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catalytic efficiency through Cu
substitution in TiO2/g-C3N4 heterojunction
nanocomposites for wastewater remediation†
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Water pollution from organic contaminants is one of the biggest problems affecting the globe today.

Conventional wastewater treatment systems have been used many times to solve world water pollution

problems. This study focuses on the development of Cu doped TiO2/g-C3N4 heterojunction

nanocomposites to improve the effectiveness of visible light harvesting, increase charge separation and

transfer efficiency, and enhance photocatalytic activity for the degradation of organic contaminants. The

synthesized photocatalysts were extensively analysed using XRD, FTIR, BET, UV DRS, PL, SEM, TEM, and

XPS methodologies. The superior photocatalyst (Cu-TiO2/g-C3N4) achieved the highest photocatalytic

degradation efficiency for BPA, MB, CR, and EBT under visible light irradiation. The rate constant for

photocatalytic degradation of BPA over the Cu-TiO2/g-C3N4 photocatalyst was 10.83, 8.86 and 3.48 fold

greater than that of pure TiO2, pristine g-C3N4, and Cu-TiO2 photocatalysts, respectively. The rate

constant decreased with the introduction of AO and TBA as they scavenge holes and hydroxyl radicals,

respectively. The increased photocatalytic activity of the ternary photocatalyst is attributed to improved

electron–hole pair separation and the creation of the type-II heterojunction structure. The

photocatalytic parameters of BPA demonstrate that the Cu-TiO2/g-C3N4 photocatalyst could be used in

real-world wastewater treatment applications.
Environmental signicance

Clean water is essential for life, and many water sources are increasingly contaminated by hazardous organic chemicals. Traditional treatment methods oen
fall short in effectively removing these persistent pollutants. This work highlights the environmental promise of a Cu-doped TiO2/g-C3N4 nanocomposite, which
acts as a solar-activated catalyst to break down harmful compounds in water. Its innovative design promotes strong visible light absorption and efficient charge
separation, enabling faster degradation of pollutants. By using sunlight as the driving force, this photocatalyst offers a green and cost-effective alternative for
water purication. The approach aligns with global efforts to develop sustainable technologies for environmental cleanup and demonstrates real potential for
practical application in wastewater treatment systems.
1 Introduction

Currently, pollution and the global energy crisis are major
concerns for animals, plants, and humans.1 Water contamina-
tion has increased due to highly toxic heavy metals such as
chromium (Cr VI) and numerous organic pollutants including
methylene blue (MB), Congo red (CR), eriochrome black T
(EBT), and phenols, among others, as a result of population
growth and industrialization.2–5 The aforementioned organic
contaminants react with air and water, producing harmful end
ute of Technology Hyderabad, Kandi,
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88–1500
products. Thus, it is critical to easily degrade water pollutants.6

To support sustainable development, several technologies have
been developed to treat organic contaminants in water,
including microbial degradation, activated carbon adsorption,
electrochemical coagulation, ltration, and photocatalysis.7

Photocatalytic technology has several uses, but one of the
most important is the removal of pollutants from wastewater. It
is very efficient, does not produce any secondary pollutants, and
can transform solar energy into chemical energy under mild
conditions. Many semiconductor materials, including metal
oxides, metal suldes, and composites, have been studied for
photocatalytic degradation.8 Among these, titanium dioxide
(TiO2) has attracted a lot of attention because of various advan-
tages including low cost, nontoxicity, and great photocatalytic
activity. The photocatalytic activity of TiO2, a typical wide gap
semiconductor with an energy gap of 3.2 eV, is limited by its
© 2025 The Author(s). Published by the Royal Society of Chemistry
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intrinsic narrow light-absorption range and high recombination
possibility of photogenerated electron–hole pairs.9 Hence,
elemental doping, morphological modication using nanotubes
and bers, and synthesising composites using novel 2-D mate-
rials such as graphene and C3N4 are effective methods to address
these constraints. Elemental doping effectively adjusts the band
gap of TiO2 by creating new energy levels and altering the
conduction and valence band minima. Cu-doped TiO2 has been
tested for photocatalytic applications, including hydrogen
production, CO2 conversion, and degradation of dyes and
organic pollutants.10 Woo Kim et al. reported Cu existing in Cu-
doped TiO2 thin lms in both Cu+ and Cu2+ forms. Under visible
light, these nano-architectures displayed better activity for
breakdown of organic dye molecules.11 TiO2 has therefore been
combined with other semiconductors to generate type I and type
II heterojunctions in order to improve charge separation.12,13

Metal-free semiconductor g-C3N4 is oen produced using
precursors such as urea, melamine, cyanamide, etc. Its structural
monomers are either tri-s-triazine or s-triazine units, or the sheets
have a honeycomb-like structure. g-C3N4 has been coupled with
other materials including TiO2,14 ZnO,15 Fe2O3,16 SnO2,17 V2O5,18

Bi2O4,19 a-MoC1−x quantum dots,20 charcoal21 etc. Using g-C3N4

alone oen leads to fast recombination of electron–hole pairs,
which limits its photocatalytic efficiency. Enhancing charge
separation is thus crucial for improving its performance. Liya-
naarachchi et al. reported that Cu-doped TiO2 was coupled with g-
C3N4 to form a Z-scheme heterojunction, and its photocatalytic
activity was evaluated for methylene blue degradation using
persulfate activation.22 Huang et al. studied TiO2/g-C3N4 hetero-
junctions with different TiO2 phases, analysing their properties,
sunlight-driven naphthalene degradation, and charge migration
using DFT calculations to explore their electronic structures.23Md
Fauzi et al. fabricated a TiO2/g-C3N4 photocatalyst via hydrolysis
using more TiCl4 than previous studies. The heterojunction
showed high UV-driven degradation of dyes, phenol, and
caffeine, offering a simple, effective method for pollutant
removal.24 Li et al. recovered anatase-phase TiO2 from spent SCR
catalysts via alkali leaching and used it to synthesize TiO2/g-C3N4

photocatalysts. Characterized by various techniques, the
composite showed efficient RhB degradation under visible light.25

Hazaraimi et al. prepared N-TiO2/g-C3N4 via two-step calcination
using TiO2 and melamine, achieving nitrogen doping and g-C3N4

exfoliation, which enhanced visible light-driven BPA degradation
with a simple, low-cost, and efficient method.26 Miri et al.
synthesized TiO2/g-C3N4 via a solvothermal method, achieving
efficient 4-bromophenol degradation under visible light due to
enhanced electron transfer, conrmed by XPS, DRS, PL, and
degradation pathway analyses.27 Alqarni et al. synthesized MgO-
TiO2@g-C3N4 nanocomposites, demonstrating enhanced photo-
catalytic degradation of high-concentration organic pollutants via
a direct S-scheme mechanism under visible light, offering an
effective dye decolorization method.28 Zhang et al. developed (A–
R)TiO2/g-C3N4 photocatalysts via impregnation-calcination using
TiCl4 and melamine, achieving porous structures and enhanced
TC-HCl degradation, with mechanisms studied through struc-
tural, optical, and electrochemical analyses.29 Eskandari et al.
synthesized a visible-light-responsive L-arginine-TiO2/g-C3N4
© 2025 The Author(s). Published by the Royal Society of Chemistry
photocatalyst for MNZ and OTC degradation, optimized via RSM
and CCD, with performance conrmed by XRD, PL, DRS, and
radical trapping, showing excellent stability and reusability.30

Mohamed Isa et al. developed TiO2/GCN nanocomposites using
biopolymer pullulan for paracetamol photodegradation,
addressing limited studies in drug removal. The impact of GCN
loading on structural and photocatalytic performance was thor-
oughly evaluated.31 Karthik et al. synthesized g-C3N4/N-TiO2

nanocomposites via ethanol dispersion and showed enhanced
sunlight-driven methylene blue degradation. Photocatalytic effi-
ciency, pH, dye concentration, and catalyst recyclability were
systematically studied.32 Hemmati-Eslamu et al. synthesized R-
GCN/Cu3BiS3 nanocomposites, with the 30% Cu3BiS3 sample
showing excellent visible-light photocatalytic degradation of TC,
AMX, RhB, MO, and Cr(VI), highlighting its promise for waste-
water treatment.33 The lack of recent studies on g-C3N4/TiO2

based nanocomposite photocatalysts for wastewater treatment
highlights a research gap, inspiring future work to explore their
effectiveness in environmental cleanup applications. Compre-
hensive studies on the photodegradation of bisphenol A (BPA),
methylene blue (MB), Congo red (CR), and eriochrome black T
(EBT) using metal-doped TiO2 combined with g-C3N4 are still
limited, revealing a notable gap in current photocatalytic
research. Metal-doped TiO2 materials have a narrower energy
band gap and are effective in the visible spectrum. However, they
have limited photocatalytic activity because of electron–hole pair
recombination. Similarly, g-C3N4 also displays this drawback.
Consequently, the coupling of these two semiconductors would
be advantageous, as both semiconductors are visible active. Cu
doped TiO2 was coupled with g-C3N4 to produce a type-II heter-
ojunction to evaluate the photocatalytic activity of the synthesized
nanocomposite in the photodegradation of organic pollutants
(BPA, MB, CR, and EBT). Several factors for the photodegradation
including the initial BPA concentration, catalyst dosage, and the
pH effect, and trapping study for scavengers was performed. Cu-
TiO2/g-C3N4 exhibits enhanced photostability and can be recycled
up to 5 times without any reduction in photoactivity or mineral-
ization efficiency. In addition, the type-II heterojunction mecha-
nism for BPA degradation is proposed based on radical
production and Mott–Schottky experiments.
2 Experimental
2.1. Materials

Titanium isopropoxide (Alfa Aesar), nitric acid (Merck), 2-
propanal (Merck), ethanol (Merck), acetic acid (Merck), copper
acetate dihydrate (Sigma-Aldrich), bisphenol A (Alfa Aesar), and
eriochrome black (Avra) were used. All the chemicals were used
as they are without further purication. Distilled water was used
for all the experiments. The synthesis of Cu-TiO2, g-C3N4, and
Cu-TiO2/g-C3N4 nanocomposites is presented in Fig. 1.
2.2. Preparation of photocatalytic materials (Cu-TiO2, g-
C3N4, and Cu-TiO2/g-C3N4)

Pure TiO2 and Cu-doped TiO2 were synthesized by using the sol–
gel method. For TiO2 synthesis, 3.3 mL of titanium
Environ. Sci.: Adv., 2025, 4, 1488–1500 | 1489
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Fig. 1 Schematic illustration of the preparation of Cu-TiO2/g-C3N4 composites.
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isopropoxide (TTIP) was mixed with 8.85 mL of isopropyl
alcohol under ambient conditions and stirred vigorously for 15
min. To this, 3.0 mL of acetic acid was added and stirring was
continued for another 30 min. The mixture was dried at 100 °C
for 48 h, and nally, the formed precipitate was calcined at 500 °
C for 3 h. For the preparation of Cu-doped TiO2, an adequate
quantity of copper(II) acetate (Cu ratio 3% by using TTIP) was
added during the aging process and agitated overnight. Drying
and calcination gave the nal material.34

g-C3N4 was prepared by thermal condensation of melamine.
In detail, 10 g of melamine was heated to 550 °C for 4 h at a rate
of 5 °C min−1 in air. The resulting yellow product was ground
into powder for further use and denoted as g-C3N4.35

500 mg of g-C3N4, 20 mL of DI water, and 10 mL of ethanol
were added to a round bottom ask and sonicated for 30 min.
250 mg (50 wt%) of Cu-TiO2 were added to the above solution
taken in different beakers and sonicated for 15 more min. Aer
sonication, the reaction mixture was stirred for 3 h at room
temperature. The resultant mixture was transferred into a 100
mL Teon-lined autoclave and heated at 180 °C for 15 h. Finally,
the autoclave was cooled to room temperature and the resultant
solution was centrifuged, washed with water and ethanol
several times, and dried at 60 °C overnight.22

2.3. Methods of characterization

With an X-ray Ragaku Miniex I diffractometer (Cu Ka cathode,
l = 0.154056 nm), X-ray diffraction patterns were acquired and
1490 | Environ. Sci.: Adv., 2025, 4, 1488–1500
the Scherrer equation was used to estimate the size of the
crystallites. Both a transmission electronmicroscope (TEM) and
a scanning electronmicroscope (SEM) were used to examine the
morphology of the nanomaterials. The transmission electron
microscope (JEOL JEM 2100) was operated at 200 kV. SEM
investigations were conducted using a JEOL 6700F ion beam
scanning electron microscope with a 2.5 kV extraction potential
and an EDX system. A Thermo Scientic™ ESCALAB Xi + X-ray
photoelectron spectrometer was employed to analyze the
surface chemistry of the nanomaterials using X-ray photoelec-
tron spectroscopy (XPS). The diffuse reectance spectra of the
prepared particle samples were analyzed using a precision
Czerny–Turner optical system in a Shimadzu 1800 UV/visible
spectrophotometer. The absorbance of BPA, EB and TC samples
was determined using a Shimadzu UV-1990 double-beam UV-
visible spectrophotometer.

2.4. Evaluation of photocatalytic performance

The photodegradation of pollutants including bisphenol A
(BPA), methylene blue (MB), Congo red (CR) and eriochrome
black T under UV-vis light illumination was assessed for the as-
prepared photocatalysts. Generally, 50 mg of the photocatalyst
was distributed in 100 mL of a solution including BPA (20 ppm)
and 10 ppm of MB, CR, and EBT. Prior to photocatalysis, the
mixture was agitated in the absence of light for 60 minutes to
achieve an adsorption–desorption equilibrium. Aer 60 min of
dark stirring to achieve the equilibrium between adsorption
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and desorption, the suspension was exposed to visible light
irradiation using a water circulation cooled 500 W tungsten
lamp. The light source was positioned 20 cm away from the
suspension. The suspension was sampled at regular irradiation
intervals (30 min) for 150 min (BPA, MB and EBT) and 120 min
(CR), ltered using a centrifuge machine, and then the
concentration of organic pollutants in the solution was
analyzed with a UV-vis spectrophotometer at 276 nm, 664 nm,
498 nm, and 489 nm. The degradation efficiencies for organic
dyes and BPA were calculated based on eqn (1),

Degradation efficiency (%) = (C0 − Ct/C0) × 100 (1)

where Ct is the concentration at irradiation time t and C0 is the
initial concentration of the pollutant. Using a Shimadzu model
TOC-L, the total organic carbon (TOC) concentration was
determined.

2.5. Photoelectrochemical measurements

EIS was used in a conventional three-electrode conguration.
The as-prepared samples were cast on 1 × 1 cm2 FTO, which
served as the working electrode, and a Ag/AgCl electrode,
a platinum electrode, and 0.1 M Na2SO4 solution were used as
the reference electrode, counter electrode, and electrolyte,
respectively. Benzoquinone (BQ), tert-butyl alcohol (TBA), and
ammonium oxalate (AO) were used as superoxide radical,
hydroxyl radical, and hole scavengers, respectively, in the active
species study.

3 Results and discussion
3.1. Structural and morphological studies

The crystal structure of the synthesized nanomaterials was
characterized using X-ray diffraction (XRD). The XRD pattern of
TiO2 (Fig. 2a) shows distinct peaks at 27.37°, 35.98°, 41.11°, and
56.63°, corresponding to the (110), (111), (111), and (220) planes
of the rutile phase (JCPDS No. 00-021-1276). Additionally, peaks
at 25.37°, 36.72°, 37.80°, 38.45°, 48.12°, 53.94°, 55.01°, 62.75°,
68.78°, 70.28°, and 75.02° are indexed to the (101), (103), (004),
(002), (105), (211), (204), (115), (220), and other planes of the
anatase phase (JCPDS No. 00-021-1272), indicating the coexis-
tence of both rutile and anatase phases.36 Upon doping with Cu,
a slight shi to lower angles in the peak positions of the (101)
plane of anatase and the (110) plane of rutile was observed
(Fig. 2b), suggesting lattice distortion due to Cu incorporation.
This implies successful substitution of Ti4+ by Cu2+ in the TiO2

lattice, which is feasible due to the larger ionic radius of Cu2+

(0.72 Å) compared to Ti4+ (0.60 Å). Notably, no additional peaks
corresponding to metallic Cu or copper oxide phases were
detected, further indicating that Cu was doped into the TiO2

lattice rather than forming separate phases.37

The XRD pattern of g-C3N4 (Fig. 2c) displays two character-
istic peaks at 12.87° and 27.44°, which correspond to the (100)
and (002) planes, respectively. The composite of Cu-TiO2 with g-
C3N4 exhibits diffraction features consistent with those of both
Cu-doped TiO2 and g-C3N4, conrming the successful forma-
tion of the heterostructure.38 Although XRD can verify the
© 2025 The Author(s). Published by the Royal Society of Chemistry
incorporation of Cu into the crystal lattice, it cannot directly
determine its oxidation state. The oxidation state is inferred
from the literature and ionic size considerations and should
ideally be conrmed by complementary techniques such as XPS.

FT-IR spectra were used to investigate the chemical structure
of materials. The broad band located at 500–670 cm−1 is
attributed to the bending vibrations of the Ti–O–Ti bonds
within the TiO2 lattice (Fig. 2d). The broad band centred at
3100–3600 cm−1 is attributed to the intermolecular interaction
between the hydroxyl group of the water molecule and the TiO2

surface (Fig. 2d). The peak at around 1650 cm−1 corresponds to
the typical bending vibration of the Ti–OH group.39 The g-C3N4

spectra exhibit characteristic stretching vibrations between
1200 and 1700 cm−1, which are ascribed to C–N and C]N
heterocycles.40,41 Broad bands in the range of 3100 to 3300 cm−1

and a peak at 802 cm−1, attributed to the N–H stretching
vibration of residual NH2 groups in g-C3N4 aromatic rings and
the breathing mode of s-triazine units, were also detected.42,43

The primary g-C3N4 characteristic peaks were seen in the Cu-
TiO2/g-C3N4 spectrum, and the detected band at 500–670 cm−1

associated with the Ti–O–Ti and Ti–O bonds can conrm the
presence of TiO2 (Fig. 2d).

EPR is a crucial technique for elucidating the valence state of
the dopant and its coordination environment inside the host
framework. EPR spectra of Cu-TiO2 nanoparticles reveal
a symmetric structure and indicate octahedral coordination of
TiO2 (Fig. 2e). The g value of 1.99 indicates that Cu2+ is coor-
dinated in an octahedral arrangement within TiO2 and has
substituted Ti4+ at the lattice site. The EPR peak is likewise
broad, indicating the presence of dipolar interaction between
nearby Cu2+ ions, resulting in an increase in peak width.44 The
EPR signal at a g value of 2.003 in g-C3N4, which was caused by
N-defects during exfoliation, indicates an increase in the
number of unpaired electrons on C atoms (Fig. 2f).45

X-ray photoelectron spectra were used to analyze the surface
of the produced catalysts. The survey spectrum of Cu-TiO2/g-
C3N4 (Fig. 2g) demonstrates the existence of C, N, Cu, Ti, and O
elements. Higher-resolution spectra of synthetic materials were
acquired for detailed surface chemical analysis. Three peaks at
284.7, 285.2, and 289.8 eV were seen in the deconvoluted higher
resolution C 1s spectrum of Cu-TiO2/g-C3N4 (Fig. 2h), and they
are ascribed to sp2 hybridized C]C, C–O, and O–C]O,
respectively.46 The N 1s spectra (Fig. 2i) reveal three sub-peaks at
398.6, 399.7, and 401.1 eV. These peaks correspond to sp2

hybridized N in s-triazine rings (C–N]C), N–C3, and N atoms in
the heptazine ring.47 The Cu 2p spectrum of Cu-TiO2/g-C3N4

(Fig. 2j) indicates spin-orbital coupling, with 2p3/2 and 2p1/2
appearing at 934.7 and 954.3 eV, respectively, indicating the
presence of Cu2+. The Ti 2p spectrum (Fig. 2k) demonstrates
spin–orbital coupling, with Ti4+ peaks at 457.9 (2p3/2) and 463.4
eV (2p1/2), respectively. These values are consistent with the Ti4+

oxidation state in Ti–O bonds, indicating the presence of TiO2

rather than metallic Ti. The absence of any shoulder or peak
shi toward lower binding energies rules out the presence of
metallic Ti (which typically appears at around 457.9 eV for Ti
2p3/2). Hence, the XPS data conrm that the titanium exists in
an oxidized state as part of Ti–O compounds, specically TiO2,
Environ. Sci.: Adv., 2025, 4, 1488–1500 | 1491
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Fig. 2 (a) XRD, (b) enlarged XRD patterns of pristine TiO2 and Cu-TiO2, (c) XRD patterns of synthesized materials, (d) FT-IR spectra of the
catalysts, EPR spectra of (e) Cu-TiO2 and (f) g-C3N4, (g) XPS survey scan, and high resolution (h) C 1s, (i) N 1s, (j) Cu 2p, (k) Ti 2p, and (l) O 1s XPS
spectra.
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within the photocatalyst. Three peaks at 529.26, 530.6, and
531.71 eV are identied in the higher resolution O 1s spectra
(Fig. 2l), with the third new peak being attributed to the oxygen
present in the hydroxyl group or physiosorbed water.48

FESEM and TEM examination was used to investigate the
morphology of the synthesized pure TiO2, Cu doped TiO2, g-
C3N4 and Cu-TiO2/g-C3N4 photocatalysts (Fig. 3). The pure TiO2

sample displays irregular, small granular clusters (Fig. 3a and
e). In contrast, the Cu-doped TiO2 sample (Fig. 3b and f) shows
a distinct transformation in morphology, characterized by
agglomerated spherical particles of uneven size and improved
dispersion. These changes in particle shape, size, and distri-
bution suggest that Cu doping signicantly alters the micro-
structure of TiO2. The incorporation of Cu ions likely occurs
near the grain boundaries or on the surface of TiO2 particles,
1492 | Environ. Sci.: Adv., 2025, 4, 1488–1500
effectively hindering crystal growth and contributing to the
observed morphological differences.49 Thus, both SEM and
TEM effectively support the claim that Cu doping modies the
structural features of TiO2 at the micro- and nanoscale levels.
Fig. 3c illustrates that pure g-C3N4 exhibits a distinct irregular
layered structure that stacks upon itself. The surface of g-C3N4

became rougher than the original g-C3N4 as shown in Fig. 3(d
and g); this is because loaded Cu-TiO2 spherical nanoparticles
were present. The dispersity of Cu-TiO2 nanoparticles on the
surface of the g-C3N4 nanolayer is noticeably better than that of
pure TiO2 nanoparticles. Cu-TiO2 nanoparticles are uniformly
distributed on the g-C3N4 sheets, resulting in a rougher and
more textured surface. This increased surface area and
improved interfacial contact between Cu-TiO2 and g-C3N4

facilitate better light absorption and provide more active sites
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5va00080g


Fig. 3 Scanning electron microscopy (SEM) images of (a) TiO2, (b) Cu-TiO2, (c) g-C3N4, and (d) Cu-TiO2/g-C3N4 catalysts, transmission electron
microscopy (TEM) images of (e) TiO2, (f) Cu-TiO2, and (g) Cu-TiO2/g-C3N4, (h) high-resolution transmission electron microscopy (HRTEM)
images of Cu-TiO2/g-C3N4, and (i) EDX spectra of Cu-TiO2/g-C3N4 and elemental quantification (inset right).
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for photocatalytic reactions, ultimately contributing to
enhanced degradation of pollutants. Moreover, the distinct
lattice fringe of TiO2 nanoparticles exhibits a d-spacing of 0.36
nm, corresponding to the (101) lattice plane of anatase TiO2.
Fig. 3h shows the high-resolution TEM (HRTEM) image of
composites, with a lattice fringe spacing of 0.36 nm corre-
sponding to the (101) crystal plane of TiO2 and accordingly the
(002) crystal plane of g-C3N4 revealed that all three phases come
into intimate contact with each other and the lattice fringes of
the composite structure were strongly dened in their structure.
The Cu-TiO2 nanoparticles loaded on g-C3N4 have the same d-
spacing of 0.36 nm, and the TiO2 phase is anatase, which is
consistent with our prior XRD results.50 The Cu-TiO2 nano-
particles in the as-received Cu-TiO2/g-C3N4 nanocomposite
grow denser and more uniform, and they exhibit an
outstanding heterojunction effect, which is favourable for the
transmission of photogenerated electrons and improving pho-
toactivity. Furthermore, energy-dispersive X-ray (EDX) analysis
conrmed the presence of all constituent elements, validating
the successful synthesis of the Cu-TiO2/g-C3N4 composite, as
shown in Fig. 3i.

The optical characteristics of pristine TiO2, Cu-TiO2, pristine
g-C3N4, and Cu-TiO2/g-C3N4 nanocomposite photocatalysts
were analyzed to investigate their electronic properties using
© 2025 The Author(s). Published by the Royal Society of Chemistry
UV-visible diffuse reectance spectroscopy. Using UV-vis
absorption spectra in the wavelength range of 200–800 nm the
photocatalysts were assessed as shown in Fig. 4. TiO2 shows UV
range characteristics, having an absorption edge at 379 nm. The
absorption edge of g-C3N4 was observed at 449 nm, indicating
that it is in the visible range. Conversely, the absorption edge of
Cu-TiO2/g-C3N4 is further shied toward the visible range,
indicating that it is in the high visible light absorption range.
The optical bandgaps of pristine TiO2, Cu-TiO2, pristine g-C3N4,
and Cu-TiO2/g-C3N4 nanocomposites were calculated using
eqn (2):

(ahn)n = A(hn − Eg) (2)

where A is the proportionality constant, a is the extinction
coefficient, h is Planck's constant, n is the frequency of vibration
light, Eg is the bandgap, and n is a constant which is 2 or 1/2.
The indirect optical bandgap energies were determined by
extrapolating the linear portion of the plot (ahn)1/2 versus hn
(Fig. 4a–d). The calculated Eg values were 3.27, 2.67, 2.78, and
2.77 eV for pristine TiO2, Cu-TiO2, pristine g-C3N4, and Cu-TiO2/
g-C3N4 nanocomposites, respectively. The bandgap of Cu-TiO2/
g-C3N4 demonstrates that Cu-doping in TiO2 can increase the
visible light absorption of the Cu-TiO2/g-C3N4 nanocomposite,
Environ. Sci.: Adv., 2025, 4, 1488–1500 | 1493
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Fig. 4 (a–d) UV-vis diffuse reflectance spectra and Tauc plots of pristine TiO2, Cu-TiO2, pristine g-C3N4, and Cu-TiO2/g-C3N4 composites, (e)
PL spectra of g-C3N4 and Cu-TiO2/g-C3N4 composites, (f) polarization curves, (g and h) electrochemical impedance spectra of Cu-TiO2/g-C3N4,
and (i) Bode phase plot of photoelectrodes.
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resulting in a more signicant enhancement in photocatalytic
activity.

PL spectra can be used to characterize the separation and
migration of photogenerated electron–hole pairs, which is
a critical step in photocatalysis. The photoluminescence (PL)
spectra arise from the recombination of photogenerated elec-
tron–hole pairs, providing insight into their separation effi-
ciency. In general, a high recombination rate of photoexcited
electrons and holes results in limited photocatalytic activity.
Pristine g-C3N4 exhibits the most prominent emission peaks
located at around 455 nm (Fig. 4e), which indicate the rapid
recombination rate of photoexcited charge carriers and conse-
quently result in reduced photocatalytic activity. When Cu-TiO2

was loaded with g-C3N4, the intensity of emission peaks
declined dramatically demonstrating the reduced recombina-
tion of electrons and holes. In particular, Cu-TiO2/g-C3N4 with
the highest photocatalytic activity even has amuch smaller peak
intensity than the photocatalyst with g-C3N4.
3.2. Photoelectrochemical properties of TiO2, g-C3N4, Cu-
TiO2 and Cu-TiO2/g-C3N4 composites

We studied photoelectrochemical (PEC) behaviour of the
fabricated photocatalysts towards the oxygen evolution reaction
by fabricating thin lms supported on uorine doped tin oxide
as a transparent conducting oxide. The TiO2 photoanode
1494 | Environ. Sci.: Adv., 2025, 4, 1488–1500
delivered a photocurrent density (J) 0.4 mA cm−2 at 1.23 VRHE

meanwhile pristine g-C3N4 showed J = 0.42 mA cm−2 at 1.23
VRHE (Fig. 4f). Not much difference in activity was observed
between TiO2 and g-C3N4 until 1.1 VRHE but above this potential
g-C3N4 showed slightly higher photocurrent than TiO2. Doping
TiO2 with Cu led to a signicant increase in photocurrent
density reaching 0.7 mA cm−2 at 1.23 VRHE. However, the
composite of Cu-TiO2/g-C3N4 is observed to have higher onset
potential and greater photocurrent density even at lower
potentials starting from 0.4 VRHE owing to efficient charge
generation, separation and transfer at the heterointerface
between Cu-TiO2 and g-C3N4. Cu-TiO2/g-C3N4 delivered
a photocurrent density of 0.8 mA cm−2 at 1.23 VRHE which is
signicantly higher than that of pristine TiO2, g-C3N4 and Cu-
TiO2 photoanodes. Electrochemical impedance spectroscopy
(EIS) is performed to evaluate the charge kinetics of transfer at
the bulk and interface. Here, the Rct, Rs, and CPE represent
charge transfer resistance, solution resistance, and the constant
phase element. The radius of the semicircle represents the
obstruction to the ow of charge. The bigger the semicircle
radius, the greater the resistance observed by the electrons to
ow through the bulk to the surface. A smaller radius depicts
easier ow of charge through the bulk to the surface. All the
photoanodes showed similar solution resistance owing to being
in equilibrium with the electrolyte. On the other hand, charge
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Pseudo-first-order rate constants (min−1) for BPA, MB, CR,
and EBT degradation under UV-vis light irradiation

Photocatalyst

k (min−1)

BPA MB CR EBT

TiO2 0.0018 0.0063 0.0034 0.0015
g-C3N4 0.0022 0.0097 0.0041 0.0026
Cu-TiO2 0.0056 0.0122 0.0085 0.0069
Cu-TiO2/g-C3N4 00.0195 0.0186 0.0109 0.0098
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transfer resistance (Rct) is observed to be lowest for Cu-TiO2/g-
C3N4 (625.5 U) as compared to TiO2 (5700.4 U), g-C3N4 (9780.3
U), and Cu-TiO2 (760.4 U) depicting efficient charge movement
from the bulk to the electrode electrolyte in Cu-TiO2/g-C3N4

(Fig. 4(g and h)). Higher charge transfer resistance means
obstruction of the ow of charge in the photoanode which
might be due to recombination, or destabilization of photoex-
cited electron/hole pairs due to defects and traps. Bode phase
plots were attained from EIS spectroscopy depicting the average
electron time period in the circuit. The faster the charge transfer
the lower is the electron time period and the higher the average
electron time, the slower the electron transfer kinetics in the
photoanode making them more prone to recombinations. The
average time is inversely proportional to the frequency maxima
of the photoanode in the Bode phase plot. Here in our study, we
found that Cu-TiO2/g-C3N4 showed the lowest phase difference
and highest time (maxima at high frequency) compared to TiO2,
g-C3N4, and Cu-TiO2 (Fig. 4i).
3.3. Photocatalytic study

3.3.1. Effect of synthesized catalysts on the photocatalytic
removal and mineralization of bisphenol A, methylene blue,
Congo red and eriochrome black T. The degradation of persis-
tent organic pollutants, such as the endocrine disruptor
bisphenol A (BPA) and dyestuffs of methylene blue (MB), Congo
red (CR), and eriochrome black T (EBT) under visible light, was
conducted to compare the photocatalytic activities of TiO2, Cu-
TiO2, g-C3N4, and Cu-TiO2/g-C3N4 samples. To better under-
stand the dynamic degradation process of BPA, MB, CR and EBT
on different photocatalysts, the rst-order kinetic model with
equation −ln(Ct/C0) = kt is used to describe the experimental
data, where Ct (ppm) is the residual concentration at time t
(min) and C0 is the concentration at t = 0. The degradation rate
constants (k) of pollutants are described in Table 1 and Fig. 5.

The rate constants and time-resolved degradation proles of
BPA, MB, CR, and EBT under visible light irradiation with
photocatalysts are shown in Fig. 5a–d. The incorporation of
TiO2 results in the elimination efficiencies for BPA, MB, CR, and
EBT being 35% (150 min), 78% (150 min), 46% (120 min), and
30% (150 min), respectively. The corresponding removal
percents in the Cu-TiO2/visible irradiation system are 74%
(BPA), 92% (MB), 78% (CR), and 80% (EBT). The BPA, MB, CR,
and EBT degradation efficiencies are 40%, 90%, 54%, and 47%
for g-C3N4/visible, respectively. The photocatalytic efficiencies
of Cu-TiO2/g-C3N4 in the degradation of BPA, MB, CR, and EBT
are 99%, 99%, 86%, and 92% respectively. Clearly, Cu-TiO2, g-
C3N4, and Cu-TiO2/g-C3N4 catalysts have better visible light
photocatalytic degradation efficiencies towards BPA, MB, CR
and EBT elimination than TiO2 (Fig. S1 and S2†). The total
organic carbon removal efficiency for BPA, MB, CR, and EBT is
40%, 45%, 35% and 29%, respectively, implying that TOC
mineralization of the typical endocrine disruptor and dyestuffs
over the photocatalysts of Cu-TiO2/g-C3N4 is favourable under
visible light aer irradiation for 150 min, 150 min, 120 min and
150 min (Fig. 6d). The improved photocatalytic performance is
primarily due to enhanced visible light absorption and the
© 2025 The Author(s). Published by the Royal Society of Chemistry
effective transfer and separation of photoinduced electrons and
holes, which depend on the well-established interface between
Cu-TiO2 and g-C3N4. However, doping Cu into TiO2 resulted in
a shi in the valence band position of TiO2, and Cu-TiO2

nanoparticles agglomerated on the surface of g-C3N4 stacked
layers, thereby forming a heterojunction structure and
enhancing photocatalytic activity. Table 2 shows the compar-
ison of the photocatalytic activity of the various developed
heterojunctions with those of the previously reported UV-vis
light photocatalysts for the photodegradation of BPA.

3.3.2. Effect of operational parameters on photocatalytic
properties

3.3.2.1 Effect of the initial concentration of BPA. With 40 mg
of Cu-TiO2/g-C3N4, the amount of BPA was changed from 20 to
40 ppm. At 20 ppm of BPA, the rate of photodegradation was
faster, with a rate constant of 0.0195 min−1 (Fig. 6a). The pho-
todegradation rate was reported to be 98% at this concentration
(20 ppm). The reduction in photodegradation efficiency to 40%
at a BPA concentration of 40 ppm was ascribed to the formation
of BPA on the Cu-TiO2/g-C3N4 surface, which blocks direct light
irradiation to the catalyst surface.

3.3.2.2 Effect of the catalyst concentration. The concentration
of the catalyst in photocatalytic processes signicantly affects
the breakdown of BPA. Different catalyst concentrations,
ranging from 30 mg to 50 mg, were used in the experiments.
The efficiency of BPA degradation increases with an increasing
catalyst concentration up to 40 mg, aer which it slightly
decreases with additional catalyst concentrations as demon-
strated in Fig. 6b. The decomposition of BPA is accelerated by
increases in the quantity of active sites and absorbed photons
on the photocatalyst surface. However the particles aggregate,
the specic surface areas decrease, and ultimately the photo-
catalytic activity is lowered if the catalyst concentration is
higher than the ideal amount.

3.3.2.3 Effect of pH. The initial pH is a crucial component in
the photocatalytic reaction. The effect of starting pH on BPA
photodegradation was demonstrated using single factor
studies, with observations illustrated in Fig. 6c. At pH 3 the BPA
elimination rate attained the highest degree of degradation
efficiency. In an acidic medium, BPA molecules become
protonated, which alters their electronic structure. The phenol
groups in BPA can accept H+ ions, making the molecule more
reactive to photochemical processes. The degradation rate
constants (k) of BPA concerning photocatalytic factors,
including the BPA concentration, catalyst concentration (Cu-
Environ. Sci.: Adv., 2025, 4, 1488–1500 | 1495
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Fig. 5 Plots of −ln(C/C0) vs. time for the photodegradation of (a) bisphenol A, (b) methylene blue, (c) Congo red and (d) eriochrome black T
under visible light irradiation with various catalysts. Experimental conditions: pollutants (BPA, MB, CR and EBT) = 50 mL (10 ppm), catalysts = 50
mg.
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TiO2/g-C3N4), and pH impact, can be derived from the slope of
the tting line in the plot of −ln(Ct/C0) versus time (t). The plots
of Ct/C0 versus time and the degradation efficiencies illustrating
the effects of operational parameters such as initial concen-
tration, catalyst dosage, and pH on the photocatalytic perfor-
mance are presented in Fig. S3 and S4.†

3.3.3. Reusability of the most efficient photocatalyst Cu-
TiO2/g-C3N4. In order to study the stability and reusability, the
collected Cu-TiO2/g-C3N4 sample was reused for degradation of
BPA under visible light irradiation. The recycled Cu-TiO2/g-C3N4

retains satisfactory reusing performance in which the BPA
degradation efficiencies aer ve continuous runs are 90%
(Fig. 7a). The little decline compared with the primary cycle in
degradation activities suggests that Cu-TiO2/g-C3N4 has
considerable reusability for visible light driven photocatalysis.
This can be conrmed by the information in XRD patterns
(Fig. 7b) and XPS survey scan (Fig. 7c) of Cu-TiO2/g-C3N4 before
and aer the 5th BPA degradation cycle. As can be seen, the
recycled sample shows extremely similar diffraction peaks to
the fresh one, indicating that the phase and structure of Cu-
TiO2/g-C3N4 have no obvious change aer the photocatalytic
reaction. Further investigation is carried out by using XPS to
determine the chemical constituents of the recycled Cu-TiO2/g-
C3N4 sample. From the gure of XPS spectra survey scan, it can
be found that the recycled Cu-TiO2/g-C3N4 contains Cu 2p, Ti
2p, O 1s, C 1s and N 1s as well as the fresh material. As these
1496 | Environ. Sci.: Adv., 2025, 4, 1488–1500
results show, Cu-TiO2/g-C3N4 can be used as an efficient pho-
tocatalyst for application in wastewater treatment.
3.4. Photocatalytic mechanism

In order to explore the intrinsic reaction mechanism involving
different reactive species during the photocatalytic degradation
process, typical radical scavenging experiments for BPA degra-
dation over Cu-TiO2/g-C3N4 are performed. p-benzoquinone,
tert-butyl alcohol and ammonium oxalate are chosen as the
quenchers of superoxide radicals (O2

−c), photo-induced holes
(h+) and hydroxyl radicals (OHc), respectively. As presented in
Fig. 7d, the BPA photodegradation efficiency of Cu-TiO2/g-C3N4

under visible light drastically decreased by 32% aer addition
of ammonium oxalate, which suggests that photo-induced
holes play a key role in the degradation of BPA. In the presence
of tert-butyl alcohol, the removal ratio of BPA is obviously
restricted, in which 74% BPA degradation efficiency is perceived
with a loss of photodegradation percent indicating that the
photo-generated OHc is also the main factor affecting BPA
degradation under visible light irradiation. In addition, it can
be found that the existence of p-benzoquinone also has
a noticeable impact on BPA degradation (83%), which implies
that the O2

−c species is also involved in the PBA degradation
process by Cu-TiO2/g-C3N4. Therefore, the results demonstrate
that the three reactive species are responsible for BPA
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Plots of −ln(Ct/C0) vs. time for the photodegradation of BPA with respect to (a) concentration effect of BPA, (b) catalyst dosage of Cu-
TiO2/g-C3N4, and (c) effect of pH, and (d) TOC analysis of BPA photodegradation.
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degradation and the contribution order of these reactive species
is h+ > OHc > O2

−c. Photocatalytic degradation (concentration vs.
time) and −ln(Ct/C0) vs. time plots for the impact of quenchers
over Cu-TiO2/g-C3N4 for BPA degradation are described in
Fig. S5.† To improve the photocatalytic activity of bare Cu-TiO2

and g-C3N4, Cu-TiO2/g-C3N4 heterostructures were fabricated to
minimize the recombination of photogenerated electron–hole
pairs and facilitate effective charge separation. As mentioned
earlier, the fast e− and h+ recombination is the main drawback
Table 2 Comparison of the photocatalytic activity of the various develo
photocatalysts for the photodegradation of BPA

Photocatalyst Pollutant Time (min)

CuBi2O4/Zn-Al LDH BPA 240
TiO2/WS2 120
Ag/Bi3O4Br 90
In2S3/Zn3In2S6 120
GO@BiOI/Bi2WO6 360
Bi3O4Br/Ti3C2 60
Ag-TiO2 120
C3N4-Zn/Bi2WO6 120
Cu-TiO2/g-C3N4 180

© 2025 The Author(s). Published by the Royal Society of Chemistry
of using a single photocatalyst. Furthermore, the h+ and e−

produced by g-C3N4 and Cu-TiO2, respectively, are insufficient
for reacting with H2O and O2. The redox potential of h+ and e−

was preserved by Cu-TiO2/g-C3N4, which also inhibited their
quick recombination. Hence, compared to bare Cu-TiO2 or g-
C3N4, Cu-TiO2/g-C3N4 showed substantially superior photo-
catalytic activity for BPA degradation. The inadequate photo-
catalytic performance of g-C3N4 is ascribed to the
recombination phenomena of photogenerated electron (e−)–
ped heterojunctions with those of the previously reported UV-vis light

Light source Photodegradation (%) Ref.

Visible 84 51
Visible 85 52
Sun light 94 53
Visible 95 54
UV-vis 81 55
Visible 91 56
UV 96 57
Visible 93 58
Visible 99 This work
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Fig. 7 (a) Degradation efficiency of the Cu-TiO2/g-C3N4 photocatalyst in the reusability test under visible light irradiation, (b) XRD spectra and (c)
XPS spectra after five cycles, (d) impact of quenchers over Cu-TiO2/g-C3N4, Mott–Schottky (M–S) plots of (e) Cu-TiO2 and (f) g-C3N4 and (g)
possible reaction mechanism for BPA photodegradation.
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hole (h+) pairs. Therefore, the most effective method to improve
photocatalytic activity is by creating composites or hetero-
junctions of g-C3N4 with various metal oxides. The energy band
locations of the valence band (VB) maxima and conduction
band (CB) minima are used to assess the photocatalytic degra-
dation mechanism of Cu-TiO2/g-C3N4 heterostructures. The
maximum position of the valence band (VB) for g-C3N4 is about
1.68 eV, and the minimum position of the conduction band
(CB) is around −1.08 eV. For Cu-TiO2, the VB is at 2.25 eV and
the CB is at −0.42 eV according to Mott–Schottky (M–S) plots
(Fig. 7(e and f)). The Cu-TiO2/g-C3N4 composite starts to
produce photo-induced electrons and holes when exposed to
visible light. Electrons that are stimulated using light go from
the valence band (VB) into the conduction band (CB). Electrons
from the CB of g-C3N4 migrate to the CB of Cu-TiO2, while holes
migrate in the opposite direction, specically from the VB of Cu-
TiO2 to the VB of g-C3N4. Consequently, the effective separation
of photoinduced electron–hole pairs is facilitated by the
1498 | Environ. Sci.: Adv., 2025, 4, 1488–1500
heterojunction that is formed between semiconductors with
appropriate band potentials (Fig. 7g). The photocatalytic activity
is improved by the synergistic effect of Cu-TiO2 and g-C3N4,
which promotes charge separation. The amalgamation of Cu-
TiO2 and g-C3N4 facilitates charge separation and enhances
photocatalytic activity. The surface-migrated electrons react
with dissolved oxygen to generate superoxide radical anions
(O2c

−), while holes in the valence band react with water to
produce highly reactive hydroxyl radicals (cOH), both of which
oxidize deleterious organic compounds.
4 Conclusions

We were able to decrease the band gap and increase the visible
light response by successfully incorporating Cu into a TiO2

lattice. A Cu-TiO2/g-C3N4 heterojunction photocatalyst was also
effectively created by integrating Cu-TiO2 with g-C3N4. A highly
visible light active photocatalyst heterojunction of g-C3N4 layer
© 2025 The Author(s). Published by the Royal Society of Chemistry
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anchored Cu-TiO2 was synthesized by the hydrothermal method
for endocrine disruptor and cationic and anionic dye stuff
degradation. The Cu-TiO2/g-C3N4 photocatalyst promoted the
absorption of visible light and separation of photogenerated
charges resulting in the enhancement of photocatalytic activity.
Among the tested photocatalysts, Cu-TiO2/g-C3N4 shows the
maximum enhanced photocatalytic performance compared to
TiO2, Cu-TiO2 and g-C3N4 towards BPA, MB, CR and EBT
degradation under visible light irradiation. The degradation
process of BPA is mainly caused by h+ and OHc free radicals with
high oxidation activity generated on the CB of g-C3N4 and VB of
Cu-TiO2, respectively, attributing to energy band matching.
According to the considerable reusability and stability certied
by recycling tests, the heterojunction photocatalyst based on
Cu-TiO2/g-C3N4 has great potential in pollution control and
remediation of water environments.
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