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ABSTRACT: The ability of the heterojunction between two distinct semiconductors with appropriately matched band gaps to
improve the separation of photogenerated electron−hole pairs has been demonstrated to enhance photocatalytic activity. Hence,
ZnO/g-C3N4 composites have been fabricated by the facile deposition and calcination of ZnO and g-C3N4. X-ray photoelectron
spectroscopy, powder X-ray diffraction, and Fourier transform infrared spectroscopy confirm the formation of the composite.
Scanning electron microscope, transmission electron microscope, and energy-dispersive X-ray spectroscopy morphological analysis
reveal that ZnO was homogeneously spread over the g-C3N4 surface. UV−vis diffuse reflectance spectroscopy analysis shows the
slightly enhanced visible light absorption ability of the composite. Photoluminescence (PL) spectroscopy and electrochemical
impedance spectroscopy analysis prove the higher charge separation of the composite during the irradiation of light. The composite
shows admirable photocatalytic efficiency in the visible light-driven photocatalytic degradation of an aqueous diclofenac (DFC)
solution. The superoxide anion radical (•O2

−) and hydroxyl radical (•OH) act as reactive species during the degradation reaction.
Probable reaction mechanisms have been proposed.

■ INTRODUCTION
Pharmaceutical products and personal care items have been
found in aquatic environments more frequently as a
consequence of an enormous increase in utilization.1 The
synthetic nonsteroidal anti-inflammatory drug diclofenac
(DCF), as its sodium salt, is most frequently applied in the
treatment of inflammatory illnesses, dysmenorrhea for both
humans and animals, and in personal care items.2−4 The widely
used DCF releases continuously into the aquatic environment
through a variety of sources, including the metabolism of
human and animal urine and feces after medical treatment,
production site disposal, and domestic waste discharge.1,5 Due
to the low biodegradability and longtime environmental
persistence of DCF, it is very frequently found in wastewater
treatment plants, surface water, drinking water, groundwater,
seawater, suspended soil, sediments, landfills, and sludge.6,7

Furthermore, despite the fact that DCF concentrations in the

environment have been reported to be numerous mg/L or ng/
L, they may have negative impacts on ecosystems or human
health.8,9 For example, DFC impacts aquatic life, including
rainbow and brown trout, by drastically mutating their gill
cells, kidneys, and liver. Moreover, DFC is lethal to vultures
while they consume the dead bodies of birds and animals
treated with it.4,10 Therefore, there is an urgent need to
develop efficient techniques for removing DCF from waste-
water and effluents. However, the DCF is not fully removed by
conventional techniques such as adsorption, oxidation,
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coagulation, membrane, and electrochemical methods.11−15

Advanced oxidation processes, including ozonation, UV/H2O2,
sonolysis, and Fenton and photo-Fenton, have been used as
promising methods to accomplish efficient removal of DCF as
it is entirely mineralized.2,16−22 Among these technologies,
visible light-responsive semiconductor base photocatalytic
degradation of DCF is regarded as an effective technique
due to the high efficacy, cost-effectiveness, and potential
utilization of solar energy.7,23 This technique is based on the
generation of electron−hole pairs, hydroxyl radicals, and
superoxide radicals upon irradiation of light on the photo-
catalysts. All of the above-mentioned reactive species have the
ability to attack organic contaminants, break them up into
smaller pieces, and then mineralize carbon dioxide, water, and
other inorganic species.6 Numerous semiconductor- based
photocatalysts have been utilized for the removal of DFC from
water.24

The graphitic carbon nitride (g-C3N4) is widely used as a
visible light-responsive photocatalyst owing to its appealing
characteristics such as a narrow band gap (∼2.70 eV), good
chemical stability, π-conjugated electronic structure, and
suitable redox potential for the degradation of organic
pollutants.2,25 In addition, it is facile to fabricate g-C3N4
from several nitrogen-rich chemical substances, including
dicyandiamide, urea, melamine, and thiourea, by thermally
treating.26 Nevertheless, the short lifetime of photogenerated
charges due to the fast recombination of electron (e−) and hole
(h+) pairs on pure g-C3N4 results in low photocatalytic activity
of pure g-C3N4.

3 Moreover, a single-component photocatalyst
with a broad range of light-absorption ability and good charge-
separation efficacy is very challenging.10 Hence, a large number
of modified g-C3N4 by heterostructure formation with other
semiconductors and doping with metals and nonmetals
elements have been reported for the removal of DCF. For
instance, Ag/g-C3N4, AgI/g-C3N4, V2O5/boron doped g-C3N4,
Ti3C2/g-C3N4, TiO2/g-C3N4, Co3O4/g-C3N4, and Ag3PO4/g-
C3N4 composites have been utilized to degrade DCF as visible
light-driven photocatalysts.1−3,10,27−29

ZnO is considered a well-known, cost-effective, and nontoxic
photocatalytic semiconductor.26 But it is inactive in the visible
region and shows photocatalytic activity only in the ultraviolet
region due to its higher band gap energy of about 3.2 eV.30

However, the band level positions for ZnO and g-C3N4 match
suitably. Hence, composites of g-C3N4 (medium band gap)
and ZnO (wider band gap) may enhance the efficacy of
photogenerated electron hole pair separation and transfer for
the appropriate band position, resulting in enhanced photo-
catalytic activity.31,32 Hence, the ZnO/g-C3N4 composite has
attracted a lot of interest because of its excellent structure,
dimensional anisotropy, optical, and electronic character-
istics.33 The ZnO/g-C3N4 composites have been fabricated
in several research works using numerous techniques like
calcination, ball milling, vapor condensation, reflux, ultrasonic
dispersion, etc.34−37

In recent years, numerous research articles have been
reported on the enhanced visible light-driven photocatalytic
efficacy of ZnO/g-C3N4 composites for various applications
such as generation of H2, reduction of CO2, inactivation of
bacteria, degradation of dyes, removal of pharmaceutical
products, and reduction of Cr(VI).33,38−46 For instances,
Meena et al. reported the synthesis of g-C3N4/ZnO
nanostructures through mechano-thermal procedures for
enhanced visible light-illuminated photocatalytic degradation

of methylene blue dye.47 Girish et al. prepared Z-scheme
ZnO/g-C3N4 heterostructure using simply microwave irradi-
ation as efficient visible light-driven photocatalysts for dye
degradation and hydrogen evolution reactions.48 Pham et al.
reported the synthesis of ZnO/g-C3N4 composite by
calcination technique and applied it to the solar light-assisted
photodegradation of tetracycline in wastewater and the
conversion of CO2 as efficient photocatalyst.49 Hosseini-
Hosseinabad et al. reported the development of g-C3N4/ZnO
nanocomposite as a highly effective photocatalytic and
antibacterial novel cotton fabric coating.50

In the removal of pharmaceutical waste from aqueous
effluent, the ZnO/g-C3N4 composites have been utilized to the
degradation of sulfamethoxazole, nitenpyram, tetracycline,
sulfonamides, endocrine disruptors, and more.51−55 However,
the photocatalytic degradation of DCF using ZnO/g-C3N4
composites has been rarely reported.
In this study, ZnO/g-C3N4 composites have been fabricated

by the facile deposition and calcination of ZnO and g-C3N4.
The visible light induced photocatalytic degradation of DCF
using fabricated ZnO/g-C3N4 composites has been studied.
Furthermore, the effects of the types of g-C3N4 and ZnO and
the calcination temperature during composite formation have
been inspected. The various parameters, including ZnO
content in the composite, catalyst dosage, and initial
concentration of DCF, have been optimized for visible light-
driven photocatalytic DCF removal in aqueous solution. In
addition, radical scavenger tests were also conducted to predict
the degradation mechanism. The photocatalysts were also
characterized utilizing different characterization methods.

■ MATERIALS AND METHODS
Materials. Diclofenac sodium (DCF, 98.0%), urea (99.0%),

melamine (99.0%), zinc nitrate hexahydrate (99.9%), zinc
acetate dihydrate (99.0%), ethanol (99.5%), isopropanol (IPA,
99.7%), benzoquinone (BQ, 98.0%), ethylenediaminetetra-
acetic acid (EDTA, 98.0%), nitric acid (61.0%), and sodium
hydroxide (97.0%) were obtained from FUJIFILM Wako Pure
Chemical Corporation, Japan. Two types of ZnO nanoparticles
were purchased from Sigma-Aldrich (50−90 nm, 1−25 m2

g−1) and FUJIFILM WAKO Pure Chemical Corporation (∼5
μm). Formic acid (98.0%) and acetonitrile (99.5%) were
obtained from Nacalai Tesque Inc. and Japan Kanto Chemical
Co., Inc., Japan, respectively. All of the chemicals were
analytical grade and used without more purification. An
ultrapure water system (Advantec MFS Inc., Tokyo, Japan)
was used for a pure water supply.
Synthesis of g-C3N4. Pure g-C3N4 was synthesized by the

calcination of urea. Typically, 12 g of urea was ground
manually, placed in a crucible, and covered by a cap and
aluminum foil. Then it was calcined at 550 °C for 2 h with a
heating increasing rate of 2 °C min−1 using an electric muffle
furnace. Finally, the obtained light-yellow sample was
grounded manually.
Preparation of ZnO/g-C3N4 Composite. A mixture of

150 mg of g-C3N4 and 50 mg of ZnO in 10 mL of ethanol was
dispersed ultrasonically for 30 min, followed by stirring at a
constant speed for 2 h. After that, the mixture was dried by
centrifugation and vacuum oven. Finally, the dried mixture was
calcined at 400 °C for 1 h with a heating increasing rate of 2
°C min−1 and ground in a mortar manually into a light-yellow
powder. The schematic diagram of the fabrication of the ZnO/
g-C3N4 composite is presented in Figure S1.
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Characterization. The samples were characterized by X-
ray diffraction (XRD), Fourier transform infrared (FTIR)
spectroscopy, X-ray photoelectron spectroscopy (XPS),
scanning electron microscope (SEM), energy-dispersive X-ray
spectroscopy (EDS), transmitted electron microscope (TEM),
UV−vis diffuse reflectance spectroscopy (DRS), PL spectros-
copy, nitrogen adsorption and desorption isotherms, and
electrochemical impedance spectroscopy (EIS) analysis. XRD
patterns of the samples were attained by utilizing a Rigaku
RINT Ultima-IV diffractometer by Cu Kα radiation in a scan
range of 10−80° at a scan rate of 0.04°/s. The FTIR spectra of
the photocatalysts were obtained by means of a PerkinElmer
spectrometer (SPECTRUM 100 FTIR) with an attenuated
total reflection assemblage. XPS of ZnO/g-C3N4 and g-C3N4
were characterized by using a PHI Quantera SXM photo-
electron spectrometer with Al Kα radiation. SEM and EDS of
the samples were investigated by using a JEOL JEM-1400
Flash SEM. The TEM of the samples was analyzed by means
of a JEOL JEM-1011 TEM. The UV−vis DRS of the samples
were inspected by a JASCO V-750 UV−vis instrument
equipped by an integrating sphere adaptor. Photoluminescence
(PL) spectra of the samples were attained with an excitation
wavelength of 340 nm by utilizing a Shimadzu fluorescence
spectrophotometer (RF-5300PC). The specific surface area,
total pore volume, and average pore size of the photocatalysts
were assessed from the N2 adsorption−desorption isotherm
utilizing a BELSORPminiII (MicrotracBE) instrument. The
EIS and Mott−Schottky measurement of the photocatalysts
was achieved on an electrochemical Versa STAT 3 workstation
(Princeton Applied Research) equipped by a conventional
three-electrode system. Here, a uniform slurry of the sample by
Nafion solution was coated on a fluorine-doped tin oxide glass
plate to make the working electrode, and an aqueous solution
of Na2SO4 (0.5 mol L−1) was utilized as the electrolyte. Pt wire
and KCl-saturated AgCl/Ag were used as counter electrode
and reference electrode, respectively.
Photocatalytic Degradation Experiment. The photo-

catalytic degradation of DCF by fabricated ZnO/g-C3N4 was
investigated for 3 h with the irradiation of visible light at room
temperature. A 50 mL pyrex glass cell was utilized for the
photocatalytic degradation experiment. At optimal conditions,
30 mg of ZnO/g-C3N4 and 30 mL of aqueous solution of DCF
(10 mg L−1) were added to the glass cell and allowed for 30

min by magnetic stirring in the dark condition to establish
adsorption−desorption equilibrium. Then, an LED lamp
(OptoCode LDA14L-G/100W) with a UV (400 nm) cutoff
filter (Y-44, HOYA) was placed on one side of the glass cell
and used to expose the aqueous solution containing DCF and
photocatalyst. Through the experiment, 1.5 mL of suspensions
were collected at regular intervals of 30 min for analysis and
centrifuged for 5 min at 10,000 rpm to isolate the
photocatalyst. Then, the supernate was analyzed for the
determination of the DCF concentration. A high-performance
liquid chromatograph assembled with a separation column
ODS-2 (GL Science Inc.) and a SHIMADZU UV/vis detector
(UV 7750) was used to assess the quantity of DCF in the
solution. The chromatogram was observed at wavelength of
276 nm. A mixture of acetonitrile and water (60:40, v/v) with
0.02% (v/v) of formic acid was used as mobile phase at
isocratic mode. The flow rate of the mobile phase was 1.0 mL
min−1. The degradation experiment of DCF by other
photocatalysts was also investigated under analogous photo-
catalytic experimental conditions. Moreover, the photolysis of
DCF was also inspected under similar conditions. For
establishing the optimal photocatalytic degradation condition
of DCF by synthesized ZnO/g-C3N4, impact of variable
operational conditions such as ZnO content in the composite
(different ratio of used ZnO and g-C3N4), calcination
condition of the fabrication of composite (different calcination
temperature), types of ZnO and g-C3N4 in composite (sources
of the precursors), dosage of catalyst (5 mg/30 mL to 50 mg/
30 mL), and initial concentration of DCF (5 to 50 mg L−1)
were also inspected. To study the role of reactive species of
•OH, h+ and •O2

− for photocatalytic degradation of DCF with
ZnO/g-C3N4, scavenger tests were carried out in the same
optimal conditions utilizing IPA, EDTA and BQ as scavengers
of the radical, respectively. The recyclability of the ZnO/g-
C3N4 composite for photodegradation of DCF was inspected.
Moreover, the reaction rates as well as kinetics of the

photocatalytic degradation procedure have been investigated
according to the Langmuir−Hinshelwood (L−H) theory
transformed by Turchi and Ollis. The theory was stated by
eq 1.

= =
+

r
C
t

kKC
KC

d
d 10 (1)

Figure 1. (a) FTIR spectra of g-C3N4 and ZnO/g-C3N4, and (b) XRD patterns of ZnO, g-C3N4, and ZnO/g-C3N4.
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where r0, k, C, and K are the degradation rate, the rate constant,
reactant concentration, and adsorption equilibrium constant of

the reaction, respectively. The eq 1 can be shortened to eq 2 if
the initial concentration of C0 is insignificant.

Figure 2. (a) Survey XPS spectra of g-C3N4 and ZnO/g-C3N4; overlap high resolution XPS (b) C 1s, (c) N 1s and (d) O 1s spectra of g-C3N4 and
ZnO/g-C3N4 and (e) High resolution XPS Zn 2p spectra of ZnO/g-C3N4.
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With regard to the −ln(C/C0), eq 2 forms a linear expression
on time t, where kobs is the reaction rate constant. The kobs
values in degradation reactions were determined by plotting
−ln(C/C0) versus time (t).

■ RESULTS AND DISCUSSION
FTIR Analysis. The fabrication of the ZnO/g-C3N4

composite was investigated by FTIR spectroscopy. The FTIR
spectra of g-C3N4 and ZnO/g-C3N4 are shown in Figure 1a.
Pure g-C3N4 revealed a peak at 1623 cm−1 attributed to the
C−N stretching vibration mode and a number of peaks from
1200 to 1600 cm−1 assigned to aromatic C−N stretching.
Furthermore, a peak was observed at 803 cm−1 corresponding
to the out-of-plane stretching vibrational mode of the C−N
heterocycle of the triazine ring.56 A wide band of a few peaks
with small intensity in the FTIR spectrum of g-C3N4 was

observed between 2950 and 3300 cm−1 due to the O−H bond
stretching vibration from the moisture or adsorbed water and
deformed N−H stretching modes.57 The FTIR spectra of
ZnO/g-C3N4 showed similar peaks, like those of g-C3N4.
Moreover, as shown in Figure S2, the positions of a few peaks
corresponding to different C−N stretching and bending in the
FTIR spectra of the ZnO/g-C3N4 were slightly shifted to the
higher wavenumber compared to relevant peaks in the FTIR
spectra of the pure g-C3N4, which indicated the interaction
between ZnO and g-C3N4 in the ZnO/g-C3N4.

58

XRD Analysis. Figure 1b shows the XRD patterns of ZnO,
g-C3N4, and the ZnO/g-C3N4 composite. The diffraction peaks
at 2θ values of 31.92, 34.64, 36.42, 47.68, 56.76, 63.14, 66.44,
67.98, 69.80, 72.92, and 77.28 were observed conforming to
the plane of (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202), respectively, attributed to the
structure of hexagonal wurtzite ZnO (JCPDS card no. 36-
1451).59,60 In addition, it can be seen from the XRD pattern of
g-C3N4 that two distinct peaks were observed at 2θ values of
12.98 and 27.88, assigning them to the planes of (100) and

Figure 3. (a) Kubelka−Munk function of UV−vis DRS, (b) Tauc plot, and (c) PL spectra (upon the excitation at 340 nm wavelength) of ZnO, g-
C3N4, and ZnO/g-C3N4, and (d) EIS resultant Nyquist plot of g-C3N4 and ZnO/g-C3N4.
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(002) corresponding to the repeating arrangement of the s-
triazine unit and the conjugated aromatic system containing
interplanar C−N stacking, respectively. The obtained XRD
pattern shows that g-C3N4 is in its crystalline phase and that no
secondary phases or contaminants are present (JCPDS card
no. 87-1526).52,61 As shown in the XRD pattern of ZnO/g-
C3N4, both representative diffraction peaks of ZnO and g-C3N4
were detected, and no new extra peaks were noticed.
Moreover, the positions of the corresponding characteristic
peaks of ZnO and g-C3N4 remains unchanged. This
demonstrates that two-phase compositions of g-C3N4 and
ZnO were present in the prepared ZnO/g-C3N4, and there
were no effects on the lattice structure of g-C3N4 and ZnO.62

XPS Analysis. Using the XPS survey spectrum, the surface
elemental composition and their oxidation states of the g-C3N4
and ZnO/g-C3N4 composites were studied. As shown in Figure
2a, the fundamental-level binding energy peaks of C and N are
clearly visible in both spectra. Moreover, for the spectra of
ZnO/g-C3N4, characteristic peaks that corresponded to the
binding energy values of Zn and O were appeared. The results
suggested the formation and purity of the ZnO/g-C3N4
composite.32 As shown in Figure 2b, the high-resolution C
1s XPS spectra of ZnO/g-C3N4 can be deconvoluted into four
peaks at 284.8, 286.0, 288.4, and 289.5 eV, which are ascribed
to the C�C or C−C bond, sp3 C−N bond, s-triazine ring
containing N�C−N groups, and C−O groups carried by the
inevitable oxidation of the sample, respectively.63 As shown in
Figure 2c, the high-resolution N 1s XPS spectrum of ZnO/g-
C3N4 was fitted by three peaks at 399.0, 400.8, and 404.9 eV.
The major peak at 399.0 eV was ascribed to the sp2 hybridized
N atoms (C−N�C) contained in the s-triazine ring. The peak
at 400.8 eV is attributed to the [N−(C)3] containing bridging
N atoms and (C−NH2) containing terminal amino groups,
and the peak at 404.9 eV belonged to the charging effect in
triazine.52,64 The relative peak intensity of the C 1S and N 1s
XPS spectra corresponding to the N�C−N group decreased
in ZnO/g-C3N4 compared to that in g-C3N4. These findings
indicated that the ZnO doping partially broke the g-C3N4
containing aromatic ring structure.63 In addition, the pathway
of charge carrier movement in the composite photocatalyst
may be predicted using the measurement of binding energy
shift.65,66 Hence, it could be inspected that the major peaks of
high-resolution C 1s and N 1s of ZnO/g-C3N4 were shifted
toward higher binding energies compared to those of g-C3N4.
The result indicated that the electrons are transferred from g-
C3N4 to ZnO, which reveals significant support for the electron
transfer mechanism of the ZnO/g-C3N4 heterojunction.

67,68 As
shown in Figure 2d, the high-resolution O 1s XPS spectra of
ZnO/g-C3N4 was deconvoluted into three peaks. The main
peak at 531.8 eV is associated with the O2

2− in the wurtzite
structure of ZnO.69 The other two small peaks at 529.6 and
533.6 eV may be ascribed to the −OH groups in the adsorbed
H2O or −OH groups on the ZnO/g-C3N4 surface. On the
contrary, the high-resolution O 1s XPS spectra of g-C3N4
exhibited only one peak with small intensity, which is
attributed to the −OH groups in the adsorbed H2O or
−OH groups on the g-C3N4 surface.

70 In Figure 2e, the high-
resolution Zn 2p XPS spectra of ZnO/g-C3N4 revealed two
peaks at 1022.4 and 1045.5 eV corresponding to the binding
energies of Zn 2p3/2 and Zn 2p1/2, and the peaks are separated
by 23.1 eV. The observations are in good agreement with the
reported binding energy of the high-resolution Zn 2p XPS
spectra of the ZnO/g-C3N4 composite.71,72 Moreover, as

shown in the survey spectrum of the ZnO/g-C3N4, the Augur
peaks of Zn LMM were detected, which indicate the existence
of Zn−N bonds.52

DRS Analysis. The optical characteristics of photocatalysts
have an influence on their photocatalytic ability. Thus, UV−vis
DRS of the g-C3N4, ZnO, and ZnO/g-C3N4 composites were
analyzed at room temperature in order to inspect their light
absorption abilities. The UV−vis DRS data, as expressed by the
Kubelka−Munk function of the samples, are shown in Figure
3a. The ZnO nanoparticles can only absorb UV light, with an
absorption edge at around 390 nm.46 The prepared g-C3N4 has
an absorption edge at about 430 nm, including the visible
region.73 A slightly red-shifted absorption edge of the ZnO/g-
C3N4 was observed compared to both g-C3N4 and ZnO. The
small amount of N atoms in the s-triazine rings may be
replaced by the O in the ZnO, which slightly influenced the
electron distribution and increased the visible light absorption
ability to a small extent.46,53,70 The optical band gap of g-C3N4
and ZnO/g-C3N4 was determined by using the Tauc equation
of indirect transition.74

= Eh A(h )g
2

(3)

Furthermore, the optical band gap of ZnO was determined
by using the Tauc equation of direct transition.74

= Eh A(h )g
1/2

(4)

where α is the absorption coefficient, hν is the photoenergy, A
is a constant, and Eg is the optical band gap. Hence, by plotting
the value of (αhν)1/2 versus hν, the optical band gap of g-C3N4
and ZnO/g-C3N4 was determined, and by plotting the value of
(αhν)2 versus hν, the optical band gap of ZnO was determined
(Figure 3b). The optical band gaps of g-C3N4, ZnO, and ZnO/
g-C3N4 are estimated to be 2.93, 3.20, and 2.81 eV,
respectively.
PL Analysis. The decrease in the electron hole-pair

recombination rate of photocatalysts has an influence on
their photocatalytic activity. In order to investigate the relative
electron hole-pair recombination rate of g-C3N4, ZnO, and
ZnO/g-C3N4, PL analysis was carried out at an excitation
wavelength of 340 nm. It was observed that the PL intensity of
the composite decreased by a substantial amount compared to
that of both g-C3N4 and ZnO (Figure 3c). The PL quenching
specifies that the electron−hole pair recombination rate was
suppressed and photogenerated charge separation was
facilitated due to the synergic effect of ZnO and g-C3N4 in
the composite.53 Hence, the decrease in the electron hole-pair
recombination rate indicated the enhanced photocatalytic
activity of the prepared ZnO/g-C3N4 composite.
EIS Analysis. A lower charge transfer resistance of a

photocatalyst denotes a better photocatalytic efficiency. In
order to analyze the relative charge transfer resistance of g-
C3N4 and ZnO/g-C3N4, EIS analysis was carried out. The
charge transfer resistance is denoted by the curvature radius of
the EIS graph. The reduction of resistance as well as the
increment of charge transfer were indicated by the smaller
curvature radius. As shown in Figure 3d, the EIS resultant
Nyquist plot of ZnO/g-C3N4 showed a smaller curvature
radius compared to the curvature radius of g-C3N4, which
indicated the greater charge transfer separation of ZnO/g-
C3N4 compared to that of bare g-C3N4.
Morphological Study. The morphologies of g-C3N4,

ZnO, and ZnO/g-C3N4 were explored by using SEM and
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TEM analysis (Figure 4). The SEM and TEM images of g-
C3N4 show a sheet-like layered morphology of the particles

(Figure 4a,d). As shown in Figure 4b,e the semispherical
particles of different sizes are observed in the SEM and TEM
images of ZnO. The SEM and TEM images of the ZnO/g-
C3N4 composites show that particles with different sizes and
shapes corresponding to ZnO are well attached to the surface
of sheet like layered g-C3N4 (Figure 4c,f). Hence, ZnO could
be inserted and distributed to the surface of g-C3N4 after the
thermal treatment.30,32 Thus, the fabricated binary nano-
composite materials are expected to play a vital role in visible
light-driven photocatalytic applications.
The elemental mapping of ZnO/g-C3N4 was investigated by

EDS analysis. From Figure 5, it can be clearly seen that C, N,
O, and Zn are dispersed on the surface of the composite.
Furthermore, the ratio of relative color intensities for all
elements is similar over all surfaces, as shown in Figure 5b−e,
which indicates that the elements are homogeneously
distributed. Hence, the morphological analysis confirms the
formation and purity of the composite.
BET Surface Area and Pore Size Distribution Analysis.

In order to determine the surface area and porous structure
characteristics of the composite, measurements of N2
adsorption−desorption isotherms and pore-size distributions
of bare g-C3N4 and the ZnO/g-C3N4 composite were carried
out. As shown in Figure 6, both g-C3N4 and ZnO/g-C3N4
displayed a typical type IV adsorption−desorption isotherm
with H3 hysteresis loops. These indicated the existence of
mesoporous material in the structure of g-C3N4 and ZnO/g-
C3N4.

75 The specific surface areas, total pore volumes, and
average pore sizes of g-C3N4 and ZnO/g-C3N4 are given in
Table 1. It was observed that these values did not change

significantly after the formation of the composite. The specific
surface areas, total pore volumes, and average pore size values
of ZnO/g-C3N4 are slightly smaller than those of the g-C3N4.
Hence, the changes may not contribute to the enhanced
photocatalytic efficiency of the composite.
Mott−Schottky Plot and Valence Band (VB)-XPS

Analysis. In order to determine the flat-band potential
(EFB) as well as the conduction band potential (ECB) of the
ZnO/g-C3N4 composite, a Mott−Schottky plot has been
constructed. As shown in Figure S3a, the positive slope of the
plot indicates that the composite is an n-type semiconductor,
and the major charge carriers in the composite are electrons.
The EFB value of ZnO/g-C3N4 was determined with respect to
the abscissa axis and the intercept among the tangent lines of
the plot. The EFB value was estimated at −1.09 V (vs Ag/AgCl
at pH 0), which can be converted to −0.48 V (vs normal
hydrogen scale electrode (NHE) at pH 0) using the eq 5.67

=

+ + ×

E E(NHE at pH 0) (Ag/AgCl at pH 7)

0.196 0.059 7 (5)

According to the previous literature report, the position of
the ECB exist by is 0.1 eV upper than that of the EFB.

76 Hence,
the ECB of the composite was estimated at −0.58 V (vs NHE at
pH 0). The EVB of the composite can be determined using the
eq 6.

=E E Eg VB CB (6)

where the band gap of the composite (Eg) is 2.81 eV, which
was determined by the Tauc plot as shown in Figure 3b. Thus,
the calculated EVB of the composite was 2.23 V (vs NHE at pH
0).
Moreover, the EVB of the composite was calculated using

VB-XPS analysis. As shown in Figure S3b, the VB edge of the

Figure 4. SEM images of (a) g-C3N4, (b) ZnO, and (c) ZnO/g-C3N4,
and TEM images of (d) g-C3N4, (e) ZnO, and (f) ZnO/g-C3N4.

Figure 5. (a) SEM and EDS elemental mapping of (b) C, (c) N, (d)
O, and (e) Zn of ZnO/g-C3N4.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05679
ACS Omega 2024, 9, 45090−45103

45096

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05679/suppl_file/ao4c05679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05679/suppl_file/ao4c05679_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ZnO/g-C3N4 was observed at about 1.93 eV. Hence, the VB
position of the ZnO/g-C3N4 was corrected to the NHE scale
using the following equation.77

= +E V/ 4.44NHE WF sample (7)

where ENHE is the EVB of the composite at the NHE scale at pH
7.0, ΦWF is the electron work function of the analyzer (4.33
eV), and Φsample is the VB edge of the ZnO/g-C3N4 (eV) in
VB-XPS analysis. Hence, the corrected EVB of ZnO/g-C3N4 is
1.82 V (vs NHE scale at pH 7.0). By addition of 0.413 V, the

obtained EVB of ZnO/g-C3N4 is corrected to be 2.23 V (vs
NHE scale at pH 0). Hence, the result of VB-XPS is consistent
with the result attained from the Mott−Schottky plot.
Photocatalytic Degradation of DCF. Figure 7 shows the

photocatalytic degradation of DCF using ZnO/g-C3N4
composite and other corresponding catalysts at optimal
condition. The photolysis reaction of DCF was also
investigated. It was observed that the DCF was not degraded
in the photolysis reaction, and g-C3N4 and ZnO showed
negligible photocatalytic activity to degrade the DCF with
visible light irradiation, while the physical mixture of ZnO and
g-C3N4 at a 1:3 ratio showed moderate photocatalytic activity.
Moreover, the ZnO/g-C3N4 exhibited excellent photocatalytic
degradation ability for DCF. From Figure 7b, it was observed
that the degradation processes followed the pseudo first order
reaction kinetics equation (eq 2). It was observed that the rate
constant of visible light-driven DCF degradation using the
ZnO/g-C3N4 was 0.0541 min−1, which was about 34 and 27

Figure 6. (a) N2 adsorption−desorption isotherms, (b) pore size distribution curves of g-C3N4 and ZnO/g-C3N4.

Table 1. Surface Area, Pore Volume, and Pore Diameter of
the g-C3N4 and ZnO/g-C3N4

photocatalyst
BET surface area

(m2/g)
total pore volume

(cm3/g)
average pore
diameter (nm)

C3N4 55.67 0.44 31.88
ZnO/g-C3N4 53.67 0.40 30.32

Figure 7. (a) Photocatalytic degradation of DCF using different catalyst with the irradiation of visible light and (b) the plot of −ln(C/C0) versus
irradiation time; DCF: 10 mg L−1 (30 mL), photocatalyst: 30 mg.
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times higher than that attained with bare commercial ZnO and
prepared g-C3N4, respectively, and 11 times higher than that
attained with the physical mixture of ZnO and g-C3N4 (Table
2). The decrease in the electron hole-pair recombination rate

and the increment in charge transfer separation were
responsible for the enhancement of the photocatalytic ability
of the ZnO/g-C3N4 composite. The enhanced visible light
response capacity with small amounts of the ZnO/g-C3N4
composite also affected its efficient photocatalytic capacity.
However, textural properties such as specific surface areas, total
pore volumes, and average pore sizes of the photocatalysts in
this study did not control their photocatalytic efficacy.
Effect of ZnO Content. In order to determine the optimal

mixing ratio of g-C3N4 and ZnO for fabricating the ZnO/g-
C3N4 composite at photocatalytic degradation of DCF, the
mixing ratio of g-C3N4 and ZnO was changed such that the
total quantity was 200 mg. From Figure S4 and Table S1, it
was found that the maximum degradation of DCF was
observed using the composite fabricated from a 1:3 ratio of
ZnO and g-C3N4. The photocatalytic degradation of DCF was
improved with increasing amounts of g-C3N4 until the
mentioned ratio, then decreased with further increasing g-
C3N4 amounts. The synergistic effect of ZnO and g-C3N4 at
this ratio could be responsible for improved photocatalytic
degradation ability.71

Effect of Calcination Temperature. To understand the
role of calcination temperature during the fabrication of the
ZnO/g-C3N4 composite on the photocatalytic degradation of
DCF, composites were prepared at different calcination
temperatures, such as 350, 400, and 450 °C. The composite

was also prepared without calcination. In every case, the other
conditions for fabricating the composites were the same. As
shown in Figure S5 and Table S2, it can be observed that the
composite formed at 400 °C showed maximum photocatalytic
activity compared to others. The composite formed without
calcination could not show significant photocatalytic activity.
The ZnO nanoparticles may be covered perfectly by g-C3N4,
due to the lower degree of thermal polymerization of the g-
C3N4 framework at 400 °C. The synergistic effect of ZnO and
g-C3N4 at 400 °C as calcination temperature are attributed to
the electron transfer from g-C3N4 to ZnO could be responsible
for enhanced photocatalytic degradation efficiency. Thus,
temperature plays an effective role in the formation of optimal
composite. It means that the mixture of ZnO and g-C3N4 in a
1:3 ratio was calcined at 400 °C, which was the optimal
condition for the composite fabrication.
Effect of Types of ZnO and g-C3N4. In order to

investigate the effect of types of ZnO and g-C3N4 in the
preparation of the composite on the photocatalytic degradation
of DCF, commercially available ZnO was obtained from
Sigma-Aldrich and Wako Chemicals, and two sets of ZnO were
also prepared by calcination of zinc acetate and zinc nitrate at
550 °C for 2 h. Moreover, two sets of g-C3N4 were prepared by
calcination of urea and melamine at 550 °C for 2 h. After that,
eight sets of composites were prepared according to the
procedure mentioned in the experimental section. It was
observed that the composite of commercially obtained ZnO
from Sigma-Aldrich and prepared g-C3N4 from calcination of
urea showed superior photocatalytic DCF degradation ability
compared to that of other composites (Figure S6 and Table
S3).
Effect of Catalyst Dosage. In order to optimize the

photocatalyst dosage for the degradation of DCF, the amount
of ZnO/g-C3N4 composite was varied from 5 mg/30 mL to 50
mg/30 mL. It was observed that the degradation of DCF
improved with rising the quantity of ZnO/g-C3N4 composite
(Figure S7 and Table S4). The number of active sites could
increase with an increasing amount of photocatalyst. But the
increasing rate of degradation was slower, if the photocatalyst
amount exceeded 30 mg/30 mL. An excess amount of ZnO/g-
C3N4 may turbidize the reaction solution, hinder light

Table 2. Kinetic Parameters for Photocatalytic Degradation
of DCF

photocatalyst
rate constant

(min−1)
T1/2
(min) R2

ZnO 0.0016 433.1 0.92
g-C3N4 0.0020 346.5 0.98
physical mixing of ZnO and
g-C3N4

0.0049 141.4 0.99

ZnO/g-C3N4 0.0541 12.8 0.99

Figure 8. (a) Effect of scavenger on the photocatalytic degradation of DCF using ZnO/g-C3N4, and (b) the plot of -ln(C/C0) versus irradiation
time; DCF: 10 mg L−1 (30 mL), ZnO/g-C3N4: 30 mg.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05679
ACS Omega 2024, 9, 45090−45103

45098

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05679/suppl_file/ao4c05679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05679/suppl_file/ao4c05679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05679/suppl_file/ao4c05679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05679/suppl_file/ao4c05679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05679/suppl_file/ao4c05679_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05679?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


penetration, saturate the number of active sites, and impact the
increasing rate of degradation.54,78 Hence, considering the
degradation rate relative to the catalyst dosage and to minimize
the use of excess amounts of photocatalyst, 30 mg/30 mL
ZnO/g-C3N4 was selected as the optimal amount of photo-
catalyst for further study.
Effect of Initial Concentration of DCF. In order to

inspect the effect of the initial concentration of DCF, the
photocatalytic degradation of DCF using a 30 mg/30 mL
ZnO/g-C3N4 composite has been studied, with the initial
concentration of DCF varying from 5 to 50 mg L−1. It was
observed that the degradation rate of DCF decreased with
increasing concentrations. Increasing the quantity of molecules
attached to a fixed amount of the catalyst surface may prevent
light absorption, and the probability of the creation of reactive
species such as •OH and •O2

− would decrease on the surface
of the catalyst. Thus, the photocatalytic degradation rate was
decreased.58 Furthermore, as shown in Figure S8 and Table S5,
the degraded amount of DCF increased with increasing initial
concentrations of DCF. Eventually, the degradation rate
decreased and the degraded amount increased with increasing
initial concentrations of DCF. Since very low concentrations
and very high concentrations of DCF were insignificant for the
practical application, 10 mg L−1 of DCF was selected as the
initial concentration for the further experiment in this work.
Scavenger Role. It has been demonstrated that the

photodegradation of organic pollutants involves several
promising reactive species, including •O2

−, •OH, and h+. It
was reported that BQ, IPA, and EDTA can function as efficient
scavengers for •O2

−, •OH, and h+, respectively.32 Hence, in
order to fully comprehend the visible-light-induced photo-
catalytic degradation mechanism of DCF by ZnO/g-C3N4
composite, a series of radical scavenger experiments were
carried out by using BQ, IPA, and EDTA as the scavengers of
•O2

−, •OH, and h+, respectively. The obtained results are
displayed in Figure 8 and Table 3. It can be seen that the

photocatalytic degradation of DCF was almost inert in the
presence of BQ, and the rate of degradation reaction was more
than 1000 times slower than the rate without using any
scavenger. On the other hand, IPA impacted the decrement of
photocatalytic degradation of DCF significantly, and the
degradation rate was about five times slower than the rate
without using any scavenger. The results indicated that •O2

−

plays a major reactive species in the photocatalytic degradation
of DCF using fabricated ZnO/g-C3N4, while the •OH radical
plays an important role. The EDTA also impacted the
photocatalytic degradation of DCF slightly. Hence, the
photogenerated h+ may take part as a minor active radical on
the degradation of DCF. The findings were in strong
accordance with the scavenger function of the used ZnO/g-
C3N4 on the photocatalytic degradation of methylene blue.32

Stability. Another crucial factor in determining whether a
photocatalyst has a practical use in DCF degradation is its

chemical durability upon application. Using five sequential
reusability cycles of DCF degradation with visible light
irradiation, the photostability of the ZnO/g-C3N4 composite
was evaluated. It is evident, as shown in Figure S9, that the
DCF degradation capacity of the composite considerably
declined after five cycles of reuse. The chemisorption of DCF
molecules or intermediate products of reaction on the more
potent active sites of the photocatalyst, which persist after the
saturation of the accessible sites for subsequent reactions, may
be the cause of a little decrement in photocatalytic activity.45

Hence, the result was attributed to the stability of the
composite.
Mechanism. On the basis of the XPS result, it can be

concluded that the electrons in the ZnO/g-C3N4 composite
are spontaneously transferred from g-C3N4 to ZnO, and it is
continued until their flat band potentials reach in equilibrium.
After that, an internal electric field has been formed at the
interface of the ZnO/g-C3N4 heterojunction (Figure S10). It
can be assumed that a midlevel band appeared nearest to the
CB of the ZnO in the composite, which is the CB of the
composite −0.58 V (vs NHE at pH 0) (Figure 9). Considering
the ECB of ZnO and composite are equal, it can be said that
The ECB of ZnO was −0.58 V (vs NHE at pH 0). The EVB of
ZnO can be calculated to be 2.62 V (vs NHE at pH 0) using
eq 6 and the value of the band gap of ZnO. As during the
irradiation of visible light, electrons are transferred from the
VB of g-C3N4 to CB of g-C3N4 and CB of ZnO, the EVB of the
composite can be assumed to be the EVB of g-C3N4 2.23 V (vs
NHE at pH 0). The ECB of g-C3N4 can be calculated to −0.7 V
(vs NHE at pH 0) using eq 6 and the value of the band gap of
g-C3N4.
The photocatalytic degradation mechanism of DCF using

the ZnO/g-C3N4 composite can be proposed by typical charge
transfer and the interfacial charge transfer (IFCT) pathway. As
shown in Figure 9, when g-C3N4 is subjected to visible light
irradiation, photoelectrons and holes are generated on the CB
and VB of the g-C3N4, respectively. Compared with ZnO, the
ECB in g-C3N4 has a greater negative value. In turn, this leads to
the few photoelectrons in the CB of g-C3N4 being transferred
to the CB of ZnO. Most of the photoelectrons are remained in
the CB of g-C3N4 due to the formation of internal electric filed
as mentioned before. Furthermore, photoelectrons can be
transferred from the VB of g-C3N4 to the midlevel, as well as to
the CB of the composite or the CB of ZnO, through the IFCT
pathway. As a result, the e−/h+ pair recombination rate was
suppressed. Hence, the separation efficiency of the photo-
generated charges was enhanced. The photoelectrons in both
CB of ZnO and CB of g-C3N4 were captured by the
environmental oxygen and produced reactive radicals of
•O2−, as the CB potentials of both g-C3N4 and ZnO are
significantly more negative compared to the standard O2/•O2

−

reduction potential (−0.28 V vs NHE at pH 0).79 But the VB
potential of g-C3N4 is less positive than the standard H2O/
•OH redox potential (2.80 V vs NHE at pH 0).65 Hence, holes
in g-C3N4 did not react with H2O and could not create the
reactive radical •OH. Noteworthy is the fact that the scavenger
rule test indicates that not only the •O2

− radical but also the
•OH radical plays important roles in the degradation of DCF
in the present study. However, the •OH radical may be formed
by the photochemical reaction of •O2−, as shown in the eq
12.74

Moreover, the scavenger test also indicates that photo-
generated h+ takes part as a minor reactive species in the

Table 3. Impact of Scavenger on Kinetic Parameters for
Photocatalytic Degradation of DCF Using ZnO/g-C3N4

scavenger rate constant (min−1) T1/2 (min) R2

without 0.0541 12.8 0.99
IPA 0.0115 60.3 0.93
BQ 0.00005 13,860 0.55
EDTA 0.0375 18.5 0.99
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photodegradation of DCF using the fabricated ZnO/g-C3N4
composite. Hence, a small amount of DCF may be degraded
by the direct reaction of photogenerated holes in the VB of g-
C3N4. The following equations represent the corresponding
photocatalytic reactions of DCF degradation with the ZnO/g-
C3N4 composite with visible light treatment.

+ + +g C N visible light g C N (e h )3 4 3 4 (8)

+ +g C N (e ) ZnO ZnO (e ) g C N3 4 3 4 (9)

+ + •O g C N (e ) ZnO O2 3 4 2 (10)

+ + •O ZnO (e ) ZnO O2 2 (11)

+ + • •+2H e O H O 2 OH2 2 2 (12)

+ • •DCF O / OH degraded products2 (13)

+ +DCF h degraded products (14)

■ CONCLUSIONS
In this study, the composite of commercially obtained ZnO
(Sigma-Aldrich) and prepared g-C3N4 from the calcination of
urea resulted in enhanced photocatalytic activity. Structural
and morphological analysis revealed the successful formation
of the composite, while PL and EIS analysis revealed the
reduced recombination of photocharges in the fabricated
composite. The photocatalytic degradation rate of DCF using
ZnO/g-C3N4 composite was 27 times higher than that attained
with pure g-C3N4 and 11 times higher than that attained with a
physical mixture of ZnO and g-C3N4. Possible photocatalytic
degradation mechanism and corresponding reactions have
been proposed.
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