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Abstract
The highly efficient Cu doped TiO2/Yb2O3 (CTYO) photoactive nanocomposite were prepared by simple and straight sol-gel
method. The structural, morphological and other properties of the prepared nanocomposite were studied. X-ray diffraction analysis
revealed the existence of both Yb2O3 and TiO2 phases in crystalline structure of CTYO. UV-Vis diffuse reflectance spectroscopy
confirmed the great potential of the prepared samples as the efficient visible light photocatalyst. The photoactivity of the prepared
samples were evaluated using degradation of acid red 88 solution (AR88) under visible light irradiation. The 92.5% of the AR88
in solution was degraded after the 180min illumination over CTYO photocatalyst. The degradation efficiency was studied under
different pH of AR88 solution and amounts of the loaded photocatalyst. The stability and recyclability of the prepared
photocatalyst were studied under 8 reaction cycles which revealed the superiority of CTYO as the visible light photocatalyst.
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Highlights
● Cu doped TiO2/Yb2O3 nanocomposite was prepared using simple Sol-Gel method.
● Prepared nanocomposite has an excellent visible light photocatalytic activity.
● Prepared nanocomposite has a superior stability under successive reaction cycles.

1 Introduction

In recent years, scientific research has been focused on
developing a possible and efficient approach to solving
the environmental crisis relating to increasing population
growth, industrial and agricultural activities [1, 2]. Con-
tamination of oceans and sweet-water resources poses a
serious threat not only to human health but also to life on
the earth [3, 4]. In this regard, the photocatalytic process
is the most promising method for treatment of waste-
water, due to the possibility of solar energy harvesting
and environmentally friendly nature [5, 6].

The photocatalyst material is activated by absorbing
photons with energy equal to the band gap energy of
semiconductor, thereby generating charge carriers (elec-
trons and holes e¯/h+) which produce extremely reactive
radicals toward oxidation of the organic pollutants in
aqueous media [1]. Titanium dioxide (TiO2) is a common
photocatalyst material which is widely used in the pho-
tocatalytic process. However, low quantum efficiency of
TiO2 caused by the wide range band-gap of TiO2

(3.0–3.2 eV) considerably restricts the large scale appli-
cation of TiO2 [6, 7]. Moreover, fast recombination rate
of the charge carriers is another limitation of TiO2

photocatalyst.
Therefore, research on the photocatalytic treatment of

wastewater has been devoted to the more efficient photo-
catalyst material. Mixed metal oxides are an appropriate
alternative to common photocatalyst materials, due to hav-
ing striking electrical, electronic, optical and other physio-
chemical properties [8–10].

In this regard, the heterostructure composites are an
important class of the photocatalyst materials which are
composed of two or more different semiconductors. The
Heterostructure photocatalyst could substantially promotes
separation of charges and reduces the recombination rate of
electrons and holes.

Rare earth metal oxide are good materials to make the
efficient heterostructure photocatalyst, which is due to
partially occupied 4 f and empty 5d orbitals in the rare
earth metals [11]. The rare earth metal oxide could well
participates to reduce the recombination rates of charges
in the heterostructure photocatalyst [12]. Recently, the
heterostructure composites based on rare earth metal
oxide have been extensively studied because of their
excellent photocatalytic potential.

For instance, Janani et al. prepared ZnO-Al2O3-CeO2-
Ce2O3 mixed metal oxides as an efficient photocatalyst
materials for degradation of methyl orange under UV irra-
diation [13]. Vignesh et al. prepared g-C3N4-Ce2O3-CuO
ternary photocatalyst for visible light degradation of methyl
yellow and methylene blue [14]. Mohamed et al. reported
Nd2O3 modified ZnO nanoparticles for degradation of tet-
racycline under visible light irradiation [15]. Basaleh et al.
used a nivel CdS/Gd2O3 nanocomposite for photoreduction
of Cr (VI) [16]. In addition, Munawar et al. prepared
ZnO-CeO2-Yb2O3 heterostructured nanocomposite as effi-
cient photocatalyst and antibacterial material [17]. Modwi
et al. used a Yb2O3/ZnO nanocomposite for degradation of
congo red under visible light [18].

Doping with metal ions is another effective way to
enhance the photocatalytic activity of photocatalyst and
extent its optical response into visible light irradiation. In
this regard, Liyanaarachchi et al. prepared Cu doped
TiO2/g-C3N4 photocatalyst for degradation of methylene
blue under visible light irradiation [19]. Also, Yuzer et al.
studied the photocatalytic, self-cleaning and antibacterial
properties of Cu doped TiO2 [20].

In this study, we prepared Cu doped TiO2/Yb2O3 nano-
composite using facile and cost-effective sol-gel method.
The photocatalytic properties of the prepared nanocompo-
sites were studied for degradation of acid red 88 (AR88)
solution under visible light irradiation. The effect of dif-
ferent concentrations of Cu doped into CTYO structure was
studied on the structural, optical and photocatalytic prop-
erties of the prepared CTYO nanocomposite.

2 Experimental

2.1 Sol-Gel preparation of CTYO nanoparticles

First, 1 mmol of tetrabutyl orthotitanate (TBOT) was dissolved
into 40mL solution of polypropylene glycol (PPG) (5mL)
and ethanol (35mL). Then, 1 mmol of Yb(NO3)3.5H2O and
certain amount of Cu(NO3)2.3H2O (0.0, 0.02 and 0.04mmol)
were added to the above solution. The solution were stirred for
60min to form a light blue homogeneous mixture of pre-
cursors. The gel was dried overnight at 90 °C. The dried gel
was calcined at 600 °C for 5 h under air atmosphere to form
light gray solid. The same procedure was followed to prepare
the pure TiO2 without addition of any Yb and Cu precursors.
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2.2 Characterization

The crystalline structure of the prepared samples (pure TiO2

and CTYO nanocomposites) were studied using X-ray dif-
fraction patterns (XRD) (Philips X’pert Pro MPD, Cu
kα= 1.54 Å). The morphology and surface properties of the
prepared CTYO nanocomposites were studied by field
emission scanning electron microscopy (FE-SEM) images
(TESCAN Mira3). The composition of the prepared sample
was investigated using energy dispersive X-ray (EDX)
spectroscopy (TESCAN Mira3). The chemical groups of the
prepared sample was recorded using Fourier transform
infrared spectroscopy (FT-IR) (Shimadzu Varian
4300 spectrometer). The optical properties of the prepared
samples were studied using photoluminescence spectro-
scopy (PL) (Varian Cary Eclipse) and UV-Vis diffuse
reflectance spectroscopy (DRS) (Shimadzu UV-670).

2.3 Photocatalytic study of CTYO

The photocatalytic efficiency of the prepared CTYO photo-
catalyst was studied using visible light degradation of acid red
88 (AR88) solution. The photocatalytic experiments were
conducted by constant concentration of AR88 solution
(20mg L−1). The metal halide OSRAM lamp (HQIBT 400W/
D/DE40FLH1) was used as the visible light source and the
distance between light source and reaction solution was kept
constant to 30 cm. Before the illumination, the reaction solu-
tion was kept in darkness to achieve adsorption/desorption
equilibrium between dye molecules and the photocatalyst
particles. The photocatalytic degradation of AR88 was mon-
itored at a constant time interval (30min) of visible light
illumination. The photocatalyst particles were separated from
dye solution using centrifugation at 6000 rpm for 10min. The
concentration of treated AR88 solution was determined using
UV-Vis spectrophotometer at λmax= 506 nm

3 Results and discussion

3.1 Characterization of Cu doped TiO2/Yb2O3 (CTYO)
nanocomposite

The phase structure and crystallinity of the prepared CTYO
nanocomposites were studied using XRD analysis, as
shown in Fig. 1. As can be seen, the CTYO nanocomposites
show the diffraction peaks at 2θ= 20.94°, 25.38°, 29.70°,
34.39°, 40.55°, 44.27°, 48.11°, 49.45°, 53.88°, 55.11°,
58.71°, 60.04°, 61.52° and 62.89°.

Undeniably, the diffraction peaks at 2θ= 20.94°, 29.70°,
34.39°, 40.55°, 44.27°, 49.45°, 58.71° and 60.04°, 61.52°
(marked with ♣) are truly attributed to the cubic phase of
the Yb2O3 (06-0371 JCPDS file no). In addition, the

diffraction planes of the anatase TiO2 (01-0562 JCPDS file
no.) are appeared at 2θ= 25.38°, 48.11°, 53.88°, 55.11°,
and 62.89° (marked with ♦). Clearly, for the sample pre-
pared with 0.02 mmol Cu dopant, there are no diffraction
peak for CuO phase which revealed that the Cu atoms are
well doped into the CTYO crystalline structure. However,
two diffraction peaks at 35.84° and 38.44° (marked with *)
are appeared at the exceeded concentration of Cu dopant
which are related to CuO phase (01-1117 JCPDS file no.).
Owing to the existence of these two characteristic diffrac-
tion peaks, it is clear that the most of Cu ions are in +2
oxidation state and form CuO phase. The CuO phase is
dissolved in TiO2/Yb2O3 matrix.

The average crystallite size of the prepared sample was
calculated using Scherrer equation (Eq. 1), employing the
peak at 2θ= 29.70°:

D ¼ kλ

β cos θ
ð1Þ

where D is the average crystallite size, λ is the X-ray
wavelength, β is the full width of diffraction peak at the half
maximum (FWHM), k is a shape factor and θ is the
diffraction peak angle. The average crystallite size of the
prepared CTYO nanocomposites with different concentra-
tion of Cu dopant (0.0, 0.02 and 0.04) was calculated to be
17.4 nm, 18.2 nm and 25.3 nm, respectively.

Figure 2a, b show the FE-SEM images for the prepared
CTYO nanocomposite (Cu dopant concentration=
0.02 mmol) which demonstrate that the prepared CTYO
have uniformly nanosphere morphology with the average
size below 50 nm. In addition, due to heat treatment of
prepared sample, slightly agglomerated particles is observed
in FE-SEM images.

The composition and elemental distribution of the pre-
pared CTYO nanocomposite (Cu dopant concentration=

Fig. 1 XRD patterns for the prepared CTYO nanocomposites
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0.02 mmol) were studied using EDX spectroscopy, as
shown in Fig. 3. In addition, the elemental microanalysis
results reveal the relative amount (wt%) of each compo-
nents is Ti (11.38%), Yb (70.19%), Cu (0.19%) and O
(18.24%).

The chemical functional groups on the surface of the
CTYO nanocomposite (Cu dopant concentration=
0.02 mmol) were determined using Ft-IR analysis which
shown in Fig. 4. The FT-IR spectrum for the prepared
CTYO nanocomposite represents a broad absorption peak
centered at 3492 cm−1 which is assigned to the stretching
vibration of O–H groups. In addition, the bending vibration
of O–H is clearly seen at 1609 cm−1. Due to the exposure to
the ambient atmosphere, Yb-carbonate groups form on the
surface of nanoparticles. The surface carbonated groups are
clearly identified at the two absorption peaks at 1467 and
1344 cm−1 [21]. Moreover, there is a strong absorption peak

at 570 cm−1 which is truly attributed to the metal-oxygen
bonds [22].

The light absorption ability and optical properties of the
prepared samples were studied using UV-Vis spectroscopy.
Figure 5 shows the DRS spectra for the samples prepared
with different concentration of Cu dopant at the wavelength
range of 250–700 nm. As can be seen, the different con-
centrations of Cu dopant significantly alter the visible light
absorption properties of the CTYO. The sample prepared
using 0.02 mmol of Cu dopant has the increased light
absorption at both visible and UV region. However, the
exceeded content of Cu dopant (0.04 mmol) led to a slightly
decrease in the UV-Vis light absorption. The absorption
peak around 350 nm belongs to the TiO2/Yb2O3 matrix
which is shifted to the longer wavelength as concentration
of dopant increases. Besides, a shoulder-like peak at range
280–310 nm could be assigned to the ligand to metal charge

Fig. 2 FESEM images for the
prepared CTYO nanocomposite
(Cu dopant concentrstion =
0.02 mmol) at different
magnifications. 500 nm (a) and
200 nm (b)

Fig. 3 EDX spectra for the prepared CTYO nanocomposite (Cu dopant
concentration= 0.02 mmol) Fig. 4 FT-IR spectra for the prepared CTYO nanocomposite (Cu

dopant concentration= 0.02 mmol)
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transfer transition (O2−(2p)→Cu2+(3d)) [23]. Clearly, the
absorption edge is shifted to longer wavelength with
increasing the dopant concentration.

In order to determine the variations in the band-gap
energy depending on the different concentrations of Cu
dopant, the Kubelka-Munk method [24] was used to cal-
culate the band gap of the prepared CTYO nanocomposites.
As shown in inset to Fig. 5, by plotting (αhv)2 vs. hv, the
band gap of the prepared samples were obtained with
extrapolation of the linear part of the spectra to the hor-
izontal axis. As expected, the sample containing 0.02 mmol
of Cu dopant has the lowest band-gap of the 3.07 and the
highest band-gap of the 3.24 eV is assigned to the sample
prepared without any Cu dopant. Also, the 0.04-Cu doped
TiO2/Yb2O3 nanocomposite has the bang-gap of the 3.17.

The photo-generated electrons and holes during the pho-
tocatalyst illumination have a short lifetime (few ns). The
photo-generated electrons are in the excited state which could
either decay radiatively or migrate to the surface of the pho-
tocatalyst to participate in the photocatalytic reaction [25].

Figure 6 shows the PL spectra for the CTYO nano-
composites with different concentration of Cu dopant (0.0,
0.02 and 0.04 mmol) at constant excitation wavelength of
300 nm. For this purpose, 0.01 g of as-prepared CTYO
nanocomposites were dispersed into 50 mL of deionized
water using ultrasonication bath for 15 min. Then, the
solution of dispersed nanocomposites powders were studied
by PL spectroscopy. Obviously, the PL intensity is affected
by variation of the Cu concentration, so that the sample
containing 0.02 mmol of Cu dopant has the lowest PL
intensity which implies promotion of the non-radiative
decay of the excited electrons for this sample. For charge
carriers to be effectively separated, the space charge layer
thickness must be equal to penetration depth of light into
semiconductor. The thickness of space charge layer

gradually decreases with increasing the concentration of
dopant. However, there is an optimum amount for dopant
concentration, beyond this amount the thickness of space
charge layer would be lower than the light penetration
depth. As a result, the recombination rate of charge carriers
would increase. Hence, the enhanced PL intensity at the
more concentration of Cu dopant (0.04 mmol) is explained
by the fact that the exceeded amount of dopant makes space
charge layer narrower and leads to an increase in recom-
bination rate of charges. Under this circumstance, photo-
catalyst material tends to emit light as a result of the
enhanced recombination of charge carriers [3, 25].

3.2 Photocatalytic experiments for the prepared
CTYO nanocomposite

The photocatalytic efficiency of the prepared CTYO nano-
composites with different concentrations of Cu dopant were
evaluated for visible light degradation of AR88, as shown in
Fig. 7a. As seen from DRS spectra, the 0.02 mmol Cu
doped TiO2/Yb2O3 nanocomposite has lower energy band
gap and greater absorption in the range of visible light, so
that the highest photocatalytic efficiency is belonged to the
CTYO nanocomposite with 0.02 mmol of Cu dopant. After
180 min visible light irradiation, about 92.5% of AR88
solution was degraded over 0.02-CTYO. However, the
photocatalytic degradation of AR88 solution is decreased
over 0.04-CTYO which is truly attributed to the enhanced
recombination of charges at the increased concentration of
Cu dopant (Cu= 0.04 mmol). In addition, the photo-
catalytic degradation of AR88 was also studied under no
light and without catalyst condition. As shown in Fig. 7a,
the degradation of AR88 solution is negligible under both
no light and without CTYO photocatalyst. For comparison,

Fig. 6 PL spectra for the prepared CTYO with different concentrations
of Cu dopant

Fig. 5 DRS spectra and inset: plot of (αhν)2 vs. hν for the prepared
CTYO with different concentrations of Cu dopant
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degradation efficiency of AR88 over the prepared pure TiO2

was provided which revealed inferior photocatalytic per-
formance of the pure TiO2 photocatalyst.

Figure 7b describes the kinetic of AR88 degradation over
the different CTYO photocatalysts by plotting -Ln(C/C0) vs.
irradiation time. As can be seen from Fig. 7b, the photo-
catalytic reaction using the prepared CTYO photocatalyst
obeys from first order reaction kinetic (−Ln C/C0=kt),
where k is the rate constant of reaction (min−1), t is the
visible irradiation time, C0 and C are initial and final con-
centration of AR88 solution, respectively. It is clear that the
highest reaction rate (0.4328 min−1) is belonged to the
0.02 mmol Cu doped TiO2/Yb2O3 photocatalyst.

The photocatalytic activity of the prepared 0.02-CTYO
photocatalyst was studied under different conditions.
Figure 8a shows the photocatalytic degradation of
AR88 solution in 4 separate reactions including different
amounts of added photocatalyst. As clearly seen from
Fig. 8a, the photocatalytic degradation of AR88 solution is
dramatically decreased with increasing the amount of added
photocatalyst material into reaction media. This observation
could be attributed to the decreased penetration of light
beam into reaction zone which is due to the enhanced tur-
bidity of dye solution at the exceeded amount of loaded
photocatalyst material [26, 27]. By comparison of the
photocatalytic degradation efficiency for different amounts

of loaded photocatalyst, it was found that the optimum
amount of CTYO photocatalyst is 0.03 g, so that 92.5% of
the AR88 was degraded after 180 min visible light irritation.

In addition, the photocatalytic experiments were con-
ducted under different pH of AR88 solution (pH= 3, 7 and
10) using constant amount of the photocatalyst (0.03 g), as
shown in Fig. 8b. In contrast to the basic condition (pH=
10), the photocatalytic efficiency of the prepared 0.02-
CTYO photocatalyst is high at the acidic pH of
AR88 solution (pH= 3). This observation is described by
the fact that at the acidic pH of AR88 solution, the surface
of photocatalyst particles is positively charged, whereas
under higher pH (pH= 10) the photocatalyst particles have
the negative surface charges. Since the positively charged
surface increasingly prompts the adsorption of AR88
molecules on the surface of photocatalyst particles, the
photocatalytic efficiency is high under acidic condition
[28, 29].

The stability and efficiency of the prepared 0.02-CTYO
photocatalyst were studied in the more photocatalytic
reactions. Figure 9 describes the photocatalytic degradation
of AR88 solution at the 8 successive reaction cycles. After
each reaction cycle, the photocatalyst particles were sepa-
rated from reaction media using centrifugation at 6000 rpm
for 10 min. The collected photocatalyst material was
washed using distilled water and ethanol to remove the

Fig. 7 Photocatalytic activity (a)
and Kinetic curves (b) for
visible light degradation of
AR88 using different CTYO
photocatalyst

Fig. 8 Degradation of AR88
under different conditions.
Photocatalyst amount (a) and pH
solution (b)

132 Journal of Sol-Gel Science and Technology (2023) 108:127–135



remaining dye molecules from the surface of the photo-
catalyst material and then was dried at 90 °C for 60 min.

As seen from Fig. 9, the stability and recyclability of the
CTYO photocatalyst is high even after 8 successive reaction
cycles. The loss of photocatalytic efficiency is only about

3% after 4 reaction cycles. However, the efficiency of the
CTYO photocatalyst for degradation of AR88 solution was
further reduced to 13.14% after 8 reaction cycles.

In addition, Fig. 9 shows the variation in the photo-
catalytic reaction rate during 8 successive reaction cycles.
Obviously, the photocatalytic reaction rate for degradation
of AR88 significantly decreases after 4 times reuses of the
CTYO photocatalyst.

3.3 Mechanism of photocatalytic reaction over CTYO
nanocomposite

Figure 10 shows the proposed mechanism for describing the
photoactivity of CTYO nanocomposite. As shown, TiO2 has
the more anodic conduction band compared to the corre-
sponding band in Yb2O3 which derives the photo-generated
electrons toward CB of TiO2. On the other hand, the photo-
generated holes remain in the valence band of Yb2O3 phase
which is due to the more cathodic nature of valence band of
Yb2O3 than that of TiO2. The CuO dopants form a new energy
level can act as carrier-trapping centers for the excited elec-
trons which effectively promotes the separation of the charges.
Moreover, the existence of CuO impurities has significant
effects on the improvement of visible light sensitization of the
prepared photocatalyst and reduction of the band gap for both
TiO2 and Yb2O3. Furthermore, dye molecules are degraded by
highly reactive superoxides (•O2

¯) and hydroxyls (•OH) radi-
cals which are produced via redox reactions occurred between
adsorbed species and photo-generated electrons and holes.

The visible light photocatalytic activity of the prepared
CTYO photocatalyst was compared against the previously
reported mixed metal oxide based photocatalysts in litera-
ture. Table 1 summarizes the efficiency and some experi-
mental conditions of reported mixed metal oxide
photocatalyst materials. As observed, the prepared CTYO
photocatalyst has the great and satisfying photocatalytic
efficiency, which is comparable to the previously reported
photocatalyst materials.

Fig. 10 Proposed mechanism for degradation of AR88 using CTYO
nanocomposite

Table 1 Comparison between the prepared CTYO and previously reported mixed metal oxide based photocatalyst materials

Photocatalyst Target Degradation (%) Time
(min)

Light Lamp Power (W) Distance
(cm)

Ref.

0.02 Cu doped
TiO2/Yb2O3

AR88 92.5 180 Visible Osram 400 30 This
work

TiO2/Eu2O3/Gr 4-chlorophenol 88 280 Visible Tungsten Xenon 300 6 [30]

TiO2/CeO2 2,4-dichlorophenol 49 360 Visible SF300B 33 Not reported [22]

TiO2/CeO2/g-C3N4 MB 97 180 Visible Xenon 500 Not reported [31]

ZnO/CeO2 MO-MB-phenol 95.9 - 97.4 - 96.2 150 Visible Halogen Projection
Lamp

250 Not reported [32]

ZnO/CeO2/Yb2O3 Mo-CR-RhB-SF 80 - 78 - 73 - 68 40 sunlight – – – [17]

ZnO-Yb2O3-Pr2O3 MB 99.8 60 sunlight – – – [33]

ZnO/Sm2O3/Y2O3 MB 98.5 75 sunlight – – – [34]

Fig. 9 Recyclability experiment for the prepared CTYO photocatalyst
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4 Conclusions

In summary, we have prepared the CTYO nanocomposite
via sol-gel method. The XRD results confirmed the exis-
tence of both TiO2 and Yb2O3 in the structure of the pre-
pared sample. The effect of different concentrations of Cu
dopant were studied on the structural, optical and photo-
catalytic properties of CTYO nanoparticles. It was found
that the optimum concentration of Cu dopant for achieving
the highest visible light photoactivity was 0.02 mmol. The
photocatalytic experiment was performed for the visible
light degradation of AR88. The effect of different amounts
of the loaded photocatalyst and different pH of AR88
solution were investigated on the degradation efficiency of
AR88. Under recyclability experiments revealed that the
prepared CTYO photocatalyst has the great stability toward
visible light degradation of the AR88 solution.
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