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A facile hydrothermal approach was employed to synthesize a novel Cu-ZnO/TiO, Z-heterojunction with
a high density of defects, which was then utilized for the oxidative desulfurization process, demonstrating
excellent photodegradation performance. The results showed that by adjusting components such as Cu,
Zn0O, and TiO,, the removal efficiency of DBT reached 88.12% within a duration of 240 min. In the 5
repeated experiments, 7.5%Cu—ZnO/TiO, still exhibited high stability and could be reused. The improved

photocatalytic performance of the 7.5%Cu-ZnO/TiO, composite can be attributed to its high light
Received 22nd September 2024 b ti bilit d ll-matched level hich d to th bundant ¢
Accepted 7th Novernber 2024 absorption capability and well-matched energy levels, which are due to the abundant presence o
imperfections. The adoption of a Z-heterojunction has enabled efficient separation and transfer of

DOI: 10.1039/d4ra06833e photo-generated electrons and holes (e /h*), thereby reducing the probability of charge carrier
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1 Introduction

In the combustion process of automobile engines, due to the
oxidation reaction of organic sulfide, a large amount of SOy is
produced, which is the main cause of acid rain. As a result,
environmental concerns have compelled refiners to develop
effective desulfurization technologies for the removal of these
sulfur-containing compounds. HDS is commonly used for
industrial desulfurization, but it faces challenges in removing
organic sulfides with steric hindrance."?> PODS is a cost-effective
and efficient method for desulfurization that eliminates the
need for hydrogen gas, while also exhibiting high oxidative
activity towards difficult-to-dissolve sulfur compounds like
dibenzothiophene (DBT).

The wide band gap and limited utilization of visible light of
TiO, and ZnO affect their overall efficiency.*” Therefore, people
have been focusing on improving the activity of photocatalyst
through morphological regulation, metal or non-metal doping,
defect engineering, etc.*' In particular, heterojunction
construction with other semiconductors with advantages in
bandgap and photocatalytic activity can effectively promote
photogenerated charge transfer, inhibit carrier recombination,
and improve light utilization efficiency. Since the conduction
potential and valence band potential of ZnO are slightly lower
than those of TiO,, when ZnO and TiO, form a type II hetero-
junction, charge can be effectively transferred from ZnO to
TiO,."* Additionally, hole transfer occurs in the opposite

Qigihar University, Qigihar 161006, P. R. China. E-mail: 2)j1964@163.com; Fax: +86-
452-2738152

T Electronic  supplementary  information
https://doi.org/10.1039/d4ra06833e

(ESI) available. See DOI:

© 2024 The Author(s). Published by the Royal Society of Chemistry

direction, which aids in achieving efficient electron-hole
separation.”™* The ZnO-TiO, composite nanomaterials were
synthesized using the co-precipitation method, as reported by
Lachom et al.™ The reaction rate constant of methyl orange was
found to be 1.86 x 10> min~ ', demonstrating a significant
improvement in efficiency compared to pure TiO, and ZnO
particles. Cheng et al. selectively deposited amorphous TiO, onto
the tips of ZnO nanorods, resulting in a ZnO/TiO, hybrid nano-
structure leads to the manifestation of remarkably improved
photocatalytic performance in comparison to that of individual
ZnO nanorods and amorphous TiO, nanoparticles.'® Song et al.
discovered that ZnO nanorods were grafted onto electrospun
TiO, nanofibers using hydrothermal technology, and silver metal
nanoparticles were uniformly dispersed on the surface to create
a ternary photocatalyst.”” The presence of the heterostructure
and Schottky barrier significantly enhances the photocatalytic
activity, thereby effectively improving the antibiotic effect.

Anatase type TiO, has higher reactivity on the (001) crystal
surface, but at present most crystals are mainly exposed on the
(101) surface, which has lower surface energy. By employing
titanium tetrafluoride as the primary ingredient and HF as the
regulating agent, Yang et al. effectively produced anatase TiO,
with a surface exposure percentage of 47% on the (001) plane.*®
However, the catalysis of fluoride makes the photocatalyst
highly toxic and corrosive, and it is difficult to remove fluorine-
containing compounds. Zhao et al. synthesized a stable meso-
porous anatase type TiO, nanosphere by hydrothermal method,
and effectively stabilized the (001) plane by using sulfuric acid
as an inducer and capping agent.” The interaction between
sulfuric acid and the (001) plane exhibits a relatively weak
affinity, which facilitates the easy removal of the sulfuric acid
capping agent through washing.
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The paper successfully synthesized anatase TiO, nano-
spheres with a (001) crystal surface without fluorine, and grafted
ZnO nanoneedles onto the surface to construct a photocatalytic
material with ternary Z-type heterojunction. The photocatalytic
activity of (Cu-ZnO/TiO,) was evaluated, and its stability and
repeatability were verified through systematic studies of
chemical composition, structure, morphology, and physico-
chemical properties. Additionally, free radical trapping experi-
ments were conducted to explore the possible photocatalytic
mechanism.

2 Experiment

2.1 Materials and chemical reagents

Tetrabutyl titanate (TBOT, 98.0%) and zinc acetate (99.0%) are
offered by Tianjin Kemi Ou Chemical Reagent Co., Ltd. The
copper nitrate (99.0%) is provided by Tianjin Guangfu Fine
Chemical Research Institute. Sodium hydroxide (96.0%) is
provided by Tianjin Damao Chemical Reagent Factory. Sulfuric
acid (98.0%) is provided by Liaoning Quanrui Reagent Co., Ltd.
The dibenzothiophene (DBT, 99.0%), benzothiophene (BT,
99.0%), thiophene (T, 99.0%), and n-octane (96.0%) are from
Shanghai Maclin Biochemical Technology Co., Ltd. Anhydrous
ethanol (99.8%) is provided by Tianjin Kai Tong Chemical
Reagent Co., Ltd.

2.2 Synthesis of materials

2.2.1 Preparation of anatase TiO, microspheres. The
synthesis of anatase TiO, spheres was achieved using a simple
hydrothermal technique. Initially, a 1.5 ml solution of titanium
butoxide (TBOT) was introduced into a 100 ml mixture con-
taining sulfuric acid (H,SO,) at a concentration of 2.2 M,
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followed by stirring for a duration of 30 minutes. Following this,
the suspension mentioned earlier was introduced into a Teflon-
lined stainless steel autoclave with a volume of 100 ml and
subjected to a reaction at a temperature of 180 °C for a duration
of 12 hours. After allowing the mixture to cool naturally to
ambient temperature, the solid was isolated by centrifugation
and then washed with deionized water and anhydrous ethanol
until it reached a pH level of neutrality. Subsequently, it was
then dried in an oven.

2.2.2 Preparation of ZnO/TiO, and Cu-ZnO/TiO,
composite materials. Preparation of ZnO/TiO, composite
materials: to begin with, a solution referred to as solution A was
prepared by dispersing 0.5 g of TiO, in 20 ml of deionized water.
The B solution is composed of zinc acetate, sodium hydroxide,
and 30 ml of distilled water. After undergoing ultrasonic
dispersion, the A solution is slowly mixed with the B solution in
a dropwise manner. The obtained suspension was subsequently
stirred using a mechanical stirrer for 30 min and then trans-
ferred into a high-pressure stainless steel reactor with a capacity
of 100 ml for a crystallization reaction at 160 °C over a period of
24 hours. The ZnO/TiO, composite photocatalyst was ultimately
obtained through a series of processes, including centrifuga-
tion, washing, drying, and calcination at 350 °C and room
temperature for 3 h, in which ZnO accounted for 40% of TiO,.

Preparation of Cu-ZnO/TiO, composite materials: the
synthesis of the Cu-ZnO/TiO, nanocomposite material was
achieved using a simple hydrothermal technique, as illustrated
in Fig. 1(a). In the aforementioned B solution, Cu®" is incor-
porated in varying proportions of 2.5%, 5.0%, 7.5%, 10.0%, and
12.5% relative to the mass of zinc while maintaining constant
experimental conditions, to synthesize Cu-ZnO/TiO, ternary
photocatalysts denoted as y%Cu-ZnO/TiO,,
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Fig. 1

(a) Schematic diagram of the preparation process for 7.5%Cu-ZnO/TiO,, (b) ZnO SEM images, (c and d) TiO, SEM images, (e and f) SEM

images of 7.5%Cu—-ZnO/TiO, and (g) EDS elemental mapping image of 7.5%Cu-ZnO/TiO, showing Ti, Zn, O, and Cu.
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2.3 Photodegradation of organic sulfides

The present study utilized an n-octane solvent containing
dibenzothiophene (DBT) as a representative oil model to assess
the photocatalytic degradation activity of sulfur-containing
organic compounds. In a typical desulfurization experiment,
0.10 g of photocatalyst was uniformly dispersed within a quartz
tube containing 50 ml of simulated oil with a concentration of
10 mg L. Firstly, samples were collected after 30 min of stir-
ring under dark conditions to achieve adsorption-desorption
equilibrium. Subsequently, the samples were exposed to ultra-
violet light and sampled at 30 min intervals throughout the
reaction process, with approximately 3 ml of sample collected
each time. To ensure accurate data analysis, it is imperative to
promptly centrifuge and separate the sample after completing
the reaction, and then transfer it into a properly labeled sample
vial. A quantitative analysis was conducted on the filtrate using
a UV-9000 ultraviolet-visible spectrophotometer to estimate the
degradation efficiency. The concentration of DBT in the super-
natant is determined by establishing a correlation between
absorbance and concentration. The influence of degradation
parameters, such as the initial concentration of DBT, catalyst
dosage, and catalyst composition ratio on degradation effi-
ciency was investigated and optimized through single-factor
experiments. Finally, the degradation efficiency is calculated
based on eqn (1):*

Degradation rate (%) = [(Co — C)/Cy] x 100 = [(4g — A)/Ag] (1)

In this context, C, and C, represent the initial concentration
and real-time concentration (mg L") of DBT at time ¢ (min),
while 4, and A, correspond to the absorbance of DBT at the
beginning point and different time intervals (t), respectively.
The breakdown of organic pollutants using photocatalysis
generally follows a kinetic model that resembles pseudo-first-
order kinetics, as indicated by previous research findings.
Therefore, this study examined the kinetics characteristics of
DBT photocatalytic degradation using the pseudo-first-order
kinetic equation.

InC/Cy = —kt (2)

In this equation, k represents the apparent rate constant
(min~"); the parameters C, and C, are analogous to those in eqn
(1), while ¢ denotes the duration of the reaction (min).

The experiment evaluated the role of active substances in the
PODS system by trapping superoxide radicals, hydroxyl radicals,
holes and electrons.

3 Results and discussion
3.1 Physical and chemical properties

After conducting SEM analysis (Fig. 1), it was observed that the
synthesized microstructure of ZnO consists of nanoneedle,
while TiO, nanoparticles were uniformly dispersed in a spher-
ical shape with a rough surface, exhibiting a diameter ranging
from 400 to 600 nm. In the composite catalyst of 7.5%Cu-ZnO/
TiO,, the TiO, nanospheres act as the core and are decorated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with needle-like ZnO nanoneedles. EDS spectrum analysis
confirmed the successful integration of all components in the
ternary photocatalyst.

The XPS spectrum measurement reveals the presence of four
elements, namely O, Ti, Zn, and Cu in 7.5%Cu-ZnO/TiO, in
Fig. 3(a—e). In the case of pure TiO,, the energy peaks detected at
458.78 eV and 464.48 eV can be ascribed to the orbitals of Ti 2p5,
» and Ti 2pyp, respectively. Moreover, the observed spacing
between these peaks measuring 5.70 eV strongly indicates that
titanium exists in its +4 oxidation state.?*~>* In the ZnO/TiO, and
7.5%Cu-ZnO/TiO, samples, the observation of shoulder bands
attributed to Ti** 2p,, and Ti*" 2p;, suggests that oxygen
vacancies have been incorporated into the composite photo-
catalysts.>»*® Previous studies have demonstrated the crucial
role played by the oxidation state of titanium in determining the
catalytic efficiency of compounds that incorporate this element.
As the reaction progresses, there is an observed augmentation
in the Ti**/Ti"" ratio, leading to an enhancement in the photo-
catalytic effect of composite catalysts.>® The Zn 2p spectrum
reveals energy bands at 1022.18 eV and 1045.28 €V for Zn 2p; ),
and Zn 2py.,, respectively, exhibiting a binding energy differ-
ence of 23.1 eV between the two orbitals. Consequently, it can be
inferred that zinc predominantly exists in the form of Zn>*" and
readily forms stable chemical bonds (Zn-O bonds) with oxygen
atoms.”””® The measured binding energies of Cu 2p;/, and Cu
2p1/, are determined to be 931.18 eV and 950.98 eV, respectively,
indicating a consistent energy difference of 19.8 eV between the
two orbitals. This value corresponds to the standard spin-orbit
components associated with Cu 2p.* There are two main peaks
at 931.28 and 951.28 €V, and further deconvolution reveals four
peaks. The peaks at 931.18 eV and 950.98 eV are generated by
Cu®, and the peaks at 932.28 eV and 951.98 eV are generated by
Cu”". In the spectrum of 7.5%Cu-ZnO/TiO,, three distinct
peaks can be observed, representing oxygen species associated
with the crystal lattice (O ), oxygen vacancies (Oy), and adsorbed
oxygen molecules (O,q). The 7.5%Cu-ZnO/TiO, catalyst in the
three comparative samples exhibits a significantly increased
presence of oxygen vacancies, which undoubtedly plays
a pivotal role in augmenting the catalyst's activity. In summary,
this comprehensive XPS analysis provides a meticulous under-
standing of the elemental composition and chemical intrica-
cies, validating the intricate interplay among doping, defect
formation, and enhanced catalytic performance in 7.5%Cu-
ZnO/TiO, nanomaterials.

The crystal structures of ZnO, TiO,, ZnO/TiO, and 7.5%Cu-
ZnO/TiO, nanocomposites were studied by XRD. The X-ray
diffraction (XRD) patterns of ZnO exhibit a strong similarity to
the hexagonal phase of wurtzite, which is represented by JCPDS
no. 36-1451. The XRD patterns of TiO, closely resemble the
anatase structure as indicated by JCPDS no. 21-1272. For 7.5%
Cu-ZnO/TiO, samples, XRD shows only the characteristic peaks
of anatase TiO, (101), (103), (200), (105), (211) and (204) and
sphalerite hexagonal ZnO high intensity peaks of (100), (002),
(101), (102), (110), (103), (200), (112) and (201) crystal faces. The
absence of diffraction peaks at 26 values of 27° and 31° suggests
the exclusive presence of the pure anatase phase of TiO,, indi-
cating no evidence for either rutile or brookite phases.** After
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Fig. 2
XRD pattern, (g) the FT-IR spectrum.

observing the diffraction peak at a 26 angle of 37.9° for the (004)
plane and identifying the appearance of the diffraction peak at
a 26 angle of 48.2° for the (200) crystal plane, it was inferred that
there was growth in crystalline structure along the (001) orien-
tation. By XRD analysis, it is obvious that no traces of copper,
copper-containing oxides and binary titanium-copper phases
are observed in the atlas.*>* It may be because the diffraction
peaks of TiO, and Cu overlap or Cu exists in trace form, which is
lower than the detection limit of XRD method.****

In Fig. 2(g), the absorption peaks observed at 3442 cm™ " and
1649 cm™ ' can be attributed to the vibrational motions of O-H
bonds, specifically involving stretching and bending move-
ments, induced by the presence of water adsorbed on the
catalyst's surface.”® The observed peaks in the spectral ranges at
665 cm ™' and 1090 cm ' can be attributed to the stretching
vibrations of Ti-O bonds and the bending vibrations of the Ti-
O-Ti framework, respectively. The stretching vibration of Zn-O
bonds is manifested by a peak observed at 499 cm™" in pure
ZnO. However, in the composite catalyst of 7.5%Cu-ZnO/TiO,,
this peak undergoes a redshift to 481 cm '.** The spectral
curves obtained from FT-IR analysis of ZnO/TiO, and 7.5%Cu-
ZnO/TiO, exhibit remarkable similarities. The absence of
a prominent peak at 660 cm ™', associated with the stretching
vibration of Cu-O, suggests an extremely low copper concen-
tration that remains undetectable through infrared spectros-
copy. The results obtained from XPS analysis are consistent with
this finding. The peak shape and position of each catalyst in the

1
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(a—d) X-ray photoelectron spectroscopy (XPS) spectra with enhanced resolution for Ti 2p, Zn 2p, O 1s, and Cu 2p, (e) XPS full spectrum, (f)

figure demonstrate a high degree of consistency, indicating that
the modified catalysts effectively retain the original crystal
structure of TiO,. The absence of any spurious peaks following
modification suggests that the composite material possesses
a well-defined crystalline structure without any impurities,
which aligns with the XRD findings.

The absorption characteristics of TiO,, ZnO, ZnO/TiO,, and
7.5%Cu-ZnO/TiO, were observed to be particularly strong in the
wavelength range of 200-400 nm as shown in Fig. 3(a). This
observation suggests that the prepared photocatalyst primarily
exhibits adsorption capacity in the ultraviolet region. The light
response intensity in the ultraviolet region of the 7.5%Cu-ZnO/
TiO, composite material demonstrates a comparatively reduced
intensity when compared to that observed for pure TiO,.
Moreover, there is a noticeable shift in the light response range
from 389 nm to approximately 459 nm, indicating that the
integration of TiO, and ZnO through a heterojunction signifi-
cantly enhances the efficiency of light energy utilization. The
central peak position of four-coordinated titanium is observed
at 220 nm, while the central peak position of six-coordinated
titanium falls within the range of 240 nm and 300 nm.*”?*®
The graph indicates that Ti primarily exists in a six-coordinated
state within the composite photocatalyst. In order to calculate
the band gap width of photocatalyst, the Kubelka-Munk
formula is used:**°

(ahv)'? = A(hv — Ey) (3)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Ultraviolet-visible diffuse reflectance spectroscopy, (b) optical bandgap energy, (c) N, adsorption—desorption isotherm curve, (d) pore

size distribution graph.

In the formula, A, «, h, v and E, are respectively pro-
portionality constant, absorption coefficient, Planck constant,
incident light frequency and band gap width. As can be seen
from Fig. 3(b), the bandgap widths of TiO,, ZnO, ZnO/TiO, and
7.5%Cu-ZnO/TiO, are 2.90 eV, 2.82 eV, 2.69 eV and 2.37 eV,
respectively. The composite catalyst exhibits the presence of
heterojunctions, which leads to a narrower bandgap width in
7.5%Cu-ZnO/Ti0,. This promotes the movement of electrons
across energy barriers, stimulates the generation of hole-elec-
tron pairs, enhances light absorption and utilization, thereby
improving the photocatalytic desulfurization performance of
the sample. The confirmation of the hypothesis was achieved by
conducting experiments that utilized a pair of catalysts for
ultraviolet light-induced photocatalytic desulfurization.

As shown in Fig. 3(c), the photocatalysts TiO,, ZnO, ZnO/
TiO,, and 7.5%Cu-ZnO/TiO, exhibited type IV isotherms with
H3 hysteresis loops, indicating the presence of mesopores on
their surfaces.”* The pore distribution depicted in Fig. 3(d)
further confirms this point and indicates a relatively even
distribution. The homogeneity of this structure suggests an
increased availability of catalytic sites, diffusion pathways, and
overall surface reactivity. The calculated results for the specific
surface area and pore parameters of the prepared photo-
catalysts are presented in summarized Table 1.f The BET
surface areas of TiO,, ZnO, ZnO/Ti0,, and 7.5%Cu-ZnO/TiO,
are recorded as 38.21 m> g~ ', 40.15m”> g~ ', 73.612 m* ¢ ', and
80.159 m* g, in Table 1, respectively. It is evident that the
specific surface area of 7.5%Cu-ZnO/TiO, exceeds that of TiO,,

© 2024 The Author(s). Published by the Royal Society of Chemistry

ZnO, and ZnO/TiO,, suggesting an enhancement in the specific
surface area resulting from the incorporation of a ternary
catalyst composite. This leads to an increased quantity of active
sites present on the surface, resulting in enhanced adsorption
of compounds containing sulfur and thus improving the pho-
tocatalytic performance. Furthermore, the observed increase in
specific surface area and pore size indirectly indicates an
enhanced interface contact between Cu, ZnO, and TiO,.

3.2 Photocatalytic performance

In this research, we conducted an analysis on the physico-
chemical characteristics of a newly developed photocatalyst.
Additionally, we evaluated its efficacy in degrading a persistent
DBT-simulated pollutant under UV-visible light exposure for
a duration of 210 minutes. The original ZnO and TiO,, as
depicted in Fig. 4(a), exhibited removal rates of 25.48% and
42.96% for DBT, indicating their relatively low photocatalytic

Table 1 The structural characteristics of TiO,, ZnO, ZnO/TiO,, and
7.5%Cu-ZnO/TiO,

BET surface Average pore Pore volume

Catalyst area (m> g ") size (nm) (m*>g™)
TiO, 38.21 3.055 0.047
ZnO 40.15 22.74 0.086
ZnO/TiO, 73.612 17.357 0.218
7.5%Cu-ZnO/TiO, 80.159 24.226 0.201

RSC Adv, 2024, 14, 36733-36744 | 36737
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Fig. 4

(a) Degradation curves of DBT were studied under photolytic conditions using TiO,, ZnO, ZnO/TiO, and 7.5%Cu-ZnO/TiO,, (d) opti-
mizing the copper loading quantity to maximize the efficiency of Cu—

ZnO/TiO, in photocatalytic degradation, (b and e) corresponding first-

order dynamic curve, (c and f) frequency distribution of k values depicted in figure d and e, (reaction conditions: photocatalyst dosage 10 mg,

DBT concentration 50 mg L™3).

activity. However, the binary composite system of ZnO/TiO,
demonstrated a significantly enhanced photocatalytic degra-
dation rate of 67.24%, surpassing that of pure ZnO and TiO,.
The degradation rate of 7.5%Cu-ZnO/TiO, is the highest,
reaching approximately 88.12%. The main explanation for the
high rate of photocatalytic degradation in Cu-ZnO/TiO, is as
follows:**** (a) the construction of Z-type heterojunctions
facilitates the efficient separation and transport of photo-
generated electrons and holes. (b) Copper, being an effective
conductor for the transportation of electrons and holes, exhibits
the capability to promote the separation and transfer of elec-
tron-hole pairs produced by light, thereby augmenting light
absorption. (c¢) The presence of oxygen defects provides
numerous sites for photocatalytic reactions during the process.
(d) Compared to binary ZnO/TiO, photocatalysts and mono-
lithic ZnO or TiO,, ternary nanocomposites demonstrate an
increased surface area. The experimental section presents
a detailed analysis of the photodegradation process of DBT,
employing the pseudo-first-order kinetic model for assessment.
It is evident that there exists a significant linear relationship
between the natural logarithm of (C,/C,) and the reaction
duration (¢), indicating adherence to a pseudo-first-order kinetic
equation (Fig. 4(b)). Fig. 4(c) presents a histogram that illus-
trates the values of the apparent rate constant (k) derived from
Fig. 4(b). Significantly, the 7.5%Cu-ZnO/TiO, exhibits
a remarkable DBT removal efficiency of 0.01061 min ",
surpassing ZnO by a factor of 8.23 (0.00128 min~?), TiO, by
a factor of 3.82 (0.00278 min~"), and ZnO/TiO, by a factor of
1.96 (0.00541 min ). The research mentioned above suggests
that the combined utilization of Cu, ZnO, and TiO, can greatly
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improve the effectiveness of photocatalytic oxidation in desul-
furization. Additionally, as the percentage of Cu mass in Cu-
ZnO/TiO, increases, there is a distinct trend of initial
enhancement followed by a decline in the photocatalytic
degradation rate of DBT (Fig. 4(d)). This occurrence can be
ascribed to the effective transmission of interface charges and
the extended duration of electron-hole transfer, which effec-
tively enhance the photocatalytic efficacy of the catalyst under
optimal Cu loading conditions. However, an excessive amount
of copper loading leads to a decline in photo performance as it
hampers the efficient generation of electron-hole pairs and
promotes an increased recombination rate. It is noteworthy that
the degradation rate of the photocatalyst (7.5%Cu-ZnO/TiO,),
which was formed with a mass fraction of 7.5%Cu in Cu-ZnO/
TiO, reached 88.12%. In comparison, the photocatalytic
degradation rates of Cu-ZnO/TiO, with different concentrations
(2.5%, 5.0%, 10.0%, and 12.5%) were measured as follows:
72.62%, 80.62%, 74.12%, and 64.12%, respectively (Fig. 4(d)). In
addition, the photocatalytic reactions demonstrate a kinetic
process that exhibits pseudo-first-order behavior (Fig. 4(e)). The
rate constants (K values) for these reactions are as follows:
0.00577 min ' (2.5%Cu-Zn0O/Ti0,), 0.00805 min ' (5.0%Cu-
ZnO/Ti0,), 0.01061 min~" (7.5%Cu-ZnO/Ti0,), 0.00613 min "
(10.0%Cu-ZnO/Ti0,), and 0.00468 min " (12.5%Cu-ZnO/Ti0,).
Consequently, the optimal photocatalyst is determined to be
the one with a composition of 7.5%Cu-ZnO/TiO,.

Factors such as catalyst dosage, sulfide concentration, and
types of sulfides were studied to investigate and optimize the
conditions for enhancing the efficiency of DBT removal through
photocatalysis. The optimal catalyst dosage for achieving the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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highest photocatalytic degradation efficiency is found to be
10 mg, exhibiting an impressive rate of 88.12% as depicted in
Fig. 5(a). However, in cases where the catalyst concentration
falls below a certain threshold, augmenting the quantity of
photocatalyst can enhance both the effective specific surface
area and the quantity of active sites. As a result, there is an
enhanced production of hydroxyl groups and superoxide radi-
cals, leading to a substantial enhancement in photocatalytic
performance. The opacity of the suspension increases further
when the dosage of photocatalyst exceeds 10 mg due to the
effects of light shielding and scattering, resulting in a decrease
in degradation efficiency. The corresponding k values for
different concentrations of DBT are 0.00439 min~' (5 mg),
0.01061 min~" (10 mg), 0.00806 min~" (15 mg), 0.00565 min "
(20 mg), and 0.00438 min~" (25 mg) respectively, as shown in
Fig. 5(b). As depicted in Fig. 5(d), within the 7.5%Cu-ZnO/TiO,
system, an increase in DBT concentration from 10 mg L™* to
200 mg L' results in a decrease in its degradation rate from
88.12% to 44.87%, highlighting the significant impact of initial
DBT concentration on pollutant removal efficiency. There are
two primary factors that contribute to this phenomenon:** (a)
the elevation of DBT concentration in the water leads to
a reduction in light transmittance, thereby diminishing the

View Article Online

RSC Advances

number of effective photons. (b) During the degradation
process of high-concentration DBT solutions, a substantial
quantity of intermediates is generated, which compete with
DBT compete with DBT compounds for the process of adsorp-
tion and photodegradation. Meanwhile, the aforementioned
photodegradation process also follows a pseudo-first-order
kinetic model (Fig. 5(e)), with corresponding rate constants
(Fig. 5(f)) of 0.01219 min™' (10 mg L"), 0.01061 min "
(50 mg L"), 0.00567 min " (100 mg L '), 0.00445 min~
(150 mg L"), and 0.00253 min~" (200 mg L™ "). Significant
variations in the degradation efficiency of 50 mg DBT, BT
(benzothiophene), and T (thiophene) were observed after
degradation using a 10 mg 7.5%Cu-ZnO/TiO, photocatalyst.
The photocatalyst demonstrates distinct variations in removal
efficiency for three different sulfur-containing compounds, as
depicted in Fig. 5(g). It achieves the highest degradation effi-
ciency of 88.12% for DBT, while BT and T demonstrate degra-
dation efficiencies of 77.38% and 74.78%, respectively. The
degradation of three distinct compounds containing sulfur also
follows a kinetic model that can be approximated as pseudo-
first-order (Fig. 5(h)). The corresponding rate constants for
DBT, BT, and T are measured to be 0.01061 min’,
0.00707 min~*, and 0.00599 min " respectively (Fig. 5(i)).
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After conducting 5 consecutive photocatalytic experiments
for DBT removal, the reusability and stability of 7.5%Cu-ZnO/
TiO, were assessed under identical conditions, which are
crucial factors to consider in practical applications. After 5
cycles, as depicted in Fig. 6(a), the degradation rate of the 7.5%
Cu-ZnO/TiO, photocatalyst remains at 80.69%, indicating its
inherent stability. The degradation rate has exhibited a slight
decrease, potentially attributed to losses incurred during the
process of photocatalyst recovery. Furthermore, the XRD, FT-IR,
and SEM results (Fig. 6(b-d)) demonstrate that there were no
noticeable changes in the crystallographic planes, characteristic
peaks or morphology after five cycles of testing. This provides
additional validation for the exceptional stability and repro-
ducibility of 7.5%Cu-ZnO/TiO,. After conducting further eval-
uation of the stability of 7.5%Cu-ZnO/TiO, using XPS,
a comprehensive energy spectrum analysis was performed for
each individual element. The elemental composition of 7.5%
Cu-ZnO/TiO, remained unchanged during the photocatalytic
reaction. No noticeable alterations were detected in the Ti 2p
and Zn 2p spectra, as well as in the XPS full spectrum before and
after the light reaction (see Fig. 6(e-h)). In the O 1s spectrum,
both the concentration of oxygen vacancies (Ov) and the total
oxygen content exhibited significant increases, which can be

g
o
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attributed to the adsorption of oxygen on the surface of 7.5%
Cu-ZnO/TiO, after testing.”” The comprehensive characteriza-
tion conducted after testing confirmed minimal changes in the
7.5%Cu-ZnO/TiO, photocatalyst before and after light reaction,
providing compelling evidence of its exceptional stability and
reproducibility.

3.3 Possible photocatalytic mechanisms

Based on the analysis of the physical and chemical properties of
TiO,, ZnO, ZnO/TiO,, and specifically 7.5%Cu-ZnO/TiO,,
a potential mechanism for DBT photodegradation by 7.5%Cu-
ZnO/TiO, was proposed. The photocatalytic performance of the
composite material can be significantly improved due to the
effective suppression of electron-hole recombination, which is
achieved by promoting efficient charge transfer among indi-
vidual semiconductors in the 7.5%Cu-ZnO/TiO, nano-
composite material. Hence, acquiring a comprehensive
comprehension of the band edges of individual materials
within the 7.5%Cu-ZnO/TiO, system holds immense impor-
tance in accurately grasping its underlying mechanism. The
formula is used to calculate the conduction band (CB) and
valence band (VB) of TiO, and ZnO:***°
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Fig. 6 Recycling experiment, free radical scavenging experiment, and characterization after photocatalysis of 7.5%Cu—-ZnO/TiO, catalyst (a)
recycling experiment, (b) XRD spectrum, (c) FT-IR spectrum, (d) SEM image, (e—g) XPS energy spectra of Ti 2p, Zn 2p, and O 1s, (h) XPS full

spectrum, (i) free radical scavenging experiment.
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Ecg = X — ES — 0.5E, (4)

Evg = X — ES + 0.5E, (5)

In the given equation, the CB and VB edge potentials are
denoted by Ecg and Eygp respectively. X represents electronega-
tivity, with ZnO having an electronegativity of 5.94 eV and TiO,
having an electronegativity of 5.89 eV; the band gap energy is
denoted as Eg, with values of 2.82 eV for ZnO and 2.90 eV for
TiO,; E€ denotes the energy of free electrons relative to
hydrogen (4.5 eV). After performing the necessary calculations,
it was determined that ZnO exhibits a CB potential of 0.03 eV
and a VB potential of 2.85 eV, while TiO, displays a CB potential
of —0.06 eV and a VB potential of 2.84 eV.

To investigate the function of 7.5%Cu-ZnO/TiO, in the PODS
system, experiments were conducted to determine the active
components and evaluate their capability for free radical elim-
ination. Different substances, including isopropyl alcohol (IPA),
potassium iodide (KI), benzoquinone (BQ), and silver nitrate
(AgNOs), were utilized as scavengers to capture hydroxyl radi-
cals ("OH), holes (h"), superoxide radicals ("0*7), and electrons
(e7).*»%> The specific experimental procedure was consistent
with that of the photocatalytic desulfurization process. The
desulfurization rate exhibits a descending trend, as shown in
Fig. 6(i), with the following order of decrease: blank sample,
AgNO;, KI, BQ, and IPA. In the absence of any scavengers, the
desulfurization efficiency of 7.5%Cu-ZnO/TiO, reaches 88.12%
after 210 min. However, the addition of KI and AgNO; to the
target sulfide does not significantly affect the degradation of
DBT by 7.5%Cu-ZnO/TiO,, indicating that neither h" nor e~ are
active species in this system. In contrast, the addition of IPA and
BQ significantly reduces the desulfurization efficiency of 7.5%
Cu-ZnO/TiO, towards DBT, with reductions of 63.53% and
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54.28%, respectively. This emphasizes the significant contri-
butions of both -OH and "0~ in the elimination mechanism of
DBT by 7.5%Cu-ZnO/TiO,, with ‘OH demonstrating superior
efficacy compared to "O*".

Based on the experimental findings and relevant literature,
Fig. 7 depicts the photocatalytic mechanism exhibited by 7.5%
Cu-ZnO/Ti0,."™* In general, ZnO/TiO, exhibits a type II
heterojunction between TiO, and ZnO, which facilitates the
efficient degradation of DBT. In the II-type ZnO/TiO, hetero-
junction, TiO, predominantly captures electrons while ZnO
accumulates holes, effectively inhibiting charge carrier recom-
bination and thus enhancing photocatalytic performance.
However, the research focus has shifted towards Z-type heter-
ojunctions due to the Coulomb repulsion effect among photo-
generated electrons. The electron migration effect is enhanced
in a Z-type heterojunction, which promotes efficient charge
transfer between semiconductor interfaces. In the proposed
nano-composite photocatalyst, Cu facilitates electron migration
between ZnO and TiO,, thereby accelerating interfacial electron
transfer in the 7.5%Cu-ZnO/TiO, composite catalyst and
significantly enhancing its photocatalytic activity.

First, the sulfide in the oil phase is adsorbed on the surface
of the adsorption site of the composite catalyst under the action
of polarity. Subsequently, the oxidation reaction of the sulfide
occurs at the catalytic site of the composite catalyst, that is,
under the irradiation of ultraviolet light, e~ excites from the
valence band to the conduction band, resulting in photo-
generated electron-hole pairs. e~ reacts with molecular oxygen
to form "O*~, which further reacts with H,O or OH™ to form ‘OH
radical. At the same time, h* reacts with dissolved water to
produce highly oxidizing ‘OH. Hydroxyl radical ("OH) and
superoxide radical ("O>") were responsible for the degradation
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Fig. 7 The potential mechanism underlying the photocatalytic decomposition of DBT using 7.5%Cu—-ZnO/TiO, is being studied.
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of DBT. In addition, in the 7.5%Cu-ZnO/TiO, composite pho-
tocatalyst, the Fermi level of Cu exhibits a higher position
compared to the conduction band (CB) level of TiO,, thereby
facilitating effective electron transfer from the CB level of TiO,
to Cu. At the same time, there is a difference in the Fermi level
between Cu and the VB level of ZnO, which facilitates the
movement of electrons from accumulated Cu to the VB level of
ZnO. This procedure effectively suppresses the presence of
photo-induced vacancies in ZnO and enhances the efficiency of
segregating photo-generated electrons in ZnO, resulting in
a significant improvement in its reduction potential. Therefore,
the 7.5%Cu-ZnO/TiO, nanocomposite photocatalyst exhibits
excellent photocatalytic activity and can effectively promote the
degradation of DBT.

4 Conclusion

In this paper, Z-type heterostructures with a large number of
defects were successfully constructed using a simple hydro-
thermal synthesis method and applied to DBT photocatalysts
that are difficult to degrade. By adjusting the mass percentage
of Cu and the operating parameters of Cu-ZnO/TiO, photo-
catalyst, the best photocatalytic activity was achieved, resulting
in a removal rate of DBT as high as 88.12%. The 7.5%Cu-ZnO/
TiO, catalyst exhibited good repeatability and stability, and the
improvement in photocatalytic performance can be attributed
to the construction of Z-type heterojunctions and the utilization
of Cu as a charge transport channel. This provides a new
approach for degrading DBT using titanium-based photo-
catalytic materials.
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