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lutants has been extensively studied. But its low photocatalytic efficiency is attributed to
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the high band gap energy which lead to low light utilization. Cu-TiO2 /GO was synthesized
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via the impregnation methods to enhance the catalytic performance. The Cu-TiO2 /GO reac-
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tion rate constant for photo-degradation of pollutants (tetracycline hydrochloride, TC) was
about 1.4 times that of TiO2 /GO. In 90 min, the removal ratio of Cu-TiO2 /GO for TC was 98%,
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and the maximum degradation ratio occurred at pH 5. After five cycles, the removal ratio of

Traditional metal doping

Cu-TiO2 /GO still exceeded 98%. UV–visible adsorption spectra of Cu-TiO2 /GO showed that

TiO2

its band gap was narrower than TiO2 /GO. Electron paramagnetic resonance (EPR) spectra
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Non–hydroxyl radical
Tetracycline hydrochloride

test illustrated the generation rate of •O2 − and •OH was higher in Cu-TiO2 /GO system than
TiO2 /GO and TiO2 system. The contribution sequence of oxidative species was •O2 − > holes
(h+ ) > •OH in both TiO2 /GO and Cu-TiO2 /GO system. Interestingly, the contribution of •OH in
Cu-TiO2 /GO was less than that in TiO2 /GO during the photo-degradation process. This phenomenon was attributed to the better adsorption performance of Cu-TiO2 /GO which could
reduce the accessibility of TC to •OH in liquid. The enhanced non–hydroxyl radical contribution could be attributed to that the more other active species or sites on (nearby) the surface
of Cu-TiO2 /GO generated after doping Cu. These results provide a new perspective for the
tradition metal-doped conventional catalysts to enhance the removal of organic pollutants
in the environment.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Introduction
Tetracycline as a kind of antibiotic has been widely used in
disease treatment, livestock and aquaculture recently, which
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result in deterioration of water quality (Widyasari-Mehta et al.,
2016). Tetracycline can cause resistance to bacteria, reduce the
self-purification ability of water and poison the hunman liver
and kidney (Deng et al., 2016). Advanced oxidation process
(AOPs) is a widely used method to treat wastewater contaminated with organic pollutants (Rao et al., 2019). Among AOPs,
photocatalysis has attracted great attention in wastewater
treatment due to its high degradation efficiency, low energy
consumption and toxicity (Zangeneh et al., 2015; Mandal et al.,
2019). Photocatalytic technology has a good performance on
the degradation of tetracycline (Yang et al., 2020; Pu et al.,
2020).
Titanium dioxide (TiO2 ) as an environmentally friendly
semiconductor was frequently used in the photocatalytic process for organic pollutants removal. As shown
in Appendix A Table S1, the main steps of the photocatalytic
reaction were listed (Chen et al., 2005). Since the electrons and
holes production of TiO2 only under the ultraviolet light of
380 nm or lower, its light utilization is poor (Bonsal et al., 2020;
Xiao et al., 2020). Moreover, the recombination of electronhole pairs can slow the production rate of reactive oxygen
species (ROS) (Yu et al., 2004). Therefore, the modification of
TiO2 through enhancing the light utilization and reducing
the recombination of electrons and holes have became the
hotspot, such as metal ion modification (Mohammed et al.,
2019), semiconductor coupling (Ratanatawanate et al., 2008)
and surface sensitization (Zhang et al., 2018).
Carbon-based materials such as graphite carbon nitride
(g-C3 N4 ) (Wang et al., 2020c), biochar (Geng et al., 2020),
carbon nanotubes (Zhu et al., 2020), etc. were often used
to modify photocatalysts. GO with special structure and
properties is an attractive material in the mondification of
TiO2 . Compared with TiO2 , TiO2 /GO showed an enhanced
catalytic efficiency in degradation of t-butylhydroperoxide
(Sakthivel et al., 2018) and Methyl Orange (Li et al., 2014). The
enhanced performance could be attributed to the hydrophilicity of these functional groups which may improve the dispersibility of the material (Singh et al., 2009; Wang et al.,
2020b) and the excellent conductivity for electron capture and
transport (Krishnamurthy and Kamat, 2013; Du et al., 2011).
Min et al. (2012) discovered that the photocatalytic activity of
TiO2 after modification can be enhanced by chemical interactions between GO and TiO2 which were beneficial for anchoring TiO2 and the formation of Ti-C and Ti-O-C. However,
the removal efficiency of TiO2 /GO was still limited by the low
efficiency of ROS forming during a single electron process attributed to its high band gap energy (Zhang et al., 2015).
Transition metal doping TiO2 was used to improve the ROS
yield, such as Fe (Moradi et al., 2016), Cu (Pham et al., 2015),
Ni (Nakhate et al., 2010), Pt (Li and Li, 2002; Yi et al., 2007),
and Au (Li and Li, 2001). Some transition metals have been
incorporated on TiO2 to form a capture center to suppressed
the recombination of the electron-hole pairs (Savio et al.,
2016; Yamashita et al., 2003; Heciak et al., 2013). Wang et al.
(2020a) found that the band gap of TiO2 /γ -Fe2 O3 /GO (<2.47 eV)
was smaller than pure TiO2 (3.41 eV). GO was a conductor to transfer electrons from the conduction band (CB) of
γ -Fe2 O3 to the valence band (VB) of TiO2 . Meanwhile, the
holes were accumulated on the VB of γ -Fe2 O3 to suppress
the recombination of photo-generated holes and electrons.
Thanh-Truc et al. (2016) prepared Ni-TiO2 /GO via one-step
method. They considered the formation of NiTiO3 caused
by the high content of Ni (40–50 wt.%) which made the
narrower band gap and the better adsorption performance.
Zhang et al. (2015) considered that the synergetic effect in the
Cu-TiO2 /RGO (reduced graphene oxide) was beneficial to produce H2 O2 via the two-electron reduction of O2 . Comparing
with other transition metals, Cu with oxidation–reduction potential of 0.16 V (Cu2+ /Cu+ ) and 0.52 V (Cu2+ /Cu) is a good

modifier for photocatalysts (Yu et al., 2010). Therefore, doping Cu is considered to be a feasible method for modifying
TiO2 /GO.
In this study, the Cu-TiO2 /GO ternary composite was
successfully synthesized through the hydrothermal-dipping
method. The performance of Cu-TiO2 /GO in the photodegradation process of TC (tetracycline hydrochloride) under UV-irradiation was investigated. The photo-degradation
efficiency of Cu-TiO2 /GO under different conditions was assessed. The apparent first-order rate constants (Kapp ) were calculated. Contribution yield of •O2 − , h+ and •OH in TiO2 /GO and
Cu-TiO2 /GO systems was studied in order to explain the role of
transition metals in the doping system from the generation of
activated species. The photocatalytic reaction mechanism of
modified TiO2 and pure TiO2 was analyzed. The purpose of this
study aims to deeply understand the possible reaction mechanisms and provide new insights into the roles of the tradition
metal doping conventional catalysts to enhance their catalytic
degradation ability.

1.

Materials and methods

1.1.

Materials

Tetrabutyltitanate (Ti(OC4 H9 )4 ), hydrogen peroxide (H2 O2 ,
30 wt.%), copper chloride (CuCl2 2H2 O), sodium nitrate
(NaNO3 ), potassium permanganate (KMnO4 ), isopropanol (IPA,
C3 H8 O), hydrochloric acid (HCl, 37 wt.%), ethylenediaminetetraacetic acid disodium salt (EDTA-2Na, C10 H14 N2 Na2 O8 ),
sulfuric acid (H2 SO4 , 98 wt.%), sodium hydroxide (NaOH)
and ethanol (C2 H6 O, 97%) were premium grade pure and
were obtained from the Kelong Chemical Reagent Company (Sichuan, China). Graphite powder, benzoquinone (BQ,
C6 H4 O2 ) and tetracycline hydrochloride (TC, C22 H24 N2 O8 HCl)
were purchased from Aladdin Industrial Corporation (Shanghai, China). Experimental water was ultrapure water obtained
from a Milli-Q water purification system (Ulupure Corporation, China).

1.2.

Synthesis of graphene oxide (GO)

GO was prepared via the modified Hummers method (Pu et al.,
2017). Here, NaNO3 (1.2 g) and graphite powder (2.0 g) were sequentially put into a three-necked flask. Next, concentrated
H2 SO4 (60 mL) was added slowly. This mixture was mixed
by an ultrasonic disperser in the 20°C ice bath. Then, KMnO4
(8.8 g) was dispersed in the above mixture under stirring. After stirring for 12 hr, ultrapure water (72 mL) was added dropwise. During the above process, the temperature of the mixture was maintained at 20°C. Then, it was heated at 50°C for
12 hr with stirring. After that, the temperature was set to 35°C
to obtain a suspension with bright yellow color. Then, H2 O2
(22 mL) was added dropwise under stirring. After 3 hr, the mixture was filtered, and the residuals were neutralized by washing with 5 vol.% HCl and ethanol. Lastly, the residuals were
washed with ethanol and dried to obtain the final product.

1.3.

Synthesis of TiO2 /GO and Cu-TiO2 /GO composites

TiO2 /GO composites were synthesized by hydrothermal
method. Firstly, GO dispersion (3 mL, mass concentration
5 mg/L), ethanol (14 mL) and water (30 mL) were mixed under
stirring. The mixture was sonicated for 10 min to obtain a homogeneously dispersed GO suspension. Secondly, Ti(OC4 H9 )4
(2.9 mL) was added into ethanol (15 mL) to get mixture A.
Thirdly, mixture A was added dropwise to the GO suspension
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and stirred for 2 hr to obtain the mixture B. After that, the mixture B was put into a polytetrafluoroethylene inner liner and
reacted at 180°C for 10 hr in a high-pressure reaction kettle to
obtain the light gray suspension. The residues obtained after
centrifugation was washed and freeze-dried for 36 hr to get
TiO2 /GO.
Cu-TiO2 /GO composites were synthesized by impregnation
methods. Briefly, CuCl2 2H2 O (20 mL) solution and TiO2 /GO
(0.5 g) were uniformly mixed in a three-neck flask. Here, the
mass of Cu was set to 1 wt.% of TiO2 /GO. The getting mixture was stirred at 90°C for 1 hr. Next, the solid residue obtained after centrifugation was washed several times and
dried under vacuum at 90°C to get Cu-TiO2 /GO composites.
The synthesis process of TiO2 /GO and Cu-TiO2 /GO are shown
in Appendix A Fig. S1.

1.4.

Material characterization

The morphologies of the prepared composites were characterized by TEM (transmission electron microscope) (JEM2100F, JEOL, Japan). XRD (X-ray diffraction) (DX-2700, Dandong
Haoyunan Instrument Co. Ltd, China) with Cu Kα radiation
source (λ = 0.154 nm, 40 KV) in the range of 3° to 80° was
carried to analyze the crystal structure of the composites.
Zeta Potential of the nanoparticles was measured on Malvern
Zeta SizerNano series 3600 (Malvern Instruments, UK). UV–
Vis spectra (Ultraviolet-visible spectroscopy) were performed
by a spectrophotometer (Cary 5000, Agilent, USA) to measure
the light adsorption of the samples. XPS (X-ray photoelectron
spectroscopy) (K-alpha, Escalate 250X, Thermo Fisher Scientific, USA) was conducted to investigate the surface composition of the samples. The functional groups of the prepared
products were performed by FTIR (Fourier transform infrared
spectroscopy) (Nicolet iS 10, Thermo Fisher Scientific, USA).
EPR (Electron paramagnetic resonance) (ER200D-SRC, Bruker,
Germany) was performed to investigate the production of ROS.

1.5.

Photocatalytic experiments

TC was used as a model pollutant in this research to investigate the photo-degradation process via different composites. Here, the photocatalyst (50 mg) and the TC solution
(50 mL, 20 mg/L, pH = 5) were sequentially put into the photoreaction vessel. After the ultrasonic dispersion, the suspension was stirred under the dark condition for 20 min to ensure the adsorption-desorption equilibrium. The suspension
was stirred for 90 min under the irradiation of the 300 W mercury lamp with a filter (wavelength > 400 nm). At the set time,
1 mL above suspension was centrifuged to obtain the supernatant to be detected. To explore the effect of initial pH, the pH
of the TC solution was adjusted with NaOH and HCl (1 mol/L).
To test the stability and reusability of the photocatalyst in this
study, the photo-degradation process was repeated five times.
The photocatalyst was recovered after each reaction for the
next cycle. The concentration of TC was measured by ultraviolet spectrophotometer (UV-1800, Shimadzu, Japan) at a wavelength of 356 nm.

2.

Results and discussion

2.1.
Enhanced photo-degradation process of TC by
Cu-TiO2 /GO composites
The trend curves of the remaining TC ratio over time were illustrated in Fig. 1a. In the adsorption stage, the order of adsorption ability was Cu-TiO2 /GO (40.9%) > Cu-TiO2 (33.4%) >
TiO2 /GO (29.2%) > TiO2 (23.1%). The accessibility of TC on the
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Cu-TiO2 /GO surface was better than the other three photocatalysts. The addition of Cu and GO significantly increased the
adsorption capacity of TiO2 (Zhang et al., 2015; Pham et al.,
2015). Due to the large specific surface area of GO, the specific
surface area of TiO2 /GO was larger than TiO2 . Moreover, carbonaceous structure of GO has regular hexagons composed of
sp2 hybrid orbitals between C atoms (Dreyer et al., 2010). The
π -π stacking interaction was formed between GO and the four
aromatic rings of TC (Gao et al., 2012), which can increase the
adsorption of TC on Cu-TiO2 /GO.
In the photo-reaction stage, almost 100% of TC could be
removed within 90 min under UV irradiation. The mineralization of TC was 84.5% by Cu-TiO2 /GO within 360 min (Fig. 1c).
The difference in degradation rate of TOC (total organic carbon) by Cu-TiO2 /GO, TiO2 /GO and TiO2 was smaller than that
for TC. This was because the degradation of TC generally
started from some special structures (C–N–C) (Wang et al.,
2018) and intermediate compounds still participate in the TOC
of the system (Isari et al., 2020). Comparing to other three photocatalysts, Cu-TiO2 /GO presented a better performance for
the photo-degradation of TC. It was indicated that doping Cu
on TiO2 /GO could effectively enhance the degradation of TC.
The degradation kinetic processes of TC were well fitted with
apparent first-order kinetics model:
ln (Ct /C0 ) = −Kapp t + b

(1)

where Kapp (min−1 ) is the apparent first-order rate constant, Ct
(mg/L) is the TC concentration at t min, C0 (mg/L) is the initial
TC concentration, and b is a constant.
To investigate the photocatalytic efficiency improvement
of TiO2 after adding Cu and GO, the Kapp values of different catalysts were calculated and shown in Fig. 1b. The order of Kapp
with different catalysts was Cu-TiO2 /GO (Kapp = 0.0555 min−1 )
> TiO2 /GO (Kapp = 0.0405 min−1 ) > Cu-TiO2 (Kapp = 0.0372
min−1 ) > TiO2 (Kapp = 0.0366 min−1 ), indicating that the photocatalytic performance of Cu-TiO2 /GO was the best among
the four kinds of photocatalysts. It was noticeable that TiO2 ,
TiO2 /GO and Cu-TiO2 had almost the similar photocatalytic efficiency, while Cu-TiO2 /GO had much better performance than
that of two. These results indicated that Cu and GO synergistically promote the photocatalytic performance of TiO2 , which
was consistent with previous research results (Jin et al., 2015).
The reusability of Cu-TiO2 /GO composite was evaluated. As
shown in Fig. 1d, the removal ratio was 98.5% to 99.8% under
the optimum conditions (TC concentration = 20 mg/L, dosage
of 300 mg/g, time of 90 min, Light intensity = 300 W) in each
cycle. There were no significantly decreased in degradation efficiency of the Cu-TiO2 /GO composite during five cycles. It was
indicated that Cu-TiO2 /GO presented good reusability for the
removal of TC.

2.2.

Influencing factors on photo-degradation

2.2.1.

Initial pH

The removal of TC by Cu-TiO2 /GO under different pH conditions was investigated at pH 3–11. Cu-TiO2 /GO had a low
adsorption amount of TC at initial pH 3 or 11 (Fig. 2a). The
catalytic efficiency of Cu-TiO2 /GO for TC increased from pH
3 to 7, and further decreased as solution pH increased to 11
(Fig. 2b). It was due to the types of dissociable TC and the
surface charge of Cu-TiO2 /GO in different pH. TC molecule
with phenolic hydroxyl group (acidic), dimethylamino group
(basic) and enol hydroxyl group (acidic) has three pKa values
of 3.32, 7.78 and 9.58 (Mahamallik et al., 2015). TC existed in
the form of TCH3+ and Cu-TiO2 /GO had a positive charge surface (Appendix A Fig. S2) when the initial pH was lower than
3.32. There was a strong electrostatic repulsive force between
TCH3+ and Cu-TiO2 /GO (Li et al., 2020). A similar phenomenon
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Fig. 1 – (a) Photo-degradation of tetracycline hydrochloride (TC), (b) the apparent first-order rate constant (Kapp ), (c)
photo-degradation of total organic carbon, and (d) the reusability of Cu-TiO2 /GO by 5 recycles on TC removal. Experimental
conditions: concentration of TC ([TC]) = 20 mg/L, dosage 300 mg/L, time 90 min, and light intensity = 300 W. GO: graphene
oxide; Ct : the TC concentration at t min; C0 : the initial TC concentration; TOCt : the total organic carbon concentration at t
min; TOC0 : the initial total organic carbon concentration.

occurred under high pH (> 7.78). The photo-degradation process was related to the electrostatic repulsive force between
the photocatalyst and TC. Therefore, when the solution was
neutral, the degradation efficiency of TC by Cu-TiO2 /GO was
the highest.

0.5 g/L (Fig. 2h). When the dosage of the catalyst reached 0.7
and 1.0 g/L, Kapp was greatly reduced. This was because the
greater the amount of catalyst added, the more reactive sites
existed. But the excessive amount of catalyst hindered the absorption of ultraviolet light.

2.2.2.

2.3.

Light intensity

The trends of the remaining TC ratio with time under different
light intensities were shown in Fig. 2c and d. The Kapp of the
photo-degradation under 500 W UV-light (0.0908 min−1 ) was
1.7 times more than it under 300 W (0.0520 min−1 ). However,
there was no significant difference in the final degradation ratio at the two light intensities (Fig. 2c). From the perspective
of energy conservation, the 300 W mercury lamp was recommended in practical applications and experiments.

2.2.3.

Initial concentration

As shown in Fig. 2e, the adsorption ratio of TC was negatively
correlated with the initial concentration of TC. It was due to
the decreasing adsorption sites on the Cu-TiO2 /GO surface
with the TC concentration increasing. In the photo-reaction
stage, Kapp was positively correlated with the TC concentration when it was from 5 to 20 mg/L (Fig. 2f). There was a slight
decrease when the concentration exceeded 20 mg/L. The reactive sites on the surface of nanoparticles were limited and
insufficient to support the degradation of excess TC and its
intermediates.

2.2.4.

Catalyst dosage

The adsorption increased with the increasing dosage of CuTiO2 /GO (Fig. 2g). In the photo-reaction stage, Kapp was positively correlated with the catalyst dosage when it was 0.1 to

Mechanistic insights

The internal morphology and structure characterization results of Cu-TiO2 /GO composite were shown in Fig. 3. According to TEM images, the particles were present on the regular shape and their average particle diameter was 11.1 nm
(Fig. 3a, inset), which indicating Cu-TiO2 /GO composite had
nano characteristic. The electrical diffraction pattern of CuTiO2 /GO composite was detected. As shown in Fig. 3b, both
TiO2 and the edge of the GO sheets can be observed. As shown
in Fig. 3c, the polycrystalline diffraction rings were the reflection phases of (101), (004), (200), (105), (211), (204), (116)
and (220) crystal planes from the inner ring to the outer ring
(You et al., 2014). The material contained four elements (Ti, O,
C and Cu) (Fig. 3c, inset). These confirmed the successful synthesis of Cu-TiO2 /GO composites. According to the results of
previous studies, Cu is mainly distributed in TiO2 (Pham et al.,
2015).
The prepared composites nanoparticles had a clear crystal structure (Fig. 3d). The lattice spacing of 0.35 nm, coincided with the (101) crystal planes spacing (d101 lattice) of the
anatase TiO2 . Meanwhile, the lattice spacing of 0.19 nm fit
with the d200 lattice of anatase TiO2 . Since the surface energy
of (200) crystal planes (0.53 J/m2 ) is higher than (101) crystal planes (0.44 J/m2 ), the (200) planes have higher photocatalytic activity than (101) planes (Tang et al., 2017). The changes
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Fig. 2 – (a, b) Effects of the initial pH, (c, d) light intensity, (e, f) initial concentration of TC and (g, h) catalytic dosage on the
degradation of TC by Cu-TiO2 /GO.

caused by Cu doping did not appear on the TEM images due to
the limited content (1 wt.%) and the amorphous form of Cu(II)
at low doping temperature (Irie et al., 2008).
The crystal structure of P25, TiO2, GO, Cu-TiO2 , TiO2 /GO, and
Cu-TiO2 /GO composites were determined by XRD patterns.
As revealed in Fig. 3e, the XRD patterns of TiO2 /GO, Cu/TiO2 ,
Cu-TiO2 /GO were consistent with the patterns of standard
anatase TiO2 (Yang et al., 2013). Specifically, the planes of TiO2

corresponding to the characteristic diffraction peaks were
marked in Fig. 3e. The SAED and TEM studies in this paper also
show the same results. Moreover, the characteristic peaks at
2θ = 11.13° appeared in the XRD patterns of both TiO2 /GO and
Cu-TiO2 /GO composites which correspond to the (002) planes
of GO (Hu et al., 2011). Here, since the electronegativity and
radius of Cu (0.72 Å) are similar to Ti (0.68 Å) (Lopez et al.,
2009), doping of Cu did little effect on the crystal structure of
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Fig. 3 – (a) Transmission electron microscope (TEM) images of prepared Cu-TiO2 /GO composites, (c) the selected area electron
diffraction (SAED) pattern of Cu-TiO2 /GO composites, (b and d) high-resolution TEM of prepared Cu-TiO2 /GO composites,
and (e) X-ray diffraction (XRD) patterns of the P25, TiO2 , GO, Cu-TiO2 , TiO2 /GO, and Cu-TiO2 /GO composites. d200 : (200) crystal
planes spacing; d101 : (101) crystal planes spacing; P25: titanium dioxide with a mixture of anatase and rutile crystals with
an average particle size of 25 nm.

TiO2 /GO. The results confirmed that GO and TiO2 were successfully combined.
The FT-IR spectra of the samples were shown in
Appendix A Fig. S3. The signal at 3406 cm−1 observed in
all samples was assigned to the surface O–H bond. The peaks
at 1729 cm−1 were due to the carboxyl C=O presenting at
the GO nanosheet edge. As the content of GO was small,
the TiO2 /GO and Cu-TiO2 /GO did not have this peak (ThuyDuong et al., 2011). The C=C stretching on the skeleton ring
and O–H bending caused the peaks at 1623 cm−1 (Zhang et al.,
2010a). The vibrational peaks at 1213 cm−1 were assigned
to the phenolic C–O–H and epoxide C–O–C bonds on the
TiO2 /GO and Cu-TiO2 /GO surface. No peaks of C–O stretching
in the GO sheet at 1053 cm−1 were present in the spectra of
Cu-TiO2 /GO and TiO2 /GO. The results illustrated that there
was the interaction between the O–H bond of TiO2 and the
oxygen-containing functional groups of GO (Zhang et al.,
2010a, 2010b; Williams et al., 2008). The broad peaks before
900 cm−1 were representative of the Ti—O—Ti bonds in TiO2
nanoparticles.
To identify the elemental composition of Cu-TiO2 /GO, it
was characterized by XPS spectroscopy. As shown in Fig. 4a,
these observed peaks at chemical binding energies of 458.9,
530.79, 284.53 and 932.65 eV can represent Ti2p3/2 , O1s, C1s,
and Cu2p3/2 (the peaks of Cu2p were cricled in Fig. 4a), respectively. This illustrated the existence of corresponding elements in Cu-TiO2 /GO. Since carbon was inevitably introduced
during the XPS test or sample preparation, the spectra of TiO2
contained a peak of C1s. There was similar phenomenon in
previous works (Kubala-Kukus et al., 2018; Sambaza et al.,
2019). Fig. 4b showed the C1s spectra of Cu-TiO2 /GO. The
main peak of C1s at 284.53 eV can correspond to the sp2 C
atoms (Yang et al., 2014). There were other three weak peaks

of C–C bond (285.34 eV), C–O bond (286.38 eV) and Ti—O—C
(289.13 eV) from the functional groups in GO surface.
Fig. 4c showed the high resolution O1s spectra of CuTiO2 /GO. It was divided into three peaks of Ti-O-Ti (530.13 eV),
Ti-OH (531.89 eV) and C–OH or C–O–C bond (532.89 eV). These
results were also confirmed by the FT-IR spectra of Cu-TiO2 /GO
in Appendix A Fig. S3. The high resolution spectra of Ti2p was
exhibited in Fig. 4d, which correspond to Ti4+ of the TiO2 lattice (Erdem et al., 2001). It could be divided into peaks of Ti2p3/2
(458.77 eV) and Ti2p1/2 (464.47 eV). The Ti2p3/2 (458.77 eV) was
lower than the values in the TiO2 lattice (459 eV). This was
mainly due to the Ti—O—C bonds formed after the combination of TiO2 and GO. As shown in Fig. 4e, the peaks at
932.65 and 952.47 eV were for the Cu2p3/2 core-level XPS signal, which proved that Cu2+ ions were successfully doped on
TiO2 /GO (Irie et al., 2009). As shown in Appendix A Fig. S4,
the Cu-TiO2 /GO after the reaction was characterized by XPS
spectroscopy. The change of O1s spectra was attributed to the
change of surface hydroxyl structure and its concentration after ultraviolet irradiation (Sakai et al., 2001).
Based on the above discussion of the surface elements, the
successful synthesis of Cu-TiO2 /GO was confirmed. The TiO2
and GO were tightly bonded through the Ti—O—C bond. Cu
can enter the TiO2 lattice and result in a lattice distortion of
the TiO2 after Cu doping (Pham et al., 2015). So, whether these
changes in physicochemical characteristics can improve the
photocatalytic ability of Cu-TiO2 /GO?
(1) Improvement of photocatalytic performance of TiO2 /GO
by doping Cu. As shown in Fig. 5a, the light absorption capacity
of TiO2 , TiO2 /GO, and Cu-TiO2 /GO was expressed by UV-visible
diffuse reflectance spectra. The absorption wavelength of TiO2
was cut off to 395 nm, which was attributed to the high gap energy of TiO2 (Eg = 3.13 eV). However, TiO2 /GO and Cu-TiO2 /GO
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Fig. 4 – (a) XPS spectra (survey) of Cu-TiO2 /GO, GO, TiO2 , TiO2 /GO, and the high resolution XPS spectra of Cu-TiO2 /GO
including (b) C1s, (c) O1s, (d) Ti2p and (e) Cu2p regions. XPS: X-ray photoelectron spectroscopy; B.E.: binding energy.

Fig. 5 – (a) UV–Vis diffuse reflectance spectroscopy of TiO2 , TiO2 /GO, and Cu-TiO2 /GO composites and (b) light absorption
edge of TiO2 , TiO2 /GO, and Cu-TiO2 /GO composites.
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composites can absorb more light in 400–800 nm. The doping of Cu and GO enhanced the light utilization efficiency of
TiO2 . In the ultraviolet region, TiO2 /GO composites can absorb
slightly more light compared with Cu-TiO2 /GO composite,
which was due to the darker color of TiO2 /GO (Pu et al., 2017).
The UV–Vis diffuse reflectance spectroscopy of TiO2 ,
TiO2 /GO and Cu-TiO2 /GO composites were shown in Fig. 5a.
In the UV range of 200–340 nm, Cu-TiO2 /GO had the best optical absorption performance. Compared with TiO2 , TiO2 /GO
and Cu-TiO2 /GO had stronger optical absorption in the visible
region of 400–800 nm. The light absorption edge was shown
in Fig. 5b. The band gap energy of TiO2 (3.13 eV), TiO2 /GO
(2.84 eV), and Cu-TiO2 /GO (2.83 eV) were calculated through
the semiconductor band gap formula (Eg = 1240/λ, λ: the wavelength of absorption edge). The band gap energy of TiO2 /GO
was significantly lower than TiO2 . This result was similar to
the previous work which TiO2 /GO had a smaller band gap energy (2.47 eV) compared with TiO2 (3.06 eV) (Khan et al., 2019).
The addition of Cu can slightly reduce the band gap. Results
of similar research showed that the band gap energy of CuTiO2 /GO is inversely related to Cu content (Pham et al., 2015).
It indicated that the modification of TiO2 by adding GO and
Cu was an effective way to broaden the photo-response range
and improve photocatalytic efficiency. The Ti—O—C formed
by loading TiO2 on GO was able to narrow the band gap, which
can cause red-shift of the light absorption edge and increase
the utilization of light energy (Yao et al., 2008; Xu et al., 2010).
The doping Cu which was into the lattice structure of TiO2
can cause rearrangement of adjacent atoms to compensate
for charge defects, resulting in band gap changes (Pham et al.,
2015). These results confirm that the doping Cu and making
GO as the support for TiO2 can enhance the utilization efficiency of the photocatalyst for light energy, and then improve
its photocatalytic efficiency.
GO as a carrier for catalysts mainly improves the photocatalytic performance of composite materials by the following points: (1) dispersion of TiO2 and Cu and exposing more
active sites, (2) great photosensitizing material (Zhang et al.,
2010a; Zhou et al., 2011; Liu et al., 2010), (3) a good electrons
conductor which can effectively suppressing the recombination of hole-electron pairs (Pu et al., 2017). (4) Due to its special structure and big surface area, GO can enrich the organic
compounds from the wastewater to the surface of the photocatalyst (Linley et al., 2014; Wang et al., 2019) .
In our study, the doping of Cu also played vital roles in improving photocatalytic efficiency. When metal ions (Mn + ) are
introduced into the TiO2 crystal structure, a shallow potential
trap will be formed if the Mn + /M( n -1)+ energy level is below
the conduction band (CB). And then, the electrons transferring to the CB of TiO2 can be captured by this trap (Choi et al.,
1994). (1) TiO2 is a semiconductor having a higher Fermi level
than that of Cu. The doping Cu were loaded on TiO2 /GO, which
can form Schottky barriers, which can capture photogenerated electrons until the composite with the consistent fermi
level (Kuvarega et al., 2014). (2) Cu(II) ions can promote the
transfer rate of electrons between TiO2 and GO (Zhang et al.,
2014). (3) The doping Cu can form lattice defects, which was
beneficial to create more Ti3+ oxidation active centers. The
Ti3+ was easily transferred trapped electrons to the surface
and adsorb molecular oxygen. Since the electrons on the catalyst could be efficiently transferred to the interface to react
with oxygen, the electron-hole pairs can be effectively separated.
(2) Enhanced non–hydroxyl radical contribution. To testify
the active species involved in different photocatalytic systems, EPR spin trap technique was carried out. The signal
and accumulation trend of •O2 − and •OH with irradiation time
were shown in Fig. 6.

As shown in Fig. 6a and b, the typical peaks of DMPO-•OH
and DMPO-•O2 − under the UV light irradiation were observed.
The changing trend of the signal intensity indicated that the
sequence of the generation amount of •OH and •O2 − was CuTiO2 /GO > TiO2 /GO > TiO2 (Fig. 6c and d). These results illustrated that Cu accelerated the formation of active species in
the Cu-TiO2 /GO system may be one of the reasons for the improvement of degradation efficiency.
EDTA-2Na, IPA and BQ were used to distinguish the contribution of different active species (scavenging h+ , •OH and
•O2 − ) for the photo-degradation process (Yang et al., 2019). The
addition of these scavengers reduced the degradation ability
of TiO2 /GO and Cu-TiO2 /GO composites in Fig. 7. The inhibition ratio of different scavengers in degrading TC was evaluated by the following formula (Fan et al., 2018):
Inhibition ratio (% ) =

η − η
× 100%
η

(2)

where η (%) was the removal ratio of TC degrading to 60 min
without scavengers added; η’ (%) was the removal ratio of TC
degrading in 60 min with quenching agent added. The inhibition ratio of different scavengers were listed in Table 1. The order of inhibition ratio is BQ > EDTA-2Na > IPA in both systems.
It illustrated that the contribution order of the active species
in two systems was •O2 − > h+ > •OH. This is consistent with
the previous work (Huang et al., 2017; Yan et al., 2017).
However, there were apparent differences of isopropanol in
the quenching for •OH between the two systems. As shown in
Fig. 7b, the degradation in the Cu-TiO2 /GO system was negligibly inhibited (only 0.56%) when excess isopropanol was added.
The inhibition ratio in the TiO2 /GO system reached to 8.53%.
To further investigate the role of the active species, their
respective contributions were evaluated (Zhang et al., 2006):
1-Kapp /Kapp (no quenching) and the results were listed in
Table 1. Isopropanol as •OH scavenger was reported to effectively inhibit the activity of •OH in the aqueous phase (•OHfree )
(Lei et al., 2015). The quenching experiments showed that the
contribution of •OH in the aqueous phase of the TiO2 /GO system (62.6%) was higher than that in the Cu-TiO2 /GO system
(10.8%). In contrast, the EPR intensity of •OH of Cu-TiO2 /GO
was higher than TiO2 and TiO2 /GO in Fig. 6. This phenomenon
may be due to the better adsorption performance of CuTiO2 /GO on TC (Fig. 1a). The higher adsorption capacity caused
more degradation process of TC occurred on the surface of
Cu-TiO2 /GO, so the •OHfree contribution in Cu-TiO2 /GO system
was lower than TiO2 /GO. These above results suggested that
the doping of Cu could reduce the contribution of •OHfree to
the TC degradation. Other reactive species contributed more
to the degradation of TC by Cu-TiO2 /GO.
The contribution of h+ and •O2 − in TiO2 /GO and CuTiO2 /GO system was also quantified and shown in Table 1.
These results showed that the contribution of h+ was moderate, while •O2 − was the most (over 98%) to TC degradation.
The degradation of TC via Cu-TiO2 /GO mainly depends on the
oxidation of •O2 − or h+ , or both. The C–N–C fragment of TC
molecule was the initial reaction site for attack by •O2 − and
h+ (Wang et al., 2018). Then, TC molecules were finally mineralized into H2 O and CO2 after a series reactions. As shown in
Fig. 6, the yield of •O2 − and •OH from Cu-TiO2 /GO system were
more than that of TiO2 /GO. Meanwhile, it was obviously that
h+ and •O2 − played more vital roles in the degradation process
during the capture experiments (Fig. 7). Therefore, even if the
contribution of •OH in the aqueous phase of the Cu-TiO2 /GO
system was lower than that of the TiO2 /GO system, the removal radio of TC in the former was still better than that of
the latter.
In summary, the degradation mechanism of TC by CuTiO2 /GO was proposed. The electrons on the TiO2 valence
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Fig. 6 – Electron paramagnetic resonance (EPR) spectra of (a) DMPO-•O2 − , (b) DMPO-•OH, and the trend of (c) DMPO-•O2 − and
(d) DMPO-•OH with time in TiO2 , TiO2 /GO and Cu-TiO2 /GO dispersions. DMPO: 5,5-dimethyl-1-pyrroline N-oxide.

Fig. 7 – Removal of TC with the h+ (EDTA-2Na, 0.02 g), •OH (IPA, 1 mL) and •O2 − (phenylhydrazine, 0.015 g) scavenger for (a)
TiO2 /GO and (b) Cu-TiO2 /GO. h+ : photo-generated holes; EDTA-2Na: ethylenediaminetetraacetic acid disodium salt; IPA:
isopropanol; BQ: benzoquinone.

Table 1 – Inhibition ratio and 1-Kapp /Kapp after quenched by a series of scavengers in TiO2 /GO and Cu-TiO2 /GO composite.
Inhibition ratio (%)
Catalyst
No quenching
EDTA-2Na (quenching h+ )
Isopropanol(quenching •OH in bulk solution)
Benzoquinone (quenching •O2 − )

TiO2 / GO
0
32.4
8.53
93.3

1-Kapp /Kapp (no quenching) (%)
Cu-TiO2 /GO
0
29.9
0.56
92.5

TiO2 /GO
100
83.8
62.6
99.9

Cu-TiO2 /GO
100
84.4
10.8
98.3
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band (VB) transferred to a extra energy level, and its formation was due to the Ti—O—C bond. Then the electrons transferred from the extra energy level to the CB of TiO2 . Because
of the excellent electron storage performance of GO and the
formed electron shallow trap after Cu2+ doping, the electrons
were able to transfer from the CB of TiO2 to GO and Cu2+ .
Therefore, the electron-hole pairs were effectively separated.
As Cu-TiO2 /GO with excellent adsorption performance for TC,
the degradation reaction partly occurred on the composite
surface. The Cu2+ can also cause Ti3+ lattice defects, which
make more molecular oxygen absorbing on the composite
and formed •O2 − . Finally, •O2 − and h+ attacked these easily
degradable groups of TC, and TC was eventually mineralized
into CO2 and H2 O.

3.

Conclusions

The ternary Cu-TiO2 /GO composite was prepared through
the hydrothermal-dipping method. Comparing with TiO2 and
TiO2 /GO, Cu-TiO2 /GO composites had greater adsorption and
photocatalytic properties for photo-degrading TC. The CuTiO2 /GO composite was stable and the removal ratio of TC
remained at 98.5% after five cycles. Because of the improved
adsorption performance after doping Cu, the contribution of
•OH in the aqueous phase of Cu-TiO2 /GO system was lower
than that of TiO2 /GO. But the TC removal ratio of Cu-TiO2 /GO
was still better than that of TiO2 /GO, due to the higher yield
of •O2 − in the Cu-TiO2 /GO system. The doping Cu made the
ternary system generate more other active species and sites.
Accordingly, the Cu-TiO2 /GO composite had a high photocatalytic performance with excellent stability and can be recommended for removing the antibiotic compounds. Understanding the enhanced non–hydroxyl radical contribution under
copper promoted TiO2 /GO for the photo-degradation will be
helpful in the practical applications of Cu-TiO2 /GO in environmental remediation.
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