IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 22, No. 2, April-dune 2026, pp. 322-328

Aseel A. Auda "
Firas K. Mohamad 2

* Ministry of Education,
Educational Directorate of

Holy Kerbala,

Kerbala, IRAQ

2 Department of Physics,
College of Science,

University of Kerbala,

Kerbala, IRAQ

Corresponding author email:
aseeladnanalobaidi@gmail.com

Iragi Journal of Applied
Physics

ffﬁ"q Iragi Journal of
I

Applied Physics

‘IJAP

Synthesis, Characterization, and
Photocatalytic Performance of
CuO/TiO2 Nanocomposite for
Enhanced Methylene Blue
Degradation

In this work, an effective and low-cost CuO/TiO, binary metal oxide photocatalyst was
synthesized via the polyol-mediated solvothermal route. The raw materials for the synthetic
nanocomposite were titanium isopropoxide (TTIP) and copper (ll) nitrate trihydrate. The
structural and morphological properties of the framework substitution of CuO in the TiO,
nanostructure were examined. The TiO, was crystallized in the tetragonal crystal structure
as an anatase phase, doped with CuO nanoparticles after being calcined at 450°C for 3
hours. The one-dimensional CuO/TiO; structure was shown, forming as a rise-like structure.
The BET-specific surface area of the CuO/TiO, nanocomposite was lower, but it had a larger
pore size value compared to the undoped TiO,. The results indicated that the degradation
rate of the MB aqueous solution increased when pure TiO, was doped with CuO
nanoparticles, reaching 99.80 % at 140 minutes of UV irradiation. The rate constants of the
MB degradation reaction using pure TiO, and CuO/TiO, 5 wt.% catalysts were 0.010 and

ar 0.0184 min™', respectively.
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1. Introduction

Transition inorganic metal oxides, including
titanium dioxide (Ti0O) and cupric oxide (CuO), are a
topic of sustained scientific interest to researchers. This
interest stems from their probable applications in
catalysis, sensors, optoelectronic  instruments,
cosmetics, biomedical field, and so on [1,2]. TiO3 is an
n-type semiconductor material with a broadband
energy gap of roughly 3.2 eV. It is white in appearance.
TiO, has several applications, such as paper, food,
medical equipment coating, and gas sensors [3-5]. It
has a significant advantage due to forming a
heterojunction system when it reacts with another
nanomaterial [5,6]. On the other hand, CuO is a
semiconductor with a p-type conductivity and a small
band gap of 1.2 eV. CuO has been utilized in numerous
applications, such as nanocatalysis [7], batteries [8],
magnetic devices [9], supercapacitors [10], etc.

The physical-chemical properties of TiO, and CuO
depend on the obtained nanostructure, such as their
size, morphology, and constituent grain orientations.
Nanocomposites are created by combining one or more
components to enhance and expand the applications of
inorganic nanomaterials. The unique properties of such
a nanocomposite are produced from their capacity to
combine the best physical and chemical properties of
their elements. One of these nanocomposites, the
CuO/TiO; nanostructure, has garnered interest due to
its small bandgap, non-toxicity, simple availability, and
stability [11]. Various methods have been reported for
the preparation of regular-sized two-oxide
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nanocomposites, including hydrothermal [12], sol-gel
[13], chemical precipitation [14], solvothermal [15],
and microwave-assisted [16], etc. Despite all the
advances made, the preparation of TiO, nanoparticles
and CuO/TiO; binary nanocomposite systems, which
are dominated by shape and particle size, remains a
significant challenge. The shape and size must be
tailored by selecting suitable preparation conditions
and methods. The precise control of the produced nano
shape is of great significance since the particle surface
energy, binding, the electronic properties of the
nanostructure, and the chemical reaction of produced
nanomaterials are immediately related to the obtained
morphology of the surface [15].

In the present study, pure TiO, and CuO/TiO;
binary metal oxide nanostructures were synthesized via
a polyol-mediated solvothermal route. It investigated
the effect of the CuO amount on the pristine TiO»
surface nanoparticles and the morphology of the used
precursor after calcination. This approach benefited
from mixing the salt component at the nanoscale using
ethylene glycol as a solvent. The photocatalytic
properties of pure TiO, and TiO, doped with CuO
nanoparticles were evaluated by the photodegradation
of the organic dye methylene blue (MB).

2. Experimental Part

A polyol-mediated solvothermal process was used
to synthesize pure TiO» nanoparticles. Typically, 100
mL of ethylene glycol solvent (EG, J.T. Baker 99.8%
anhydrous solvent), C:H4(OH), was heated to 170 °C
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using a hot plate and magnetic stirring. 2.5 mL of
Titanium isopropoxide (TTIP, 98% Acros Organics)
Ci2H2304Ti, was then added dropwise to the EG
solution under constant stirring. A white-color titanium
complex glycolate precipitate was obtained following
the mixing process. The mixing process was
maintained at a steady rpm for 5 hours. Then, the mix
was left to cool down gradually to ambient temperature.
The white precipitate was washed multiple times with
an absolute ethanol (99.5% J.T. Baker Reagent),
C,HsOH solution, and ultra-pure water to remove
unwanted components. Finally, the white nanopowders
were dried at 80 °C in a furnace for 6 hours and then
calcined for 3 hours at 450 °C.

The CuO/TiO, nanocomposite oxide system was
prepared using the same synthetic steps as mentioned
before, except that when the white titanium glycolate
was formed and cooled to 75 °C, 5 wt.% of Cupric (II)
nitrate trihydrate (95%, J.T. Baker, Inorganic salt)
Cu(NO:3),2.3H>0 as a doping agent precursor was added
to the solution. A few drops of ammonium hydroxide
solution (99.9%, J.T. Baker, basic), NH4OH, were
added until the pH value of the mixture reached 6. The
obtained solution was reheated to 170 °C and stirred
further for 1 hour at a constant rotation speed (rpm).
Then, the light-blue precipitate was centrifuged and
repeatedly cleaned with pure ethanol and ultrapure
water. Finally, the prepared CuO/Ti0, was dehydrated
at 80 °C in an incubator for 8 hours and heat-treated at
450 °C for 3 hours.

The photocatalytic activity of bare TiO, and
CuO/TiO; nanocomposite samples was evaluated by
the photodegradation of methylene blue (MB, 99%
Acros Organics), CisHi3CIN3S, in solution under UV
irradiation with a source (wavelength approximately
365 nm, 16 W). 150 mg of catalyst was added to a glass
beaker containing 500 mL of a 10 ppm MB dye
solution. Before UV irradiation, the aqueous solution
was stirred with a magnetic stirrer for 60 minutes in the
dark to ensure the adsorption/desorption equilibrium of
MB and the catalyst (pristine TiO, and CuO/TiO> 5
wt.%). The initial concentration (Co) of the MB and the
concentration after irradiation time (C;) were collected
at 3 mL every 20 minutes. Then, the catalyst
nanoparticles were separated from the dye solution by
centrifuging at 4000 rpm for 5 minutes. The MB
degradation was calculated wusing the formula:
Degradation rate (%) = (A¢-A)/Ao, where Ag and A
were the absorbance of the primary and remaining MB
dye, respectively.

To investigate the prepared crystalline structure and
phase, an X-ray diffraction (XRD) technique (Aeris,
Panalytical, Holland) was used. It was applied with Cu
Ka irradiation at a wavelength of 0.154 nm, and the
operation work (40 kV, 15-40 mA). The prepared
specimens were scanned at 20 angles from 5° to 90°
with a step size of 0.05°/s to form the XRD patterns.
The morphology of the obtained samples was examined
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using field-emission scanning electron microscopy
(FE-SEM, Inspect F50, USA), which was coupled with
an energy-dispersive X-ray (EDX) analyzer. The EDX
technique was used to recognize the chemical elements
in the tested sample matrix. The specific surface area of
the synthesized samples was determined using a
Brunauer-Emmett-Teller (BET) analyzer
(Micromeritics ASAP 2010, GA, USA) with nitrogen
gas adsorption-desorption analysis at 77 K. The
absorbance value of MB in solution was measured
using a UV/visible spectrophotometer (UV-VIS,
Shimadzu, 1900i-Japan) in the wavelength range 190-
1100 nm.

3. Results and Discussion

Figure (1) shows the XRD patterns of pure TiO;, and
CuO/TiO; 5 wt.% nanocomposite system synthesized
using the polyol-mediated solvothermal route and
annealed at 450 °C for 3 hours. The results of the TiO»
diffraction pattern showed that TiO, nanoparticles were
present in the pure anatase crystal phase with lattice
constantsa=b=3.75 A, c=9.53 A, and angles a. = B
=y =90, as confirmed by JCPDS card 21-1272, which
affirmed the formation of the TiO; nanostructure. No
other diffraction peaks were observed in the pattern,
indicating the high-purity phase of the titanium dioxide
photocatalyst. XRD measurements revealed that the
crystal planes (101), (004), (200), (105), (204), (220),
(215), and (224) occur in the anatase TiO;
nanoparticles, which correspond to angle diffraction
(20) at 25.3°,37.8°,48.0°,55.1°,62.7°,70.3, 75.1°, and
82.7° respectively.

CuO/TiO, 5 wt.%

800 Pure TiO,

600

Intensity (a.u.)
]
o
1

200

0 T T T T T T
20 30 40 50 60 70 80 90

26 (deg.)
Fig. (1) XRD diffraction pattern of pure TiO, nanoparticles and
CuO/TiO; 5 wt.% nanocomposite

The CuO/TiO; 5 wt.% nanocomposite system, as
shown in Fig. (1), exhibited a pattern similar to that of
pure anatase TiO; nanoparticles, without any additional
diffraction peaks. The lattice parameters of the
CuO/TiO; 5 wt% were calculated from the
crystallographically planar (101), which founda=b =
3.79 A, and ¢ =9.52 A. This likely indicated the regular
distribution of CuO nanoparticles in the pristine TiO,
nanostructure. On the other hand, there are no peaks
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that belong to the CuO monoclinic phase in the XRD
pattern, which can be due to a small amount of CuO
dopant being used in this sample, and CuO peaks are
too broad due to their small crystalline size [17]. The
XRD results showed that the peak intensity was
reduced and transformed into a broad peak as the TiO»
nanoparticles were doped with CuO. This fact 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
utilized to determine the average crystallite size (D) of

the obtained nanostructure:
0.91

= Bcos6 (1)
where 0.9 is a constant known as shape factor, 4 is the
X-ray wavelength (0.154 nm), f is the full-width at half
maximum (FWHM) of the diffraction peak, and 6 is the
diffraction angle [18]. The results show that the average
crystallite size of pure TiO, and CuO/TiO; 5 wt.%
nanocomposite was about 7.50 nm and 6.44 nm,
respectively. According to this finding, CuO loading
inhibited particle growth because the Cu?* ions on the
Ti0; structure combine to form a large nanoparticle.

The morphologies of pristine anatase TiO» and its
doping with 5 wt.% CuO investigated by FE-SEM, as
shown in Fig. (2). The results found that both bare TiO,
and CuO/TiO; 5 wt.% nanocomposite exhibited regular
rise-like structures. The use of ethylene glycol (EG) as
a solvent and a synthesis temperature of 170 °C were
suitable conditions that contributed to the formation of
this one-dimensional nanostructure. The increase in
temperature and preparation time enhanced the
hydrolysis formation rate, resulting in longer one-
dimensional (1D) in this study [18]. The average length
and diameter of the undoped TiO, rise-shaped structure
were found to be approximately 3171.36 nm and
417.81 nm, respectively, as shown in Fig. (2a).

At 5 wt.% CuO loading, the morphology images
showed a uniform TiO; rise-like structure, with CuO
particles distributed on its surface. CuO and TiO;
nanoparticles appeared as surface-phase junctions of
the nanocomposite catalyst. These nanojunctions can
promote the migration of interparticle carrier charges
and facilitate the transport of photogenerated electrons
from the TiO, conduction band (CB) to the CuO
valence band (VB). Thus, the charge carrier (e™-h")
separation efficiency and the photocatalytic activity are
enhanced [19]. The CuO/TiO; 5 wt.% had an average
length and diameter of about 2448.95 nm and 385.09
nm, respectively. Table (1) summarized the average
lengths and diameters of undoped TiO; and CuO/TiO;
nanocomposite samples after being calcined at 450 °C
for 3 hours.

Furthermore, the FE-SEM image showed that the
CuO/TiO; 5 wt.% nanocomposite was shorter and
broader compared to the undoped TiO,. When Cu?*
ions are incorporated into the TiO; structure, they
partially substitute the ions of Ti* due to their similar
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ionic radius (Ti*" = 0.68 A and Cu?*" = 0.74 A).
However, the slightly large size of the ions Cu?*
produces local lattice distortions and creates internal
strain within the TiO, structure. These local
distributions create an undesirable environment for the
unlimited growth of anatase TiO, rise-like structure
[20-22].

spot| pressure | WD |mag o det HV — 3um

3.5 1.69e-3 Pa 7.8 mm 30 000 x ETD 30.00 kV_inspect f 50-FEI Company

(b)
Fig. (2) FE-SEM images of (a) pure TiO; nanoparticles and (b)
CuO/TiO; 5 wt.% nanocomposite

Table (1) The average crystalline lengths and diameters of
undoped TiO; and CuO/TiO; nanocomposite

Sample Average Average
length (nm) | diameter (nm)
Pure TiO, 3171.36 417.81
CuO/TiO20.5 wt.% 2448.95 385.09

Figure (3) shows the EDX results of undoped TiO»
and CuO/TiO; 5 wt.% nanocomposite, which explained
the presence of peaks for titanium (Ti), oxygen (O),
copper (Cu), and a small amount of impure carbon (C).
The peak of C is attributed to the tape used to hold the
tested sample during the measurement.
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Fig. (3) EDX spectra of (a) undoped TiO, and (b) CuO/TiO; 5
wt.% nanocomposite

To wunderstand how the deposition of CuO
nanoparticles affected the one-dimensional TiO,
nanostructure of the created composite, the porous
structure was analyzed using the nitrogen (N»)
adsorption-desorption isotherm. The BET result of the
as-prepared undoped TiO; indicated a typical [UPAC
kind IV pattern in the nitrogen gas isotherm, with the
existence of an H3 type hysteresis loop, according to
the BDDT classification [23], as shown in Fig. (4a).
This kind of hysteresis loop implies the presence of
irregularly sized and shaped slit-like pores. The specific
surface area and average pore diameter of pure TiO;
were 78.767 m*/g and 7.504 nm, respectively. With
doped TiO» by CuO nanoparticles at 5 wt.%, the BET
finding revealed that an acquired isotherm with a
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hysteresis loop of the H1 type, as clarified in Fig. (4b).
This result demonstrated the presence of regular
cylindrical pores in the metal oxide system of the
produced nanocomposites. The as-prepared CuO/Ti0,
5 wt.% nanocomposite had a specific surface area and
average pore diameter of about 32.076 m?%/g and 8.534
nm, respectively. Table (2) displayed the BET of
undoped TiO; and CuO/TiO; 5 wt.% nanocomposite.

—#— Adsorption
. —#— Desorption

120

100

AV fem’ignm)

Volume adsorbed (cm®/g S.T.P.)

Pure TiO,
0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P,)
()
30

—— Adsorption
—8— Desorption

N
(&)}
1

R

N
o
1
AVAD (cmig.nm)

Volume adsorbed (cm®/g S.T.P.)
= &
1 1

CuO/TiO, 5 wt.%

T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P,)

(b)
Fig. (4) Typical N, adsorption/desorption isotherm and the
corresponding pore-size distribution curve (inset) of (a) pure
TiO; and (b) CuO/TiO; 5 wt.% nanocomposite

Table (2) Surface area and average pore diameter of pure TiO,
and CuO/TiO; 5 wt.% nanocomposite

Surface area | Average pore

S (m?/g) diameter (nm)
Pure TiO, 78.767 7.504
CuO/TiO2 5 wt.% 32.076 8.534

From the BET results, the CuO/TiO; 5 wt.%
nanocomposite had a smaller surface area value but a
higher pore diameter compared to the undoped TiO»
nanostructure. This result may be due to the formation
of CuO dopant and TiO, as a nanocomposite.
According to IUPAC, the CuO/TiO; 5 wt%
nanocomposite is considered a mesoporous material
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with pores that range in size from 2 to 50 nm [24]. The
mesoporous structure of the photocatalyst facilitates the
adsorption of reactants and the transfer of products,
which enhances the photodegradation of organic
pollutants. This feature made this sample potentially
suitable for photocatalytic applications due to its well-
developed porosity and well-formed crystalline
structure. Therefore, the shape and type of pores are
crucial for ensuring the efficiency and effectiveness of
bare and nanocomposite photocatalysts in degrading
pollutants, including dyes [25].

The photocatalytic activity of pure TiO» and the as-
synthesized CuO/TiO, 5 wt.% nanocomposite was
investigated by observing the degradation of an MB
solution under UV irradiation. The absorbance
spectrum of MB degradation without prepared catalysts
and with undoped TiO, and CuO/TiO; nanocomposite
under UV irradiation was elucidated in Fig. (5).
According to Fig. (5a), no degradation of the MB
solution was observed in the absence of the prepared
catalysts under UV irradiation for 180 minutes. The
observed peak at 664 nm corresponded to the MB,
which is responsible for the blue color of the MB
solution. Further, this absorbed peak is used to observe
the degree of degradation of the MB dye in an aqueous
solution.

Under dark equilibration conditions for 60 min, the
MB degradation of undoped TiO, and CuO/TiO; 5
wt.% nanocomposite was approximately 5.1% and
9.9%, respectively. This indicated that the TiO, doped
with  CuO nanoparticles exhibited improved
photodegradation abilities toward the MB solution.
After a dark adsorption, the MB degradation of pure
Ti0, exhibited a considerable decrease in the intensity
of the obtained peak at regular time intervals, from 20
to 180 minutes. The maximum MB photodegradation
efficiency was approximately 93.57 % under UV
irradiation. While the CuO/TiO; 5 wt.% nanocomposite
appeared effective for organic dye degradation,
achieving approximately 99.80% degradation at 140
minutes of UV irradiation, as shown in Fig. (5¢). This
result was attributed to copper ions (Cu?") significantly
enhancing the pristine TiO, photodegradation
efficiency of MB dye. Furthermore, the low
recombination rate of electron-hole (e-h*) pairs allows
for additional interaction sites with MB molecules,
resulting in high efficiency. Moreover, since both
samples have a tiny crystalline size, the obtained peaks
in the spectra were somewhat blue-shifted throughout
the MB photodegradation process. The shafted peaks
referred to an increase in the oxidation and reduction
potentials of the charge carriers (electrons and holes).
The rate of organic dye photodegradation was
confirmed by the (e-h") pairs with high oxidation-
reduction power [26].
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Fig. (5) Absorption spectra of the MB photodegradation (a)
without catalysts, (b) using pure TiO;, and (¢) CuO/TiO;5 wt.%
nanocomposite

The MB photodegradation was fitted to the
Langmuir-Hinshelwood kinetics model. The slope of
the value In (Co/C) plotted versus time of irradiation
(min) indicated the value of the reaction rate constant
(k) of the prepared catalyst, as shown in Fig. (6). Under
UV irradiation, the photocatalytic performance was the
highest value for the sample TiO, doped with CuO
nanoparticles, with a rate constant of 0.0184 min’!,
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while that of pristine TiO, was shown at a kinetic rate
constant of approximately 0.010 min'!. The highest
photocatalyst activity was attributed to the photo-
generated electron (e) transfer from the conduction
band (CB) of TiO; structure to CuO, which left a hole
(h) in the TiO; lattice structure to participate in the
oxidation reaction. That means the presence of CuO
nanoparticles can reduce the electron-hole
recombination rate in pure TiO,. CuO particles
deposited on the surface of the TiO; received the photo-
generated electrons from the TiO conduction band and
formed copper ions (Cu'). Then, Cu" ions can be
reoxidized to Cu®?' by the reactive oxygen species
(ROS) present in the surrounding medium [16,27].

B PurcTiO,
¥ CuOITio, 5 wt.%
» Blank

T T T T T
0 20 40 60 80 100 120 140 160 180

Irradiation time (min)
Fig. (6) First-order kinetics for the MB degradation on the pure
TiO,, CuO/TiO; 5 wt.% nanocomposite, and without (blank) UV
irradiation

Figure (7) explained the photocatalytic mechanism
of the proposed pathway for the charge transfer
approach in the CuO/TiO; nanocomposite. Under UV
irradiation, both TiO, and CuO are excited and
photogenerated electrons (e”) from the conduction band
(CB) of TiO; recombine with photogenerated holes (h*)
deriving from the conduction band (VB) of CuO, as
shown in Eq. (2). This process led to the formation of
more negative electrons and positive holes, which can
occur directly between the two metal oxides due to the
appropriate energetics of the relative positions of the
TiO, conduction band and CuO valence band. The
photoexcited (electrons and holes) could convert the
MB aqueous molecules that were adsorbed on the
surface of CuO/TiO, nanocomposite into hydrogen
(H") and hydrogen ions (OH), as shown in Eq. (3).
Hydroxyl radicals (OH") can be created when the
adsorbed OH" onions react with accumulating holes in
the VB of CuO, as shown in Eq. (4). Superoxide radical
(0?") anion is created when concentrated electrons in
the TiO, conduction band move to oxygen ("O,) atoms
that have been adsorbed on the TiO; surface, as shown
in Eq. (5). The oxygen atoms can also react with the H*
cations to create an adsorbed hydroperoxyl radical
(HO»), which forms hydrogen peroxide (H20,) when
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combined with electrons and H™, as shown in equations
(6-8). Moreover, a superoxide radical can combine with
H»0,, reducing to hydroxyl radicals, as shown in Eq.
(9). Predominantly, the degradation of a particular
concentration of MB is controlled by the concentration
of the produced OH® and O radicals [28]. The
photocatalytic = mechanism of the CuO/TiO,
nanocomposite was given in the following equations:
CuO/TiO; + hv — CuO/TiO; + (¢ + h") 2)

H,0 < H* + OH 3)
h"+OH — OH'+H"  Oxidation @)
e +02, 0 Reductin 5)
O, +H"— HOy' (6)
H,O +h* - HO* + H* (7
HOy' +e + H" — H,0, ®)
H,O + Oy — 20H" )

The final products from the MB photodegradation
are smaller molecules of carbon dioxide (CO;) and
water (H20) [29].

uv

irradiation C“I.
o,
B . C(\
CBe e ¢

MB+OH* +0,*

Photodegradation
E,=12eV

€O, + H,0

vB h b h 0

VB h b h \_}
x OH*
Tio,

® o Pure TiO, Cuo

Fig. (7) Schematic diagram of the CuO/TiO, nanocomposite
photocatalyst and photocatalytic mechanism of MB dye under
UV irradiation

4. Conclusion

A simple process was used to prepare pure TiO, and
a CuO/TiO, nanocomposite via a polyol-mediated
solvothermal route. A synthetic solvent such as
ethylene glycol (EG) was used to form a metal oxide
system with a well-defined one-dimensional
nanostructure. The results indicated that both samples
showed a rise-like structure. The incorporation of CuO
into TiO, nanostructure does not cause significant
changes in the structure, possibly due to the substitution
of Ti*" ions with dopant Cu?' ions. The CuO/TiO,
nanocatalyst  exhibited  higher  photocatalytic
performance for the MB solution, achieving 99.80%
degradation after 140 minutes of UV irradiation. The
nanocomposite materials prepared in this work can be
employed for various applications, including sensors,
antimicrobial activity, and solar cell manufacture.
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