO,
heterojunction system has a lower average crystallite
size of approximately 5.72 nm compared to the
pristine TiO, nanoparticles, which have an average
crystallite size of approximately 7.5 nm.
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Figure 1. XRD diffraction pattern of TiO, and CuO/TiO; heterojunction system.

Figure 2. FESEM images of (a) TiO, nanoparticles and (b) CuO/TiO> heterojunction.

FESEM was used to investigate the
morphologies of pristine anatase TiO, and the
CuO/TiO; heterojunction. The results showed that
both undoped TiO, and the CuO/TiO, metal oxide
system exhibit regular one-dimensional structures.
No notable changes could be shown in the morphology
of the TiO, and CuO/TiO; oxide nanostructures, as
observed in Figure 2 (a) and (b). It can be confirmed
that Cu®* nanoparticles inserted into TiO, did
not further alter its lattice structure. The particles
of undoped TiO; formed aggregates with a one-
dimensional rice-like structure, with an average
length and diameter of approximately 3171.36 nm

and 417.81 nm, respectively. Due to the ionic
radii of Cu®" (0.73 A) being larger compared to
Ti** (0.61A), the CuO/TiO> heterojunction was
observed, with an average length of approximately
2521.31 nm, and an average diameter of 389.58 nm.

Figures 3(a) and (b) show the EDX results
of bare TiO, and CuO/TiO; heterojunction. The
results indicated the presence of peaks for titanium
(Ti), oxygen (O), and copper (Cu), as well as a
small amount of precarious carbon (C). The carbon
peak is attributed to the tape used to hold the
sample during the measurement.
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Figure 3. EDX spectrum of (a) undoped TiO; and (b) CuO/TiO; heterojunction.
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Figure 4. FTIR spectrum of pristine TiO; and CuO/TiO> heterojunction.

The FTIR spectrum of the undoped TiO>
and modified CuO/TiO; heterojunction is clarified
in Figure 4. The broad absorption band at about 3400
cm’! and a weaker peak at 1618 cm™! were assigned
to the O-H stretching vibration of absorbed water
molecules [22]. At 2281 cm-!, a weaker stretching
band in the spectrum corresponded to the C-C band.
While the peak at 2930 cm™! was assigned to the C-
O-C bond [23]. The peak observed below 900 cm!
in the FTIR spectrum was attributed to the stretching
mode of the Ti-O-Ti bond [24]. Therefore, the peak
at 770 cm™! indicated the formation of the TiO»
lattice network. The peaks observed at 480 cm™!,
521 em™: and 596 cm™! were referred to the stretching
vibration form of Cu-O [18].

Figure 5 (a) and (b) display nitrogen (N3)
adsorption and desorption isotherms as well as

the pore volume distribution curve (insert) of
pure TiO, and CuO/TiO; heterojunction. The N,
isotherms displayed a type IV isotherm with
an H3 hysteresis loop according to the [UPAC
classification [25]. The BET isotherms and pore-
size distribution curves indicated a mesoporous
nanostructure. The specific surface area and the
average pore diameter of pure TiO, were 78.76 m?/g,
and the particle size was 7.50 nm, respectively.
The surface area and average pore diameter of the
CuO/TiO; heterojunction nanorise are approximately
32.07 m?/g and 8.53 nm, respectively. The
measurements show that the surface area of
the as-prepared CuO/TiO; nanocomposite was
remarkably smaller than that of undoped TiO»,
but the pore diameter became larger. This finding
indicated that CuO doping enhanced the phase
evolution of TiO,.
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Figure 5. N, adsorption isotherms of undoped TiO, and CuO/TiO; heterojunction.
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Figure 6. PL spectra of bare TiO, and CuO/TiO, heterojunction.

Photoluminescence spectroscopy is used to
determine the fate of electron-hole pairs in a
semiconductor and to estimate the trapping rate of
charge carriers [26]. The emission peaks in PL spectra
are principally associated with the oxygen defects
and excitons created by the addition of copper oxide
[27]. The emission peak occurred at approximately
465 nm, possibly due to the band-to-band transition
of photoelectrons in TiO,, leading to the creation
of self-trapped excitons, as shown in Figure 6. The
emission intensity decreased when the TiO, sample
was doped with CuO. The excited electron may leap
to the newly formed defect level in CuO rather than
from the valence band (VB) to the conduction band
(CB) of TiO,, thereby lowering the recombination
rate. Moreover, CuO nanoparticles promote the
formation of shallow trap centers and increase the
concentration of oxygen vacancies at charged grain
boundaries. The vacancies in oxygen resist the
movement of electrons that are not trapped in the

defect centers. As a result, these electrons and holes
cannot recombine, thereby increasing photocatalytic
activity.

The improvement in the photocatalytic
behaviour of broad-band-gap TiO; semiconductors
by forming heterojunctions with narrow-band-gap
semiconductors, such as CuO, has been extensively
investigated [28-30]. When CuO nanoparticles grow
on the surface of the TiO> matrix, the photoresponse
of TiO; is extended into the visible spectrum [31].
Since the TiO, conduction band (CB) is more positive
than the CuO conduction band, photogenerated
electron injection is anticipated to occur from the band
gap of CuO nanoparticles into the TiO, conduction
band, while holes may accumulate in the valence band
(VB) of CuO to form hole centres [32], as shown
in Figure 7. The photoexcited electron-hole pairs
produced can convert water molecules on CuO/TiO,
catalysts into OH" ions and H* cations. Adsorbed OH-
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ions can be oxidized by forming hydroxyl radicals
(OH") through a reaction with accumulating holes in
the CuO valence band. Superoxide radical anion (O,")
is created when concentrated electrons in the TiO-
conduction band move to oxygen atoms that have
been adsorbed on the surface of TiO».

Additionally, the adsorbed oxygen (O;) atoms
may react with H" cations to generate an adsorbed
hydroperoxyl radical (HO»), which then reacts with
H" and an electron to generate Hydrogen peroxide
(H20,). Then, H>O; can reduce to hydroxyl radicals
when it reacts with a single peroxide radical anion
[33]. The quantity of OH" and O," radicals primarily
regulates the breakdown kinetics of a specific
concentration of an organic molecule, such as
methylene blue (MB), into carbon dioxide (CO»>),
water (H>O), and harmless products [34].
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The photocatalytic reactions of interest in MB
degradation are explained in the following equations
under ultraviolet (UV) irradiation:

CuO/TiO, + hv (UV) — CuO/TiO, (& +h*) (2)

H,0 < H* + OH- (3)
OH +h* — OH* 4)
O, +e — 0% (5)
0O, +H"— HO,* (6)
H,O +h* — OH®* + H* (7
HO* + ¢ + H" — H,0, (®)
H>O; + O2* — 2°0OH ©)]
Dye + OH*/ O,*" — CO» + H,O + harmless
products (10)
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Figure 7. Schematic diagram of charge transfer on the TiO» surface modified CuO nanoparticles.
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Figure 8. First-order kinetics constant for the MB degradation on the prepared photocatalysts, pure TiO»,
CuO/TiO; heterojunction under UV irradiation, and in the dark (blank) without irradiation.
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Figure 9. MB degradation efficiency versus UV irradiation time of undoped TiO, and CuO/TiO; heterojunction.

Figure 8 showed that the photocatalytic
elimination of MB dye corresponds to a pseudo-first-
order formula, which computes the photodegradation
rate constant noted as (k) [35]:

In (C/C,) = -kt (1)
where C, is the original MB concentration, C is the
concentration at a selected time, and k is the first-order
photodegradation rate constant. The resulting linear
recession coefficients (R?) were comparatively high,
suggesting that MB photodegradation follows the
Langmuir-Hinshelwood kinetic style. The finding
indicated that the rate constant of undoped TiO»
increased with the presence of CuO nanoparticles in
its nanostructure. The kinetic constant (k) of pure TiO,
was about 0.0102 min’!, while it was about 0.0152
min™!' for CuO/TiO; heterojunction.

Figure 9 explained the MB dye degradation
efficiency as a function of UV illumination time
for undoped TiO; and CuO/TiO; samples. The as-
prepared pristine TiO, rise-like structure showed an
MB degradation ratio of approximately 93.57% in
solution after 180 minutes. In contrast, the CuO/Ti0O>
heterojunction shows about 99.64% after 160 minutes
of irradiation. Since the CuO is confined to the
structure of the TiO,, there will be an enhancement for
the restricted electron to recombine with a hole and
increase the photocatalytic activity.

CONCLUSION

In this paper, the TiO, and CuO-doped TiO
heterojunction samples were successfully prepared
using the polyol solvothermal method. The
characterization techniques revealed the formation
of a high-purity anatase phase with a rice-shaped
morphology. The average length of undoped TiO;
and CuO/TiO; catalysts was about 3171.36 nm

and 2521.31 nm, respectively. A higher photocatalytic
activity for MB degradation was observed with the as-
prepared CuO/TiO; heterostructure, achieving about
99.64% under UV irradiation. This improvement was
due to Cu?* coupling within the TiO; structure, which
inhibits electron-hole recombination and thereby
enhances photocatalytic performance. Therefore, a
more efficient heterojunction photocatalyst can be
used to treat other organic pollutants in water under
visible-light irradiation.
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