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n of ZnO and TiO2 nanoparticles
with layered graphitic carbon nitride for enhanced
photocatalytic oxidative desulfurization of fuel oil:
mechanism, performance and stability†‡

Manh B. Nguyen, §*ab Pham Thi Lan, §c Xuan Nui Pham,d Thi Hai Yen Pham,a

Nguyen Ngoc Ha,e Nguyen Thi Thu Ha, e T.-Thanh-Bao Nguyen,f

Huan V. Doan, *dg Nguyen Tuan Anhc and Tran Dai Lam*c

Sulfur compounds in fuel such as thiophene, benzothiophene and dibenzothiophene are the primary

source of SOx emissions, leading to environmental pollution and acid rain. In this study, we synthesized

a layered oxygen-doped graphitic carbon nitride (OCN) structure and integrated ZnO and TiO2

nanoparticles onto the OCN surface through a microwave-assisted sol–gel method. The X-ray

photoelectron spectroscopy (XPS) and density functional theory (DFT) results confirmed a robust

interaction between the ZnO and TiO2 nanoparticles and the oxygen-doped g-C3N4 (OCN) surface, as

indicated by the formation of C–N–Ti and C–O–Ti bonds. This interaction notably improved the

optoelectronic properties of the ZnO–TiO2/OCN composite, yielding increased visible light absorption,

reduced charge recombination rate, and enhanced separation and transfer of photogenerated electron–

hole pairs. The oxygen doping into the CN network could alter the band structure and expand the

absorption range of visible light. The ZnO–TiO2/OCN photocatalyst demonstrated remarkable

desulfurization capabilities, converting 99.19% of dibenzothiophene (DBT) to dibenzothiophene sulfone

(DBT-O2) at 25 °C, and eliminating 92.13% of DBT from real-world fuel oil samples. We conducted in-

depth analysis of the factors impacting the redox process of DBT, including the ZnO ratio, initial DBT

concentration, catalyst dosage, stability, and O/S molar ratio. Radical trapping experiments established

that cO2
−, cOH and h+ radicals significantly influence the reaction rate. The obtained results indicated

that the ZnO–TiO2/OCN photocatalyst represents a promising tool for future fuel oil desulfurization

applications.
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1. Introduction

Sulfur compounds in fuel such as thiophene, benzothiophene
(BT) and dibenzothiophene (DBT) are the primary source of SOx

emissions, leading to environmental pollution and acid rain.1–3

Consequently, more stringent regulations are being imple-
mented globally to limit fuel sulfur content. For instance, the
U.S. Environmental Protection Agency (EPA) requires that diesel
fuel for on-road use must contain no more than 15 ppm of
sulfur, while the European Union requires a limit of 10 ppm.4 In
Vietnam, the standard for sulfur content in fuel remains high at
500 ppm, resulting in signicant SOx emissions during fuel
combustion, leading to severe air pollution and acid rain in
major cities.

Various desulfurization methods have been developed to
meet these regulations, including hydrodesulfurization (HDS),
oxidative desulfurization (ODS), adsorptive desulfurization
(ADS), biodesulfurization (BDS), and photocatalytic oxidative
desulfurization (PODS).5–7 The PODS process, fundamentally
© 2024 The Author(s). Published by the Royal Society of Chemistry
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driven by a photocatalytic reaction, leverages light energy to
activate catalysts that can oxidize sulfur compounds, resulting
in deep desulfurization.8,9 This method offers benets such as
low cost, operation at room temperature, non-toxicity, high
selectivity, simple operation, and ease of product separation
from fuel.6,10

The future of PODS research appears promising, with
opportunities for the exploration of novel catalyst materials,
hybrid methods, and strategies for successful scale-up and
commercialization. However, the efficiency of PODS is signi-
cantly constrained by several factors, key among them being its
dependency on light, meaning that without sufficient natural or
articial light, its applicability could be severely limited.
Furthermore, the process faces efficiency challenges due to
issues such as the recombination of electron–hole pairs and the
necessity for enhanced visible light absorption in catalysts, the
resolution of which may require considerable resources. Addi-
tionally, agglomeration poses a signicant risk, as catalyst
particles tend to clump together, thereby reducing the catalyst's
effective surface area and, consequently, the overall efficiency of
the desulfurization process.11,12

Titanium dioxide (TiO2) and zinc oxide (ZnO) have found
extensive applications in solar cells, batteries, sensors, photo-
detectors, photocatalysis, lasers, and light-emitting diodes
owing to their robust oxidation properties, high chemical
stability, affordability, biocompatibility, and non-toxicity
nature.13 However, despite these advantageous characteristics,
these catalysts demonstrate limited effectiveness in treating
DBT due to their low surface area, rapid electron–hole recom-
bination, and high bandgap energy.14–16 For example, Matsu-
zawa et al. reported that TiO2 material converted only
approximately 40% of DBT aer 10 hours of UV irradiation.14

Similarly, TiO2 doped with nitrogen for visible light absorption
achieved a sulfur treatment of only 40.3% aer 4 hours of
reaction.15 Furthermore, Nadzim et al.16 reported that ZnO
material with particle sizes of 5–15 nm achieved oxidative
desulfurization efficiency of only 31.93% aer 90 minutes of
reaction under UV light. To address the limitations of tradi-
tional photocatalytic materials, various strategies have been
proposed, including fabricating materials with support carriers,
combining multiple semiconductors, and creating defects.9

Graphitic carbon nitride (CN) has emerged as a prominent
candidate for PODS reactions in recent studies.17 This material
could be synthesized via fractional thermal polymerization
methods using inexpensive precursors such as cyanamide,
dicyandiamide, melamine and urea, offering advantages
including low production cost and simple fabrication.18–20 As for
photocatalytic applications, this material exhibits strong
oxidizing properties, thermal stability, high chemical stability,
and excellent optical and thermal properties.21–23 However, CN
also presents drawbacks such as low surface area (10–20m2 g−1)
fast charge recombination rate, poor electrical conductivity,
chemically inert nature, and poor hydrophilicity.24–26

To enhance CN photocatalytic performance in PODS reac-
tions, researchers have explored various methods such as
engineering the electronic structure via molecular doping or
integrating them with carbon-based materials, metal
© 2024 The Author(s). Published by the Royal Society of Chemistry
nanoparticles and metal–organic frameworks.27–29 Recent
studies showed that oxygen doping into the CN network could
alter the band structure, thereby expanding the absorption
range of visible light.29–31 For instance, aer doping with oxygen,
the photocatalytic activity of CN nanosheets increased approx-
imately 5.2 times and 71 times for H2 evolution and methyl
orange degradation processes, respectively.32 Combining CN
with other semiconductors can further enhance photocatalytic
efficiency by prolonging the lifetime of charge carriers, sup-
pressing the recombination of photogenerated electrons and
holes, and improving electron mobility.33 For example, Miao
et al., achieved an impressive desulfurization efficiency of
thiophene by enhancing the surface area and managing the
electron–hole recombination of CN through anchoring CN
particles onto a SiO2 carrier, reaching 99%.34 Wang et al.33

modied CN with TiO2, resulting in a 98.9% removal rate of
DBT within 2 h at room temperature, credited to the reduced
recombination rate of photogenerated electrons and holes.
Similarly, Li et al.6 developed a Ti3C2/CN photocatalyst capable
of removing 78% of thiophene at room temperature using
ambient air as the oxidizer. Moreover, Saeed et al.17 utilized Ni-
WO3@CN material for PODS, achieving 89.5 and 91.5% DBT
removal for diesel and kerosene, respectively. Additionally,
Zhou et al.35 demonstrated a p–n-type photocatalyst Ag2O/Na-
CN, which removed up to 98.5% of sulfur compounds at
a concentration of 200 mg L−1 in 180 min.

In this study, we introduce a pioneering approach in the
fabrication of Z-scheme photocatalysts, marking the rst
instance of ZnO–TiO2/OCN integration using a sol–gel method
coupled with microwave techniques. We also investigated
inuencing factors such as catalyst mass, DBT concentration,
and O/S molar ratio. The density functional theory (DFT)
method was also performed to correlate with the experimental
ndings when studying the electronic structures of OCN and
their interactions with decorated ZnO–TiO2 nanoparticles.
2. Experimental methods
2.1. Synthesis of the OCN sample

The OCN material was synthesized in line with our previous
studies.20,36 Initially, 18 g of urea was dissolved in 80 mL of H2O2

(30%) and stirred for 60 min to form a transparent solution.
This solution was then recrystallized at 80 °C for 12 h to obtain
the precursor for OCN synthesis. The resulting product was
mixed with NH4Cl in a 1 : 1 ratio and placed in a melamine
styrofoam crucible (dimensions: 45 × 60 × 30 mm). The
mixture was calcined at 550 °C for 2 h to yield the OCN sample.
2.2. Synthesis of ZnO–TiO2/OCN samples

For this process, 0.5 g of OCN was dissolved in 60 mL of ethanol
and subjected to ultrasonication for 30 min (solution A).
Concurrently, 1.14 mL of titanium isopropoxide (TIP) was
added to a 40 mL mixture of ethanol and acetic acid (1 : 1)
(solution B), while 600 mg of ZnCl2$6H2O was added to 60mL of
water and stirred to produce a homogeneous solution (solution
C). Subsequently, solutions B and C were slowly introduced to
RSC Adv., 2024, 14, 25586–25597 | 25587

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04357j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/1

/2
02

6 
1:

53
:0

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
solution A, stirred for 30 min, and transferred into a Teon
resin reaction system. The mixture was rapidly crystallized by
microwaving at 100 °C for 30 min. The resulting product was
then ltered and rinsed with distilled water to eliminate
unreacted chemicals (refer to see Fig. S1‡). Finally, the solid was
dried at 80 °C for 12 h and calcined at 450 °C for 4 h to obtain
the 20%ZnO–TiO2/OCN sample. To synthesize 10%ZnO–TiO2/
OCN and 30%ZnO–TiO2/OCN samples, the same procedure was
followed with an adjusted ratio of ZnCl2$6H2O to TIP to modify
the %wt of ZnO (see Table S1‡).
Fig. 1 XRD patterns of OCN, TiO2, ZnO, ZnO–TiO2, ZnO/OCN, TiO2/
OCN and ZnO–TiO2/OCN samples.
2.3. Photocatalytic oxidative desulfurization

Amodel fuel sample was prepared by combining 300 mg of DBT
with 1000 mL of a solution mixture (n-octane and acetonitrile in
a 1 : 1 ratio). Subsequently, 100 mg of the photocatalyst was
added to 100 mL of 300 mg L−1 DBT solution and stirred in the
darkness for 60 min to achieve adsorption–desorption equilib-
rium. To this mixture, 0.5 mL of H2O2 (30%) was added and
a 60 W (Xe) bulb was employed as a light source to stimulate the
photocatalyst. Every 20 min, a 2 mL aliquot of the solution was
extracted, and the catalyst was removed catalyst for the deter-
mination of the DBT concentration at a time ‘t’. The reaction
temperature was maintained at 25 °C via a circulating water
ow, and a light source, with a power of 60 W (Xe), provided an
intensity of approximately 2280 Lux to the reaction system. The
concentrations of DBT in the n-octane solvent, before and aer
the photocatalytic reaction, were analyzed using ultraviolet-
visible (UV-Vis) spectroscopy at lmax = 325 nm.37 DBT removal
in model and real fuel oil samples was calculated using eqn (1).

H ¼ C0 � Ct

C0

$100 (1)

in which, %H represents DBT removal, while C0 and Ct denote
the initial DBT concentration (mg L−1) and DBT concentration
at time ‘t’ (mg L−1), respectively.

The process was tested with varying parameters: DBT
concentrations (200, 300, 400 and 500 mg L−1), photocatalyst
dosages (0.5, 1, 1.5 and 2 g L−1), and O/S molar ratio were all
explored.
3. Result and discussion
3.1. Characterization of TiO2, ZnO, OCN and ZnO–TiO2/OCN
samples

The X-ray diffraction (XRD) technique was employed to analyze
the crystal structures of the OCN, TiO2, ZnO, ZnO–TiO2, TiO2/
OCN, ZnO/OCN and ZnO–TiO2/OCN samples. As depicted in
Fig. 1, the XRD pattern of the OCN sample showed diffraction
peaks at 2q of 27.4° and 13.2°, corresponding to the (002) and
(100) planes of CN, respectively.38–40 The ZnO sample presented
diffraction peaks at 2q of 32.0°, 34.9°, 36.6°, 47.8°, 56.7°, 62.8°
and 68.2°, which can be assigned to the (100), (002), (101), (102),
(110), (103) and (112) planes of ZnO wurtzite phase (JCPDS no.
36-1451), respectively.41 The TiO2 sample exhibited peaks at 2q
of 25.3°, 38.64°, 48.02°, 53.89° and 62.69°, which correspond to
the (101), (004), (200), (105) and (204) planes of the anatase
25588 | RSC Adv., 2024, 14, 25586–25597
phase of TiO2 (JCPDS no. 89-4921).42,43 The ZnO–TiO2/OCN
samples displayed all characteristic peaks of the OCN, ZnO and
TiO2 phases, and the peaks intensity of ZnO increased in
tandem with the ZnO content, ranging from 0 to 30% in the
ZnO–TiO2/OCN sample. The Debye–Scherrer equation was used
to determine the average crystal size of the TiO2 and ZnO phases
in the ZnO–TiO2/OCN samples, found to be 5.4 nm and 7.8 nm,
respectively. Lattice parameters of ZnO–TiO2/OCN samples were
calculated using Bragg's law and the Miller index, revealing that
the samples possess lattice parameters corresponding to the
tetragonal structure of TiO2 (a = b = 3.785 Å, c = 9.514 Å; a =

b = g = 90°) and hexagonal of ZnO (a = b = 3250 Å, c = 5.207 Å;
a = b = 90°, g = 120°). These results align with those reported
by Burdett et al.44

Fig. 2, S2 and Table S2‡ present the X-ray photoelectron
spectroscopy (XPS) spectra of the OCN, ZnO, TiO2 and ZnO–
TiO2/OCN samples. The full-scan XPS spectra of these samples
display the presence of C 1s (284 eV), N 1s (400 eV), O 1s (528
eV), Ti 2p (458 eV) and Zn 2p (1022 eV) (Fig. S2‡).19,45 As shown in
Fig. 2A, the high-resolution C 1s XPS spectra can be broken
down into three peaks at 284.87, 287.80 and 288.53 eV, repre-
senting sp2 C–C, C–O and sp2 N–C]N in the CN triazines,
respectively.46 The binding energies at 287.80 eV (C–O) and
530.64 eV (N–C–O) conrm successful O incorporation into the
CN framework, as demonstrated by the partial substitution of
the N atom with O in the aromatic heterocyclics of CN.47
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 High-resolution C 1s XPS spectra of TiO2 (A), 20%ZnO–TiO2/
OCN (B), and 20%ZnO–TiO2/OCN after 5 cycles (C); high-resolution N
1s XPS spectra of OCN (D), 20%ZnO–TiO2/OCN (E) and 20%ZnO–
TiO2/OCN after 10 cycles (F); high-resolution O 1s XPS spectra of TiO2

(G), ZnO (H), OCN (I), 20%ZnO–TiO2/OCN (J) and 20%ZnO–TiO2/
OCN after 5 cycles (K).

Fig. 3 High-resolution Ti 2p XPS spectra of TiO2 (A), 20%ZnO–TiO2/
OCN (C) and 20%ZnO–TiO2/OCN after 5 cycles (E); high-resolution
Zn 2p XPS spectra of ZnO (B), 20%ZnO–TiO2/OCN (D) and 20%ZnO–
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The N 1s XPS spectra of the OCN, as illustrated in Fig. 2D,
reveal three peaks associated with sp2 N (C–N]C, 398.77 eV),
tertiary N atom (sp3 N, 400.21 eV), and the amine functional
group (C2–NH, 401.76 eV).48 Meanwhile, the N 1s XPS spectra of
the 20%ZnO–TiO2/OCN sample display four peaks attributed to
Ti–N bonding (396.63 eV), sp2 N (C–N]C, 398.59 eV), tertiary N
atom (sp3 N, 399.92 eV), and amine functional group (C2–NH,
401.31 eV).49 Interestingly, the C 1s and N 1s binding energies in
the ZnO–TiO2/OCN sample exhibit a higher electron density
than those in the OCN sample, owing to the negative binding
energy shi. The high-resolution O 1s XPS spectra of ZnO and
TiO2 samples are divided into two peaks at 532.09 and
533.91 eV, corresponding to metal–O bonding (Zn–O and Ti–O)
and physically adsorbed –OH groups on the material (Fig. 2G
and H).50–52 In a similar vein, the OCN sample presents two
peaks at 530.64 and 533.93 eV that are assigned to the N–C–O
bond and the physically adsorbed –OH group on the material
(Fig. 2I).20

For the 20%ZnO–TiO2/OCN sample, the O 1s peaks are
divided into three peaks at 530.48 eV (N–C–O), 532.29 eV (Ti–O
© 2024 The Author(s). Published by the Royal Society of Chemistry
or Zn–O) and 533.97 eV (–OH groups), respectively.30,31,53,54 The
adsorption of –OH groups on the material's surface is advan-
tageous for the formation of reactive radicals such as cOH and
cO2

− upon excitation by a suitable light source.55 Additionally,
hydroxyl groups contribute to the reduction of electron recom-
bination, prevent particle aggregation, and help enhance elec-
trostatic interactions between the material and the targeted
substance.55

The Ti 2p XPS spectra of the TiO2 sample were divided into
two peaks at 458.48 and 464.16 eV, corresponding to Ti4+ in the
TiO2 phase (Fig. 3A).56 In the 20%ZnO–TiO2/OCN sample
(Fig. 3B), there was a positive shi in the binding energies of
Ti4+ (458.79 and 464.46 eV), Ti3+ (457.47 and 462.96 eV) and Ti–
N (460.28 and 465.91 eV), indicating an electron transition from
TiO2 to OCN and subsequently decreasing the electric density of
TiO2.57 In the TiO2 sample, Ti exists in the form of Ti4+, and no
characteristic peak of Ti3+ is observed. For the 20%ZnO–TiO2/
OCN sample, the Ti3+ and Ti4+ components account for 14.92%
and 85.08%, respectively. The formation of Ti3+ in the 20%ZnO–
TiO2/OCN sample may be due to the [–O–Ti–O–]n –Ti–(OH)x –

mH2O groups or Ti–N formed during the oxidation process of
sol–gel formation by the functional groups of OCN or the
remaining amount of H2O2 in the OCN synthesis process.58 Both
ZnO and ZnO–TiO2/OCN samples exhibited two peaks for Zn 2p
binding energies at 1045.81 and 1022.72 eV for Zn 2p1/2 and Zn
2p3/2 (Fig. 3D and E). In the ZnO–TiO2/OCN sample, these two
peaks shied to a higher binding energy by 0.12 eV compared to
the ZnO sample, indicating a decrease in electron density of the
Zn atom in the ZnO–TiO2/OCN sample.59 Consequently, the
binding energies of Ti 2p, Zn 2p and O 1s in the ZnO–TiO2/OCN
sample increased compared to the pure ZnO and TiO2 samples.
In contrast, the binding energies of C 1s and N 1s in the ZnO–
TiO2/OCN sample decreased relative to the OCN sample. This
outcome suggests that TiO2 and ZnO function as electron
donors due to the decrease in electron density, while OCN acts
TiO2/OCN after 5 cycles (F).

RSC Adv., 2024, 14, 25586–25597 | 25589
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Fig. 5 TEM images of OCN, ZnO, TiO2 and ZnO–TiO2/OCN samples.
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as an electron acceptor as a result of the increased electron
density. The formation of C–O–Ti and C–N–Ti covalent bonds at
the OCN and ZnO–TiO2 heterojunctions facilitates charge
migration and the separation of charge carriers from ZnO–TiO2

to OCN.60

The chemical compositions of the OCN and ZnO–TiO2/OCN
samples were examined using energy-dispersive X-ray spec-
troscopy (EDS). The EDS analysis and EDS-mapping images of
the OCN sample conrmed the presence of C, N and O elements
in the OCN sample, corroborating the successful doping of O
into the CN framework (see Fig. S3‡). As outlined in Table S3,‡
the elemental composition of C, N, and O in the OCN sample
amounted to 43.60, 51.66 and 4.74 wt%, respectively.

In Fig. 4, the 20%ZnO–TiO2/OCN sample displays charac-
teristic peaks for elements C, N, O, Ti and Zn. As indicated in
Table S3,‡ the elemental composition of C and N remains
relatively stable, registering at 21.92 to 22.04 and 26.07 to
26.47 wt%, respectively. Within the ZnO–TiO2/OCN samples,
a decrease in the mass percentages of Ti and O coincides with
an increase in the mass percentage of ZnO. The weight
percentages of ZnO in the of 10%ZnO–TiO2/OCN, 20%ZnO–
TiO2/OCN and 30%ZnO–TiO2/OCN were 9.8, 20.4 and 29.3%,
respectively. These results suggest that the ZnO and TiO2 ratios
determined by the EDS method align closely with the ZnCl2 and
titanium isopropoxide ratios incorporated during the synthesis
process.

The morphology of the OCN, ZnO, TiO2 and ZnO–TiO2/OCN
samples is illustrated in Fig. 5. The OCN sample, as viewed
Fig. 4 EDS spectrum (A), EDS element layered image (B), EDS element
mapping images of C (C), N (D), O (E), Ti (F) and Zn (G) of 20%ZnO–
TiO2/OCN sample.

25590 | RSC Adv., 2024, 14, 25586–25597
through transmission electron microscopy (TEM) in Fig. 5A,
exhibits a plate-like morphology with plates stacked on top of
each other. The ZnO and TiO2 samples, as seen in Fig. 5B and C,
display a spherical shape with a uniform particle size of 20–
30 nm. The ZnO–TiO2/OCN samples (Fig. 5D and E) reveal dark
regions in the TEM images, representing high-density TiO2 and
ZnO nanoparticles with a grain size of 10–15 nm, mounted on
the surface of the OCN. The brighter contours within these
samples correspond to OCN sheets adorned with TiO2 and ZnO
nanoparticles. These ndings conrm the successful attach-
ment of TiO2 and ZnO nanoparticles to the surface of OCN
sheets via the microwave-assisted hydrothermal method. Thus,
the OCN sheets act as carriers to form nano-sized TiO2 and ZnO
particles smaller than those synthesized individually. HRTEM
image of the 20%ZnO–TiO2/OCN sample shows lattice spacing
of 0.346 nm, 0.323 nm, and 0.254 nm assigned to TiO2 (110), CN
(002), and ZnO (101) phases, respectively (Fig. S4‡). Thus, the
(110) and (101) planes of TiO2 and ZnO are connected to OCN
(002) at certain angles, demonstrating strong interaction
between ZnO and TiO2 nanoparticles with carbon nitrite layered
graphite.

Fig. 6 represents the N2 adsorption–desorption isotherms of
the OCN, TiO2, ZnO and ZnO–TiO2/OCN samples. As shown in
the gure, the N2 adsorption–desorption isotherms of these
samples align with the type IV hysteresis classication of
IUPAC.61 At a partial pressure range of P/Po from 0.5 to 1, these
isotherms display a hysteresis loop typical of mesoporous
materials. Table 1 reveals that OCN materials have a surface
area, pore volume, and pore diameter of 83.7 m2 g−1, 0.564 cm3

g−1, and 26.93 nm, respectively. This implies that the specic
surface area parameters of the plate OCN of this study exceed
those of the bulkier form of CN (28.6 m2 g−1) reported in
previous studies.62 The ZnO sample exhibits the lowest surface
area (18 m2 g−1), while the TiO2 samples demonstrate the
highest surface area (133 m2 g−1). For ZnO–TiO2/OCN samples,
both the specic surface area and total pore volume decrease
notably with an increase in ZnO content from 10 to 30%,
primarily due to the low surface area of ZnO (18 m2 g−1, as per
Table 1).

Fig. 7 illustrates the optical and photoelectrochemical
properties, including ultraviolet-visible diffuse reectance
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 N2 adsorption–desorption isotherms of OCN, ZnO, TiO2 and
ZnO–TiO2/OCN samples.

Table 1 BET parameters and energy-band of ZnO, TiO2, OCN and
ZnO–TiO2/OCN samples

Samples SBET (m2 g−1) Vpore (cm
3 g−1) DBJH (nm) Eg (eV)

ZnO 18 0.068 6.75 3.25
TiO2 133 0.380 10.53 3.20
OCN 84 0.703 24.63 2.70
10%ZnO–TiO2/CN 98 0.681 19.04 2.75
20%ZnO–TiO2/CN 86 0.645 18.93 2.77
30%ZnO–TiO2/CN 69 0.428 18.86 2.80
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spectroscopy (UV-Vis DRS), photoluminescence (PL), and elec-
trochemical impedance spectroscopy (EIS) of the ZnO, TiO2,
OCN and ZnO–TiO2/OCN samples.
Fig. 7 UV-Vis DRS spectrum (A), band-gap energies (B), photo-
luminescence spectra (C), EIS spectra (D) of TiO2, ZnO and ZnO–TiO2/
OCN samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry
As depicted in Fig. 7A, the UV-Vis spectra of the ZnO and
TiO2 samples exhibit strong absorption in the ultraviolet light
region with an absorption edge around 380 nm.16 The OCN
sample, however, extends its absorption edge wavelength into
the visible light region, approximately at 460 nm.36 The ZnO–
TiO2/OCN samples demonstrate an absorption of light at longer
wavelengths compared to the ZnO and TiO2 samples, attribut-
able to the visible light absorption by OCN. The band-gap
energies of the ZnO, TiO2, OCN and ZnO–TiO2/OCN samples
were calculated using the Tauc plot equation, as depicted in
Fig. 7B and Table 1. The band-gap energies of the ZnO, TiO2,
OCN, 10%ZnO–TiO2/OCN, 20%ZnO–TiO2/OCN and 30%ZnO–
TiO2/OCN samples were found to be 3.25, 3.20, 2.70, 2.76, 2.77
and 2.80 eV, respectively. As a result, all OCN and ZnO–TiO2/
OCN samples exhibit visible light regions with band-gap ener-
gies ranging from 2.7 to 2.8 eV. The enhanced visible light
absorption capacity of the ZnO–TiO2/OCN samples can be
ascribed to the contact between the surfaces of the metal
nanoparticles (TiO2 or ZnO) and the OCN sheets, fostering the
separation of the charge carriers and accelerating electron
transfer.6,63 Furthermore, the presence of Ti3+ in the photo-
catalysts heterostructure also broadens the visible light
absorption range.60,63

The Mott–Schottky (MS) method was used to determine the
at band potential (E) as shown in Fig. S5.‡ For the ZnO, TiO2

and OCN samples, the E values were found to be −1.02, −1.04
and −1.36 eV, respectively. The E value using a conventional
hydrogen electrode (NHE) can be computed using eqn (2):

E(NHE) = EAg/AgCl + 0.059 pH + EAg/AgCl (2)

where EoAg/AgCl = 0.1976 V at 25 °C and EAg/AgCl is the potential
when using Ag/AgCl at pH= 7. E(NHE) values for ZnO, TiO2 and
OCN samples were determined to be −0.41, −0.43 and
−0.75 eV, respectively.

Considering the difference in valence energy (EVB) from NHE
to be around 0.1 eV for n-type semiconductors,64 the conduction
band (CB) values for ZnO, TiO2, and OCN samples were found to
be −0.51, −0.53 and −0.95 eV, respectively. The relationship
between the conduction band potential (ECB) and band gap
energy (Eg) allows for the determination of the valence band
potential (EVB) using eqn (3):

EVB = Eg + ECB (3)

The EVB values of the ZnO, TiO2 and OCN samples were
calculated to be 2.74, 2.67 and 1.75 eV, respectively.

Photoluminescence spectroscopy was employed to analyze
the recombination of the photogenerated electron–hole pairs in
the OCN, TiO2, ZnO and ZnO–TiO2/OCN samples (Fig. 7B). The
OCN sample displayed an intense emission band around
465 nm, indicating electron–hole recombination and n–p*
electron transition in CN.65 This peak intensity decreases in the
following order: OCN > TiO2 > ZnO > 10%ZnO–TiO2/OCN > 30%
ZnO–TiO2/OCN > 20%ZnO–TiO2/OCN. The recombination rate
of photogenerated electron and hole pairs in CN is signicantly
reduced due to the electron captured by ZnO–TiO2
RSC Adv., 2024, 14, 25586–25597 | 25591
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nanoparticles, leading to faster charge carrier movement
between ZnO–TiO2 and OCN, lower PL intensity, and enhanced
photocatalytic activity of ZnO–TiO2/OCN samples in the oxida-
tion desulfurization reaction.66 The 20%ZnO–TiO2/OCN sample
displayed the lowest photoluminescence intensity, suggesting
the lowest recombination capacity of electron and hole pairs.

EIS was used to assess the electron transport properties of
the OCN, TiO2, ZnO and ZnO–TiO2/OCN samples. In Fig. 7D, the
OCN sample, with a large Nyquist semicircle radius, exhibited
poor charge transfer.51 However, the semicircle radius signi-
cantly decreased aer graing the TiO2 and ZnO nanoparticles
onto the OCN plates. This suggests that the electron transfer
rate from the electrolyte to the electrode surface can be
enhanced by combining OCN with ZnO or TiO2, further
substantiating the strong interaction between phases in the
ZnO–TiO2/OCN sample. This increase in charge transfer
capacity can be attributed to (i) the rise in the ZnO and TiO2

carriers; and (ii) the formation of heterojunctions between the
OCN and MOx phases (ZnO and TiO2) through Ti–N–C, Ti–O–C
bonding, as conrmed by XPS spectra.
Fig. 8 (A) DBT conversion using ZnO, TiO2, OCN and ZnO–TiO2/OCN
samples; DBT conversion using 20%ZnO–TiO2/OCN at various initial
DBT concentrations (B), catalyst dosage (C), O/S molar ratio (D),
reactive radicals (E) and stability (F).
3.2. Photocatalytic activity of ZnO, TiO2, OCN and ZnO–
TiO2/OCN samples

The photocatalytic activity of ZnO, TiO2, OCN and ZnO–TiO2/
OCN samples was evaluated through the desulfurization of DBT
under visible light irradiation. The performance of these
materials is depicted in Fig. 6. As shown in Fig. 8A, all samples
adsorbed 15–25% of DBT in the dark aer 60 min, a result
attributable to their high surface area. The ZnO, TiO2 and OCN
samples achieved DBT removal rates of 48.15, 56.82 and
68.15%, respectively aer 120 minutes of light irradiation. The
desulfurization efficiency of ZnO/OCN, TiO2/OCN, ZnO–TiO2

and 20%ZnO–TiO2/OCN samples (Fig. S6‡) reached 80.35,
83.63, 72.16 and 94.62%, respectively, aer 120 minutes of light
irradiation. The rst-order reaction rate constant of the ZnO–
TiO2/OCN sample is faster by 2.16, 1.7, and 1.52 times
compared to the ZnO–TiO2, ZnO/OCN, TiO2/OCN samples,
respectively, demonstrating the effectiveness of the third-order
photocatalyst ZnO–TiO2/OCN (Fig. S7‡). Intriguingly, the ZnO–
TiO2/OCN samples exhibited higher DBT removal efficiency
than the individual ZnO, TiO2 and OCN samples. This can be
ascribed to (i) enhanced visible light absorption, (ii) reduced
recombination rates of photogenerated electron–hole pairs, (iii)
more favorable generation and movement of charge carriers
due to the formation of Ti–O–N, Ti–N–C bonds, and (iv) the
synergistic effect of active phases. For the ZnO–TiO2/OCN
samples, the DBT removal rates achieved by the 10%ZnO–TiO2/
OCN, 20%ZnO–TiO2/OCN and 30%ZnO–TiO2/OCN samples
were 88.91, 94.62 and 85.06%, respectively aer 120 min light
irradiation. As the ZnO content increased from 10 to 20%, the
DBT treatment efficiency increased, but when the ZnO content
further increased from 20% to 30%, the DBT removal
decreased. This decrease can be attributed to the 30%ZnO–
TiO2/OCN samples signicantly reduced surface area (Table 1),
higher band gap energy, and increased rate of photogenerated
25592 | RSC Adv., 2024, 14, 25586–25597
electron–hole recombination, compared to the 10%ZnO–TiO2/
OCN and 20% ZnO–TiO2/OCN samples.

Fig. 8B presents the removal of DBT on the 20%ZnO–TiO2/
OCN photocatalyst for various initial DBT concentrations. It can
be observed that as the initial DBT concentration increases, the
DBT removal efficiency decreases. With an initial DBT concen-
tration of 200mg L−1, 97% of DBT was desulfurized into DBT-O2

aer 120 minutes. However, when the DBT concentration
increased from 200 mg L−1 to 500 mg L−1, the desulfurization
efficiency dropped from 97% to 85% aer the same reaction
duration. Thus, for higher concentrations of DBT, the 20%
ZnO–TiO2/OCN catalyst requires more time to convert DBT into
DBT-O2 (Fig. S6‡). The dosage of 20% ZnO–TiO2/OCN catalyst
also inuences the removal of DBT. As depicted in Fig. 8C, the
DBT removal rate rose from 87.6% to 99.19% when the catalyst
dosage increased from 0.5 to 1.5 g L−1. This outcome can be
attributed to an increase in active sites resulting from the
increase in catalyst dosage, thereby enhancing the DBT
removal.7 However, when the dosage of 20%ZnO–TiO2/OCN
catalyst excessively increased from 1.5 to 2 g L−1, the DBT
removal rate decreased from 99.19 to 89.68%. This decline is
attributed to the catalyst being suspended in the solution,
hindering the light absorption.37

The effect of the O/S ratio on DBT removal was determined
by adjusting the H2O2 content and the DBT concentration.
Fig. 8D shows that the DBT removal rose from 82.83% to
99.19% when the O/S molar ratio increased from 2 to 6.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, when the O/S ratio further increased from 6 to 8, the
DBT removal fell from 99.19% to 92.08%. This reduction might
be due to the excess of cOH groups facilitating the formation of
cOOH radicals, which possess a weaker oxidizing potential than
the cOH radical. Consequently, the optimal conditions deter-
mined in this study are a 20%ZnO–TiO2/OCN photocatalyst,
DBT concentration of 300 mg L−1, catalyst dosage of 1.5 g L−1

and O/S molar ratio of 6. Under optimal conditions, the ZnO–
TiO2/OCN photocatalyst demonstrated capabilities remarkable
desulfurization with 92.13% of DBT removed from the real fuel
oil samples. The intermediate product of DBT desulfurization
on the photocatalyst was analyzed by GC-MS (Fig. S8‡). In
Fig. S6A,‡ the ion signal at m/z 184.03 corresponds to the orig-
inal DBT.67,68 Aer the light irradiation time was increased, the
intensity of the signal at m/z 184.03 decreased and the intensity
of the signal at m/z 216.02 assigned to DBT-O2 increased.67,68

Thus, the GC-MS results demonstrated that the main product of
DBT desulfurization on 20%ZnO–TiO2/OCN photocatalyst is
DBT sulfone. The DBT desulfurization efficiency of 20%ZnO–
TiO2/OCN photocatalyst was compared with other photo-
catalysts (Table S4‡). It is shown that the 20%ZnO–TiO2/OCN
sample in our study outperforms other photocatalysts pub-
lished previously in terms of DBT desulfurization efficiency.
Fig. 9 Band structure of ZnO–TiO2/OCN sample; (A) before contact
and (B) after contact.
3.3. Photodegradation mechanism of DBT over the ZnO–

TiO2/OCN photocatalyst

Reactive radicals (cO2
− and cOH), photogenerated holes (h+) and

electrons (e−) are pivotal in the PODS process of DBT. To
elucidate the photodegradation mechanism, the ZnO–TiO2/
OCN photocatalyst was employed, and radical trapping experi-
ments were conducted. As shown in Fig. 8E, the addition of
radical scavengers such as Na2-EDTA, p-BQ and TBA signi-
cantly diminished the DBT removal, indicating that the oxida-
tive desulfurization of DBT primarily involves cO2

−, cOH and
photogenerated holes (h+).69 Conversely, electrons (e−) played
a negligible role in the oxidative desulfurization process of DBT,
as the addition of K2Cr2O7 did not signicantly affect the DBT
removal. Reactive radicals cO2

− and cOH were determined using
electron spin resonance (ESR) spectroscopy with 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) as a spin trap. In Fig. S9,‡ no peaks
characteristic of cO2

− and cOH were observed under dark
conditions. However, under visible light irradiation conditions,
distinct high-intensity peaks of cO2

− and cOH radicals were
evident, indicating their generation during the reaction on the
20%TiO2/ZnO/OCN photocatalyst.70–72 The greater intensity of
DMPO-cO2

− compared to DMPO-cOH suggests that cO2
− plays

a more important role than cOH in the removal of DBT. Based
on the results of the trap active radicals experiment and ESR
spectra, it is evident that cO2

− is the predominant species in the
removal process of DBT. Drawing on the electrochemical,
photoelectric, and XPS properties of OCN, ZnO and TiO2

materials, we analyzed the band structure of these materials.
As depicted in Fig. 9A, under light irradiation, all phase

components in the ZnO–TiO2/OCN sample are excited, causing
electrons to transition from VB to CB. As the CB levels of ZnO
(−0.51 eV), TiO2 (−0.53 eV) and OCN (−0.95 eV) are all more
© 2024 The Author(s). Published by the Royal Society of Chemistry
negative than the redox potential of E°(O2/cO2
−, −0.33 eV), the

electrons on the CB of ZnO, TiO2, and OCN can absorb O2 at the
surface to generate cO2

− radicals.73,74 The VB of TiO2 (+2.67 eV)
and ZnO (+2.74 eV), both having more positive energy than the
potential of cOH/H2O pair (+2.4 eV), enable the holes to react
with surface hydroxyl groups or adsorbed water molecules on
the ZnO and TiO2 surfaces to generate hydroxyl radicals (cOH)
with high DBT desulfurization activity.60 However, the photo-
generated holes (h+) at the VB of OCN (+1.75 eV) cannot react
with OH− or H2O to generate the cOH radical, as the potential of
cOH/H2O and OH/OH− pairs is more positive than the VB level
of the OCN (+1.75 eV). It's noteworthy that the ZnO–TiO2/OCN
material is rich in oxygen, and the –OH groups are evidenced in
the XPS spectra. According to the direct Z-scheme, the electrons
at CB of TiO2 and ZnO can recombine with photogenerated
holes in the VB of OCN as determined by XPS (Fig. 9B). These
electrons then react with molecular oxygen near the surface of
the OCN to produce cO2

− radicals and directly oxidize DBT.
Unlike the p–nmechanism, the holes in the conduction band of
TiO2 and ZnO do not lose energy when moving to the conduc-
tion band of OCN. The holes in the conduction band of TiO2

and ZnO will react with water molecules adsorbed on the
surface of ZnO and TiO2 or with hydroxyl groups on the surface
to generate hydroxyl radicals (cOH).
3.4. The stability of 20%ZnO–TiO2/OCN

The practical utility of a photocatalyst system relies on its
stability and reusability. To evaluate these attributes, recycling
tests were conducted using the 20%ZnO–TiO2/OCN
RSC Adv., 2024, 14, 25586–25597 | 25593
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Fig. 10 Chemical bonding between (TiO2)7(ZnO)6 with g-C3N4 (A);
images of HOMO (B) and LUMO (C) of ZnO–TiO2/OCN photocatalyst.
Color codes: grey – C, blue – N, light blue – Ti, green – Zn, red – O.
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photocatalyst in the DBT desulfurization process. As depicted in
Fig. 8F, the DBT removal efficiency remained consistently above
93% throughout ten cycles of 120 minute desulfurization,
affirming the reusability and stability of the 20%ZnO–TiO2/OCN
photocatalyst. The slight decrease in DBT removal efficiency
observed may be attributed to the oxidation product of DBT
(DBTO2) coating the catalyst surface, as suggested by Xun et al.67

The stability of the heterogeneous 20%ZnO–TiO2/OCN catalyst
was further conrmed by XPS, XRD and TEM analysis. Post ve
reaction cycles, the XPS spectra of the ZnO–TiO2/OCN sample
exhibit peaks corresponding to the binding energies of Ti4+

(459.72 and 465.53 eV), Ti3+ (461.36 and 466.77 eV), Ti–N (458.64
and 463.17 eV) (Fig. 3D), Zn2+ (1046.83 and 1022.81) (Fig. 3E), C 1s
(284.85 eV: sp2 C–C; 287.59 eV: C–O; 288.37 eV: sp2 N–C]N)
(Fig. 2C), N 1s (Ti–N: 396.81 eV; C–N]C: 398.80 eV; sp3 N,
400.00 eV; C2–NH, 401.41 eV) (Fig. 2F) and O 1s (530.99 eV: N–C–
O; 532.77 eV: Ti–O or Zn–O; and 534.55 eV: –OH groups)
(Fig. 2K).75 The binding energies of Ti 2p, Zn 2p, O 1s, C 1s and N
1s did not undergo signicant changes. However, there was
a positive energy shi in the bond energies of these elements,
likely due to the decrease in electron density during the reaction.19

As depicted in Fig. S10 and S11,‡ the crystal structure and
morphology of the ZnO–TiO2/OCN heterogeneous photocatalyst
remained largely unchanged aer ve cycles. These observations
suggest that the ZnO–TiO2/OCN heterojunction exhibits excellent
stability, marking it as a potent photocatalyst. This underpins its
potential for industrial application.
3.5. Theoretical calculation results

To gain deeper insights into the interactions within the ZnO–
TiO2-OCN system, density functional theory (DFT) employing
the Grimme D2 dispersion correction method was utilized.76

The Perdew–Burke–Ernzerhof (PBE) exchange-correlation
functional was applied with a double zeta plus polarization
(DZP) basis set.77 The Brillouin zone was sampled at the G point
(1,1,1), and a mesh cutoff energy of 250 Ryd was employed. The
calculations utilizing the corrugated g-C3N4 model in s-triazine
form have demonstrated superior photocatalytic activity
compared to the planar model.78 The TiO2-ZnO composite
phase was modeled using clusters (TiO2)7 and (ZnO)6.78,79

The interaction between the components in the photo-
catalytic system is characterized by the interaction energy (Eint),
which is calculated as: Eint = E(A/B) − E(A) − E(B). Here, E(A/B)
represents the energy of the combined system, while E(A) and
E(B) denote the energies of the individual components. Pop-
ulation analysis, including bond order values, was conducted to
elucidate the nature of the interaction. All optimizations and
energy calculations were performed using the SIESTA code.80

The optical properties of the material system, including band
gap and maximum absorption peaks obtained from UV spectra
calculations, were evaluated using time-dependent density
functional theory (TDDFT) with the hybrid functional PBE0 in
the CP2K code.81 Theoretical calculation results revealed
a strong chemical interaction between the (TiO2)7 and (ZnO)6
phases, indicated by highly negative Eint (−770 kJ mol−1). In
contrast, (TiO2)7(ZnO)6 showed a weaker chemical interaction
25594 | RSC Adv., 2024, 14, 25586–25597
with CN, primarily through M/N bonds (Zn/N and Ti/N),
with the maximum bond order being 0.37 (Fig. 10A). These
theoretical calculation results align with the XPS ndings pre-
sented in Fig. 3. The calculated optical properties of the (TiO2)7,
(ZnO)6, (TiO2)7(ZnO)6, OCN and ZnO–TiO2/OCN are presented
in Table S5.‡

Notably, there is a marked reduction in bandgap energy and
maximum absorption peak when TiO2, ZnO with OCN are
combined, attributed to the electron redistribution between
ZnO, TiO2 and OCN.82 It is noteworthy that the calculated band
gap is signicantly higher than the experimental result due to
the quantum connement effect. Fig. 10B and C display images
of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). It can be
observed that the HOMO of the ZnO–TiO2/OCN system is
predominantly localized on TiO2, whereas the LUMO is
primarily contributed by the atoms of OCN. This nding
supports the hypothesis that the ZnO–TiO2/OCN system
exhibits a band structure consistent with the Z-scheme mech-
anism. Specically, upon light excitation, photogenerated
electrons and holes dissociate and the electrons move from the
HOMO to the LUMO of the constituent phases. Owing to the
chemical interaction between ZnO–TiO2 and CN via M/N
bonds (Zn/N and Ti/N), ZnO and TiO2 electrons readily
migrate to the OCN HOMO, inhibiting electron–hole recombi-
nation and promoting effective separation of electron–hole
pairs. This theoretical calculation result well corroborates the
experimental ndings in previous studies.82–84
4. Conclusion

This study present pioneering approach to fabricating Z-scheme
photocatalysts, representing the rst instance of integrating
ZnO–TiO2/OCN using a sol–gel method coupled with microwave
© 2024 The Author(s). Published by the Royal Society of Chemistry
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techniques. Remarkably, our method signicantly reduces the
crystallization time to just 30 minutes and stands out for its
avoidance of harmful solvents, a common concern in similar
studies. Under optimal conditions (1.5 g L−1 of 20%ZnO–TiO2/
OCN photocatalyst, a temperature of 25 °C, irradiation time of
120 min, O/S molar ratio of 6, and initial DBT concentration
300 mg L−1), the 20%ZnO–TiO2/OCN photocatalyst could
convert 99.19% of DBT to DBT-O2. Radical trapping experi-
ments conrmed that the formation of cO2

− and cOH radicals
primarily determine the reaction rate.

Aer ten reaction cycles, the 20%ZnO–TiO2/OCN catalyst
maintained an efficiency of over 93% for DBT desulfurization
and could remove 92.13% of DBT in the actual fuel oil sample.
Based on the trapping test of reaction intermediates, the band
structure of the material, and the conrmed electronic shi
results in the XPS and DFT methods, the 20%ZnO–TiO2/OCN
catalyst operates according to the properties of the direct Z-
scheme photocatalyst. Our ndings catalyze a new direction
in the research of next-generation Z-scheme composite mate-
rials, emphasizing the sol–gel method combined with micro-
wave techniques for enhanced oxidative desulfurization. Future
work will aim at the pilot-scale production of ZnO–TiO2/OCN
and its integration into desulfurization units, as well as
broadening its application to water purication.
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