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Developing cheap photocatalysts with highly visible-light activity is greatly desired for environmental pollution treatment. In this work, the
authors designed and synthesised Cu2+-doped TiO2 (Cu-TiO2) hollow spheres with enhanced photocatalytic activity and antimicrobial activity
using a simple hydrothermal process. The X-ray powder diffraction (XRD) results revealed that Cu-TiO2 hollow spheres were anatase crystal
phase. The Cu2+-doped into TiO2 can be confirmed by XRD, Raman spectra, and UV–Vis spectrum. The photocatalytic activity of Cu-TiO2

samples was evaluated by the degradation of methyl orange. Comparing to the undoped TiO2, 6% Cu-TiO2 sample exhibited remarkably high
photocatalytic towards methyl orange under simulated sunlight irradiation, which was attributed to the fact that copper ion doping produced
numerous oxygen vacancies (VO) in the material. In addition, it also showed improved antibacterial properties against both Gram-positive
Staphylococcus aureus (S.aureus) and Gram-negative Escherichia coli (E.coli) bacteria. These results establish that Cu2+ doping can
obviously improve the photocatalytic performance of TiO2 under simulated sunlight.
1. Introduction: Photocatalytic degradation of pollutants using
solar energy is a green and sustainable strategy to solve energy
crisis and environmental problems [1–3]. Over the past decades,
inorganic semiconductor materials have been extensively investi-
gated for photocatalytic degradation of pollutants [4–6].
Specifically, TiO2 was found to be the most efficient and
low-cost inorganic semiconductor photocatalysts due to its high
chemical stability, outstanding mechanical, catalytic, and optical
properties [7–9]. In fact, it has shown high catalytic activity and
unique selectivity in many catalytic reactions. However, the wide-
bandgap energy of TiO2 (∼ 3.2 eV) limits its widespread use as
photocatalyst under sunlight because previous studies have
illustrated that only less than 5% UV radiations of the solar
spectrum can be utilised by TiO2 [10–12]. Therefore, it is of
great importance to improve the photocatalytic performance of
TiO2 for use in pollutant degradation under sunlight.
Recently, in order to make TiO2 better use of the solar spectrum,

several approaches, such us precious metal deposition, non-metallic
or metallic elements doping, and semiconductor coupling, have
been developed to deal with the insufficient of TiO2 material
[13–17]. Among them, element doping with metals and non-metals
is considered as the simplest and inexpensive way. For example,
Julien G. Mahy et al. [16] investigated the degradation activity of
N-doped TiO2 catalysts on p-nitrophenol, and the results showed
that N-doped catalysts had a significantly improved degradation
capability under visible light. Shafei and Sheibani [18] reported
the preparation of Cu-doped TiO2-CNT nanocomposite powder
and found that the catalyst exhibited great efficiency in the
degradation rate of methylene blue under visible-light irradiation.
Bing Liu et al. [19] have prepared mulberry shaped TiO2-Au nano-
composite via a one-step hydrothermal method, and they found
that TiO2-Au nanocomposite showed excellent photocatalytic
performance for efficient H2 generation under visible light. In the
last few decades, great progress had been made in producing
TiO2 photocatalytic materials, either, too low light conversion
efficiency or too expensive limit their further application.
Therefore, it is extremely appealing to develop the modified TiO2

photocatalysts that combine low-cost and excellent energy conver-
sion efficiency. In addition, although some papers about Cu-doped
TiO2 have been published in the literature [20], there has been little
research on the photocatalytic mechanism of Cu-doped TiO2.
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Here, a facile hydrothermal method to synthesise Cu-TiO2

samples with a controllable crystal phase, excellent methyl orange
(MO) removal capacity, and enhanced antimicrobial activity, is
reported. Notably, the 6% Cu-TiO2 sample showed distinctly
enhanced photocatalytic performance than corresponding
undoped TiO2 sample. X-ray powder diffraction (XRD) and
Raman spectra revealed that Cu2+ ion was doped into TiO2

crystal lattice and abundant oxygen vacancies were thus generated.
We concluded that these oxygen vacancies increased the number of
active sites in TiO2 sample and improved the catalytic performance
and antimicrobial activity of the TiO2 sample in the end.

2. Experimental
2.1. Reagents and materials: Titanium sulfate (Ti(SO4)2), ethylene-
diaminetetraacetic acid (EDTA), copper chloride dihydrate
(CuCl2·2H2O), and ethanol were obtained from Aladdin Chemical
Reagent Co., Ltd. All chemicals were analytical-grade reagents
and used as received without further purification.

2.2. Synthesis of (0, 2, 4, 6, 8, and 10%) Cu-TiO2 hollow spheres:
Ti(SO4)2 (0.2400 g) and EDTA (1.4610 g) were dispersed in
deionised water (30 ml) under magnetic stirring for 15 min at
room temperature. Then, a specific amount of CuCl2·2H2O
(calculated according to the molar ratio of CuCl2·2H2O to Ti
(SO4)2) was added with vigorous stirring for 15 min. The obtained
mixture suspensions were transferred into a 50 ml autoclave and
reacted at 180°C for 8 h. After cooling to room temperature
naturally, the resulting powders were collected and washed
repeatedly with deionised water and ethanol for three times.
Finally, the Cu-TiO2 samples were dried at 80°C for 12 h in air.

2.3. Characterisation: XRD data were collected on an XRD-6000
X-Ray diffractometer (Shimadzu) using Cu Kα radiation
(λ= 0.15405 nm). Microstructure was observed on a scanning
electron microscope (SEM) (Hitachi, S-4800) and a transmission
electron microscope (TEM) (FEI, Tecnai G2 S-Twin). Raman
spectra of the samples were measured with the Renishaw inVia
Reflex spectrometer system. The UV–Vis absorption spectrum
was performed by using a UV–Vis spectrophotometer (U-4100,
Hitachi, Japan) in the region of 200–800 nm. Electron paramagnetic
resonance (EPR) spectra were obtained on a Bruker 500
535
& The Institution of Engineering and Technology 2020

mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:


Fig. 2 Process of oxygen-vacancy formation in TiO2
spectrometer at 90 K. X-ray photoelectron spectroscopy (XPS)
measurements were conducted on a Leybold-Heraeus LHS-10
spectrometer.

2.4. Photocatalytic activity measurements: The photocatalytic
performances of the samples were tested by degradation of MO
under simulated sunlight irradiation. In each experiment, 10 mg
photocatalyst was added into a 20 mg/l MO aqueous solution
(40 ml). pH of the mixed solution was adjusted to 5.5 using
0.1M sodium hydroxide (NaOH) solution and 0.1M hydrochloric
acid (HCl) solution. Then the suspension was continuously
stirred for 60 min in the dark to ensure that the MO accomplished
adsorption–desorption equilibrium. A 300 W Xe lamp
(Microsolar300, Beijing Prefect Light) was used as simulated sun-
light source, irradiating atop 15 cm distance away from the beaker
containing photocatalyst and MO aqueous solution. At defined
irradiation intervals, about 3 ml of the solution was sampled and
filtered through a 0.24 mm membrane. The concentration of MO
was analysed by a PGENERAL TU-1901 UV–Vis spectrophoto-
meter. The 6% Cu-TiO2 sample was repeatedly used for three
times under the same experiment conditions to test the photo-
catalytic stability.

2.5. Bacterial preparation: S. aureus (ATCC6538) and E. coli
(ATCC25922) were used as a Gram-positive and Gram-negative
bacterium, respectively. Bacteria were cultured on nutrient agar
(Difco) for 24 h at 37 °C. The subcultured bacteria were washed
and resuspended in the nutrient broth (Difco). The required
concentration of inoculum was adjusted to 107 cfu·ml−1 using the
McFar-land scale.

2.6. Antibacterial property: Radial diffusion method was used to
investigate the antibacterial activities of the 6%Cu-TiO2 sample on
the growths of the Gram-positive (S. aureus) and Gram-negative
(E. coli). Firstly, the pre-prepared sterile paper was placed in a sus-
pension of Cu-TiO2 (0.1 g/l), fully soaked and then dried. The ster-
ilisation extract agar medium covered the whole bottom of the culture
dish about 3 mm thick. The two bacteria (about 107 cfu·ml−1) were
evenly spread to form a uniform membrane on the surface of the
agar. Then place the papers with the sample on the surface of the
agar plate. The dishes sealed by para-film were exposed to simulated
sunlight for 2 h, then cultured at 37° C for 24 h. The diameters of
bacteriostatic rings were measured with Vernier caliper. All the
experiments were repeated for three times. The control experiments
were performed in total darkness.

3. Results and discussion
3.1. Crystal structure: The XRD patterns of the as-synthesised TiO2

hollow spheres with different Cu2+ ion doping concentrations were
given in Fig. 1a. As we can see from Fig. 1a, XRD diffraction peaks
Fig. 1 XRD patterns of various Cu-TiO2 samples
a Cu content from 0 to 10%
b Enlarged view of XRD patterns of X% Cu-TiO2 samples (X= 0, 2, 4, 6, 8,
10)
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of all samples were consistent with the standard card
(PDF#21-1272) of pure anatase phase and no miscellaneous
peaks were detected, illustrating that Cu2+ ion had been successfully
incorporated into the TiO2 crystal structure. The average crystal size
for each sample, calculated according to the Scherrer equation,
was 11.59, 11.82, 12.28, 12.78, 15.61, and 15.79 nm for the 0%
Cu-TiO2, 2% Cu-TiO2, 4% Cu-TiO2, 6% Cu-TiO2, 8% Cu-TiO2,
and 10% Cu-TiO2, respectively. It can be found that the crystallite
size of the samples gradually increased with increasing Cu content
from 0 to 10%. Furthermore, the intensity of the XRD diffraction
peaks was found to have decreased with an increase in Cu
content, which might be because the doping of Cu2+ ion changed
the cell volume and reduced the crystallinity of the TiO2 sample.
As shown in Fig. 2, abundant oxygen vacancies were generated
by Cu2+ ion to occupy the position of Ti4+ ion because of
Jahn–Teller distortions. In addition, with the increasing molar
ratio of Cu2+ ion, the diffraction peak at 25.3° gradually shifted
to larger 2θ angles because of the introduction of lattice strain
(Fig. 1b).
3.2. Raman spectra analysis: The lattice perturbations in the local
structure of the TiO2 samples with different Cu doping concentra-
tions were characterised by Raman spectroscopy (Fig. 3).
Obviously, the Raman spectra results showed that the phase
compositions of all samples were almost consistent with the XRD
results. As shown in Fig. 3a, all samples showed four obvious
peaks at 146.9, 397.3, 512.3, and 638.5 cm−1, which could be
assigned to the characteristic Eg(1), B1g, A1g, and Eg(3) vibration
modes of the anatase TiO2 [21], respectively. No peaks of any
copper-related impurities were detected, further suggesting the
successful doping of Cu2+ ion into the TiO2 lattice. Furthermore,
as the amount of Cu dopant was increased from 0 to 10%
(Fig. 3b), the Eg(1) peak shifted to higher frequencies, which
indicated that new Cu–O bonds and abundant VO had been formed.
Fig. 3 Raman spectra of the TiO2 samples with different Cu doping
concentrations
a Cu content from 0 to 10%
b Enlarged view of Raman spectra of X% Cu-TiO2 samples (X= 0, 2, 4, 6, 8,
10)
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3.3. Morphology: Fig. 4 shows typical SEM and TEM images of
pure TiO2 and 6% Cu-TiO2 samples. The SEM image indicated
that the pure TiO2 sample was composed of irregular microsphere
in diameter ranging from 0.5 to 1 μm (Fig. 4a). Moreover, it was
observed that many nanoparticles were distributed on the surface
of TiO2 microsphere. From the TEM results (Fig. 4c), the TiO2

sample showed a hollow microsphere structure, and some nano-
particles were anchored on the surface, which was consistent with
the SEM image. When Cu ion was successfully doped into TiO2

lattice (Fig. 4b), no significant morphology change was observed,
demonstrating the excellent structural stability of TiO2 hollow
spheres. TEM image of 6% Cu-TiO2 sample displayed in Fig. 4d
further revealed that the hollow structure of the samples did not
change (Fig. 4d ).
3.4. Photocatalytic performance: The photocatalytic performances
of different TiO2 hollow spheres were evaluated using MO as the
probe molecule under simulated sunlight irradiation. Fig. 5a
shows the degradation efficiency curves of MO. The control experi-
ment showed that no MO solution was degraded without catalyst
under analogous experimental conditions. In addition, because of
the large bandgap and weak photoresponse of TiO2 samples
studied, the photocatalytic activity demonstrated here was low. As
Cu2+ ion was introduced into TiO2, all samples exhibited remark-
ably enhanced photocatalytic ability. Thus, it can be inferred that
oxygen vacancies play key roles in efficient removal of MO
pollutants. Specifically, it can be seen that 6% Cu-TiO2 hollow
spheres had the best photocatalysis activity and MO molecules
Fig. 4 SEM and TEM images of
a, c TiO2 hollow spheres
b, d Cu-TiO2 hollow spheres

Fig. 5 Photocatalytic degradation curves of MO solution
a Photocatalytic degradation rate of MO under simulated sunlight irradiation
of all the synthesised samples
b First-order kinetic curves of all samples
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were completely degraded after 15 min simulated sunlight irradi-
ation. This suggested that the optimum molar ratio of the Cu2+ to
TiO2 was 6%. Furthermore, the photocatalytic degradation efficien-
cies of MO corresponding to the different photocatalysts followed
the sequence: 6% Cu-TiO2 > 4% Cu-TiO2 > 8% Cu-TiO2 > 2%
Cu-TiO2 > 10% Cu-TiO2 > TiO2. However, we can see that a
large excess of Cu2+ doping content resulted in a great decrease
in the degradation efficiency of MO, which should be ascribed to
the formation of extra phases that they were located on the
surface of TiO2 hollow microspheres and covered the active sites
of catalytic reactions.

The first-order equation (Ln(C/C0) =−kt) was adopted to
describe the above photocatalytic experimental data, where k is
the reaction rate constant. As shown in Fig. 5b, the calculated
reaction rate constants were 0, 0.028, 0.044, 0.093, 0.208, 0.055,
and 0.034 min−1 for blank sample, and Cu-TiO2 hollow spheres
with a copper ion doping concentration from 0 to 10%, respectively.
It can be seen that the 6% Cu-TiO2 photocatalyst had the maximum
photodegradation rate constant to MO, which was about 7.4 times
higher than that of undoped TiO2 sample. The above results
further demonstrated that introducing oxygen vacancies was
crucial for improving the photocatalytic activity of TiO2.

3.5. Stability test and optical characteristics: To verify the stability
of the photocatalyst, the recycling experiments about MO photo-
degradation were performed with 6% Cu-TiO2 catalyst. As can be
seen from Fig. 6a, when the experiments were repeated once, the
activity of photocatalyst was basically unchanged. After three
cycles, about 87.7% of MO was degraded. The above results
demonstrated that 6% Cu-TiO2 catalyst had an excellent stability.
UV–Vis absorption spectra were measured to investigate the
optical properties of the TiO2 samples with different Cu doping
concentrations (Fig. 6b). Obviously, it can be seen that the pure
TiO2 hollow spheres presented intense absorption in the ultraviolet
domain (λ< 400 nm) and weak absorption in the visible region
(λ≥ 400 nm). Compared with pure TiO2, after introducing
oxygen vacancy through Cu2+ doping, the UV–Vis absorption
spectrum of Cu-TiO2 hollow spheres showed a significant red-shift,
which indicated the sample can capture more visible light to
produce more photo-generated electron–hole pairs, therefore ensur-
ing the high light utilisation efficiency. As a result, the photo-
catalytic activity of Cu-TiO2 samples was greatly improved. It
should be noted that all the Cu-TiO2 samples showed strong absorp-
tion in the near-infrared region (ca. 800 nm), which was due to d–d
transitions of the dopant Cu2+ ion [22].

3.6. EPR and XPS analyses: The microstructures of TiO2 and 6%
Cu-TiO2 samples were further studied by EPR and XPS analyses.
As shown in Fig. 7a, TiO2 sample did not exhibit a detectable
EPR signal. Compared to pure TiO2 sample, an EPR signal with
the g factor of 2.39 appeared after doping Cu2+ ion, which was
Fig. 6 Stability test and optical absorption spectra
a Recycle test of photodegradation of MO over 6% Cu-TiO2 photocatalyst
b UV–Vis absorption spectra of the TiO2 samples with different Cu doping
concentrations
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Fig. 7 EPR and XPS spectra of TiO2 and 6% Cu-TiO2

a EPR spectra
b High resolution O 1s XPS spectra of TiO2 and 6% Cu-TiO2

Fig. 8 Zone of inhibition of 6% Cu-TiO2 hollow spheres against S. aureus
and E.coli
a, b In total darkness
c, d With light irradiation for 2 h

Fig. 9 Tauc plots and schematic diagram of the photocatalytic mechanism
a Plots of (ahv)1/2 versus photon energy (hv) for pure TiO2 and 6% Cu-TiO2

samples
b Illustration of photocatalytic mechanism
consistent with an octahedral coordination of Cu2+ ion [23]. This
conclusion further showed that Cu2+ ion had successfully occupied
the position of Ti4+ ion. In order to prove that abundant oxygen
vacancies were generated in the as-prepared 6% Cu-TiO2 sample,
we performed O 1s XPS measurements for TiO2 and 6%
Cu-TiO2 samples (Fig. 7b). The peak at about 531.4 eV corre-
sponds to the oxygen vacancies in the matrix of TiO2, and the
peak at 530.2 eV originates from the oxygen bond of Ti–O–Ti
[24]. Interestingly, the peak area of oxygen vacancies significantly
increased in the 6% Cu-TiO2 sample in comparison with the pure
TiO2 sample. This indicated that abundant oxygen vacancies were
generated as Cu2+ ion was substituted for Ti4+ ion site.
3.7. Antimicrobial activity: In order to better evaluate the photo-
catalytic behaviour of 6% Cu-TiO2 sample, antimicrobial activity
test was further detected. Fig. 8 shows the results obtained by
inhibition ring method. In the control group, no inhibition zones
were detected (Figs. 8a and b). However, when the dishes were illu-
minated by simulated sunlight, 6% Cu-doped TiO2 sample
exhibited obvious inhibition zones (Figs. 8c and 8d), indicating
that the 6% Cu-TiO2 hollow spheres had strong antibacterial
activity against both S. aureus and E. coli. The average width of
the inhibition zone of the 6% Cu-TiO2 samples on S. aureus and
538
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E. coli was 8.21 and 9.57 mm, respectively. Compared with the
data given in the literature [25–28], our sample had better anti-
bacterial effect. What is more, the 6% Cu-TiO2 sample showed
higher antimicrobial activity towards E. coli than S. aureus,
which was attributed to the different chemical composition of the
cell surfaces [29].

3.8. Photocatalytic mechanism: As is well known, the photo-
catalytic activity of TiO2 is closely related to its optical bandgap.
The bandgap energy of pure TiO2 and 6% Cu-TiO2 samples were
determined from the extrapolation of Tauc plots of (hvα)1/2 as a
function of photon energy (hv) and the obtained results were
shown in Fig. 9a. Clearly, the bandgap energy (Eg) of pure TiO2

was ca. 3.01 eV. However, the Eg of the Cu2+-doped TiO2

sample decreased to 2.82 eV. Based on above experimental
results, a possible photocatalytic mechanism was proposed
(Fig. 9b). In contrast to pure TiO2 sample, 6% Cu-TiO2 sample
showed an enhanced response to visible light because oxygen
vacancies generated by doping Cu2+ ion reduced the bandgap of
TiO2 [24]. Furthermore, oxygen vacancies also played photo-
generated charges traps and adsorption sites roles in photocatalytic
reaction, which was favourable for the transfer of photogenerated
charges and the exposure of active sites [30]. Therefore, the photo-
catalytic activity of 6% Cu-TiO2 sample was greatly improved.

4. Conclusion: In summary, we developed a new strategy to
prepare Cu-doped TiO2 samples with abundant oxygen vacancies
by a convenient hydrothermal method. The optimal Cu2+ concentra-
tion was found to be 6 mol% relative to the amount of TiO2, and the
Cu2+-doped did not affect the crystal phase of TiO2 or the particle
morphologies. The significant improvement in MO removal and
antimicrobial activity is mainly due to the generation of numerous
oxygen vacancies and optical properties of 6% Cu-TiO2 samples.
Consistent with the prior studies, our study indicated that the
oxygen vacancies played an important role in improving the photo-
catalytic efficiency of TiO2. This material can be used as a potential
antibacterial agent in biomedical materials and a pollutant treatment
agent in the environmental industry. Furthermore, it can also be
used for food packaging material in the food industry.
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