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Abstract: The construction of semiconductor heterojunctions combined with
elemental doping is a feasible and efficient strategy to optimize the optical properties
of photocatalytic materials. In this work, Cu-doped g-C3;N4/BiVO4 composite
photocatalysts were successfully fabricated via a facile synthetic route.
Characterization confirmed that BiVO4 nanoparticles uniformly grow on g-C3Nj
nanosheets, with Cu species coordinating with the triazine ring to form a
well-contacted heterojunction interface. Under visible-light irradiation, the optimized
Cu/g-C3N4/BiVOs composite achieved a rhodamine B (RhB) degradation efficiency
of 92.01% within 60 min, significantly outperforming pure g-C3;N4, BiVOs4, and

Cu/g-C5N4. In addition, the composite maintains excellent cyclic stability after four



repeated degradation tests, with only a slight decrease in catalytic activity. Radical
trapping experiments verify that -O2” and h* are the dominant active species
responsible for RhB photodegradation. To further clarify the intrinsic enhancement
mechanism at the atomic level, density functional theory (DFT) calculations were
performed. The theoretical results intuitively reveal the -electronic structure
modulation and interfacial charge transfer behavior induced by Cu doping and
heterojunction construction, confirming the establishment of a Type-II charge transfer
pathway. The synergistic effect between Cu doping and heterojunction structure
effectively broadens the visible-light absorption range and suppresses the
recombination of photogenerated carriers. This work clarifies the structure-activity
relationship of modified g-C3N4-based composites via combined experimental and
theoretical investigations, providing a reliable reference for the design and preparation

of high-efficiency visible-light photocatalysts.
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Highlights

1. A Cu-modified g-C3N4/BiVO4 composite photocatalyst was prepared through a
facile synthetic method, and the well-defined heterojunction structure and successful
Cu doping were verified by systematic characterization.

2. The synergistic effect of Cu doping and heterojunction construction endows the
Cu/g-C3N4/BiVO4 composite with improved visible-light absorption, efficient charge
separation and excellent cyclic stability, achieving prominent RhB photodegradation
performance.

3. DFT theoretical calculations were applied to analyze the electronic structure,
charge distribution and interfacial electron transfer of the composite system, which
further elaborates the intrinsic photocatalytic enhancement mechanism.

4. The joint experimental and theoretical study clarifies the structure-activity
relationship of g-C3Ns-based composite photocatalysts, offering feasible guidance for

the optimization and design of advanced environmental remediation photocatalysts.

1 Introduction

Semiconductor photocatalysis is considered as a green and sustainable
environmental remediation technology, which can efficiently utilize visible solar
energy to degrade organic pollutants in water. Benefiting from the advantages of low
cost, mild reaction conditions and no secondary pollution, photocatalysis has broad
application prospects in wastewater treatment [1-4]. Nevertheless, the practical
application of single semiconductor photocatalysts is still restricted by inherent
defects, including narrow light response range, low photogenerated charge separation
efficiency and rapid electron-hole recombination, which limit the improvement of

photocatalytic activity [5-7].



Graphitic carbon nitride (g-C3N4), as a typical metal-free visible-light-driven
photocatalyst, has attracted extensive research attention due to its stable chemical
properties, adjustable structure and simple preparation process. However, pristine
g-C3Ny suffers from a relatively wide band gap (~2.7 eV) and rapid carrier
recombination, which severely restrict its photocatalytic efficiency [8-11]. Bismuth
vanadate (BiVOs) is another promising visible-light photocatalyst with a narrow band
gap (2.3~2.4 eV) and good visible-light response ability. Whereas, the rapid
recombination of photogenerated charges also limits the practical photocatalytic
performance of pure BiVO4 [12-14].

Elemental doping and heterojunction engineering are two common and effective
modification strategies to solve the above problems. Element doping can regulate the
electronic structure of photocatalysts and introduce defect active sites, while
heterojunction construction can build valid interfacial charge transfer channels to
promote carrier separation. A large number of studies have confirmed that the
combination of the two strategies can produce a significant synergistic effect, further
optimizing the photocatalytic performance of composite materials [15-21]. For
instance, metal ion doping can effectively trap photogenerated electrons and inhibit
charge recombination, while the construction of g-C3N4/BiVOs heterojunction can
integrate the advantages of the two semiconductors, broaden the light absorption
range and optimize interfacial electron transfer [22-25].

Although relevant composite photocatalysts have been reported, the atomic-scale
mechanism of the synergistic effect between metal doping and heterojunction
interface remains insufficiently elaborated by experimental characterization alone. It
is still necessary to combine theoretical calculations to clarify the internal electronic

structure evolution and charge transfer mechanism.



In this work, a Cu-doped g-C3N4/BiVOs composite photocatalyst was fabricated
by coupling in-situ metal doping and heterojunction construction. The microstructure,
optical absorption performance and photoelectrochemical properties of the composites
were systematically investigated via multiple characterization methods. Photocatalytic
degradation experiments of RhB were carried out to evaluate the catalytic activity and
cyclic stability of the samples. More importantly, DFT first-principles calculations
were employed to analyze the density of states, differential charge density and work
function of the composite system, revealing the intrinsic enhancement mechanism
induced by Cu doping and heterojunction formation. The combined experimental and
theoretical results systematically clarify the structure-activity relationship of the
composite photocatalyst. This study provides effective experimental basis and
theoretical support for the modification and performance optimization of

g-C3Ns-based visible-light photocatalysts.

2 Experiments
2.1 Materials

All chemical reagents, specifically urea, Cu(NO3)2, Bi(NO3)3-5H20, NH4VOs3,
HNO:;, NaOH, anhydrous ethanol, RhB, benzoquinone (BQ),
ethylenediaminetetraacetate disodium salt (EDTA-2Na), and isopropanol (IPA), were
obtained from Macklin Co., Ltd. (China) and used as received.
2.2 Synthesis of g-C3N4

The synthesis of ultrathin g-C3N4 nanosheets was carried out via thermal
polymerization. In a typical procedure, 5 g of urea was placed in a covered crucible
and heated to 550 °C at a ramp rate of 13 °C min! in a muffle furnace. The

temperature was held for 4 h, yielding a pale yellow solid. Upon cooling to room



temperature, the product was ground and stored. Compared with traditional methods
[26-28], this strategy eliminates the requirement for additional exfoliation treatments
(thermal, solvent, or ultrasonic), resulting in a more straightforward and
energy-efficient process.
2.3 Synthesis of Cu/g-C3N4

The synthesis of Cu/g-C3N4 was carried out by a solution-based method. Briefly,
0.3 g of g-C3N4 powder was ultrasonically dispersed in 25 mL of anhydrous ethanol,
and 0.03 g of Cu(NOs3)2 was then introduced into the dispersion. After sonication for
0.5 h, the mixture was refluxed at 76 °C for 3 h. The resulting solid was separated via
centrifugation, washed three times each with 7 mL of distilled water and 7 mL of
anhydrous ethanol to remove unreacted copper species, and dried in an oven at 60 °C
for 12 h.
2.4 Synthesis of Cu/g-C3N4/BiVO4

The synthesis of Cu/g-C3N4/BiVO4 was conducted via a hydrothermal method.
In detail, 0.5 g of Cu/g-C3N4 and 1.225 g of Bi(NO3)3-5H20 were dissolved in 20 mL
of 2 M HNO:s to form Solution A, and 0.3 g of NH4VO; was dissolved in 20 mL of 2
M NaOH to form Solution B. Solution B was gradually introduced into Solution A
under stirring, followed by pH adjustment to 9 using 0.1 M NaOH. The resulting
suspension was sealed in a 100 mL Teflon-lined autoclave and maintained at 180 °C
for 12 h. Upon cooling to room temperature, the solid product was separated by
centrifugation, washed with deionized water and anhydrous ethanol to eliminate
impurities, and dried in an oven at 80 °C for 6 h to obtain a yellow powder (Scheme 1).
Pure BiVO4 nanorods were also synthesized under the same conditions but without

the addition of Cu/g-C3Na.
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Scheme 1 Illustration for the synthesis of Cu/g-C3N4/BiVO4

2.5 Characterization

Fourier transform infrared (FT-IR) spectra: recorded on a LIDA-20 spectrometer
(400-4000 cm™, KBr disk method). X-ray diffraction (XRD): performed on a Rigaku
D/MAX 2400 diffractometer (Cu Ka radiation, 10-80° 20, scan rate 5° min).
Morphology: observed via scanning electron microscopy (SEM, S-4800) and
transmission electron microscopy (TEM, TECNAI G2). Chemical states: analyzed via
X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Fisher), with
binding energies calibrated against C 1s (284.8 eV). Optical properties: UV-visible
diffuse reflectance spectra (DRS) and absorption spectra recorded on a Shimadzu
UV-2600 spectrophotometer; photoluminescence (PL) spectra measured on a
FELS-55 spectrofluorometer (excitation wavelength 360 nm). Electrochemical
measurements: conducted on a CHI660 electrochemical workstation.
2.6 photocatalytic activity Tests

RhB degradation was performed in a BL-GHX-V photochemical reactor
(Shanghai Billang Instrument Co., Ltd.). Typically, 10 mg of catalyst was dispersed in
50 mL of 10 mg-L' RhB solution, stirred in the dark for 30 min to reach
adsorption-desorption equilibrium, then irradiated under visible light. At intervals, 5
mL of suspension was centrifuged, and the absorbance of supernatant was measured

at 554 nm (maximum absorption wavelength of RhB ) using a UV-visible



spectrophotometer. The degradation efficiency (n) was calculated according to the
equation (1):

n=(1-) x100% (1)

where 4o and A, are the absorbances of RhB before and after irradiation, respectively.

2.7 Electrochemical measurements

A three-electrode system was used: Ag/AgCl (reference), Pt sheet (counter), and
ITO coated with catalyst (working electrode). A 350 W BBZM-III xenon lamp
(380-800 nm, Anhui Bobei Lighting) was used as the light source, and 0.2 M NazSO4

was the electrolyte.

3. Calculational models and methods

Density functional theory (DFT) calculations were performed using the GGA +
U method (Dudarev’s approach) with a U value of 2.0 eV for V 3d states in BiVOg;
HSEO06 functional was used for g-C3N4 (001). A plane-wave basis set with a cut off
energy of 400 eV was employed. Monkhorst-Pack k-point meshes of 2x5x1 (for
BiVOs4, g-C3N4/BiVOs, and Cu/g-C3N4/BiVO4) and 9x9x1 (for g-C3N4) were used for
geometric optimization, with residual forces converged to <0.01 eV A™'. A 20 A
vacuum layer was introduced to avoid interlayer coupling. The BiVO4 (010) surface
was chosen as the substrate to support the g-Cs3Ns (001) monolayer. The
heterostructure was constructed by depositing a relaxed 2V3x1 g-C3Ns monolayer

onto a relaxed 3x1 BiVO4 (010) surface, ensuring low lattice mismatch (Figure 1).



(b) x o1 (d)
[ ]
¢ ¢ 02 Vacuum Space = 11 A Vacuum Space = 10 A
C v Bi Cu o1
? X 02 =304 21 SEEA
>y 03 e,.., @t&‘ Seet (2o OM,-‘F'
(@) ‘ e % D=14A4 | =184
v v e ‘28880 ‘@
L
O= (0= 0= 0= Q= 0= O 0= O . ... . . 1
Side view Side view Side view
] < 34 - & [ Y B »
@ < 4 4 - H
J d R -‘ d -2 2 ad b Ld v v v < -
Top view Top view Top view Top view

Figure 1 Optimized geometric structures of (a) unit cell of g-C:N4 monolayer and 2\3x1 supercell of
g-C3N4 monolayer, (b) VO4 and BiOs polyhedrons, 3x1 supercell of BiVO4(010) surface, (c)
2-C3N4/BiV Oy heterostructure , and (d) Cu/g-C3N4/BiVO4 heterostructure.

4 Results and discussion
4.1 Structural and Morphological Analysis

The chemical bonding features of the samples were investigated by FT-IR
spectroscopy, as presented in Figure 2a. For pure BiVOs, the absorption bands located
at 698 cm™ and 740 cm™ are assigned to the bending vibration of Bi-O bonds, while
the peak at 476 cm™ corresponds to the stretching vibration of VO4>~ groups [29]. In

I is attributed to the characteristic

the spectrum of g-C3Na, a sharp band at 810 cm’
breathing mode of s-triazine ring units. The band at 890 cm™ arises from N-H bending
vibration, the broad absorption in the range of 1230-1650 cm™ is associated with C-N
and C=N stretching vibrations within the conjugated framework, and the broad

envelope between 3000 and 3350 cm™

originates from N-H stretching of residual
-NH> groups [30-32]. After Cu incorporation, the Cu/g-C3Ns spectrum retains the
same peak positions as pristine g-C3N4; however, a noticeable decrease in band

intensity is detected, suggesting that Cu ions coordinate with nitrogen atoms while the

triazine skeleton remains intact [33]. In the case of the Cu/g-C3N4/BiVO4 composite,



the coexistence of characteristic absorption bands from both BiVO4 and g-C3Nj is
clearly observed, which provides strong evidence for the successful construction of
the composite.

The crystalline structures of the as-prepared samples were characterized by XRD,
as displayed in Figure 2b. For bare g-C3N4, two distinct diffraction peaks are observed
at 20 values of 13.1° and 27.7°, which are indexed to the (100) and (002)
crystallographic planes, respectively, in good agreement with PDF No. 87-1526
[34,35]. Upon Cu doping, the Cu/g-C3N4 pattern preserves the same peak positions;
however, the diffraction peaks become weaker and broader compared with those of
pristine g-C3Na. This behavior can be ascribed to the successful substitution of Cu*"
ions into theg-C3Ny lattice. Notably, no additional diffraction signals attributable to
metallic Cu or copper oxide phases are detected, which is in line with the XPS results
[36]. Pure BiVOy4 presents a series of well-defined peaks at 18.5°, 19.0°, 28.1°, and
other positions, all of which can be readily assigned to the monoclinic scheelite phase
of BiVO4 (JCPDS No. 14-0688) [37,38]. For the Cu/g-C3N4/BiVO4 composite, the
XRD profile contains the characteristic reflections of both g-CsN4 and BiVO4 without

any impurity phases, verifying the successful fabrication of the heterostructure.
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Figure 2 FT-IR spectra (a) and XRD patterns (b) of BiVOs, g-C3N4, Cu/g-C3N4 and Cu/g-C3N4/BiVO4

As shown in Figures 3a-f, the morphological characteristics of the as-prepared
samples were examined by SEM and TEM. Pristine BiVO4 exhibits a well-defined

1



tetragonal prismatic shape with an average length and width of approximately 5 pm
and 1 um, respectively (Figure 3a). In contrast, bare g-C3Ns displays a typical
wrinkled two-dimensional sheet-like architecture with irregular folds, which serves as
an ideal platform for composite construction (Figure 3b). Upon Cu incorporation, the
g-C3Ngy sheets become fragmented; notably, no discrete Cu nanoparticles are observed
on the surface, implying that Cu species are incorporated into the lattice rather than
existing as isolated particles (Figure 3c). For the Cu/g-C3N4/BiVO4 composite, BiVO4
nanorods with a narrowed width of ~16 nm are uniformly anchored onto the ultrathin
g-C3Ny sheets (Figure 3d-f). Compared with pure BiVOs, the significantly decreased
particle dimensions indicate that the Cu-doped g-CsN4 substrate effectively restricts
the crystal growth of BiVOs and enhances its dispersion. Furthermore, TEM analysis
verifies the close interfacial contact between the two components, confirming the
formation of an intimate heterojunction rather than a simple physical mixture, which

is beneficial for efficient charge carrier separation.

Figure 3 The SEM of BiVOy (a), g-C5N; (b), Cu/g-C3Ny (¢) and Cu/g-CsN4/BiVOy (d) , the TEM of

Cu/ g—C3N4/ BiVO4 (e, f)



4.2 Surface Chemical composition (XPS)

XPS survey analysis was performed to determine the surface elemental
composition and chemical states of the Cu/g-C3N4/BiVOs composite. As shown in
Figure 4a, the survey spectrum clearly displays the characteristic signals of C, N, Bi,
V, Cu, and O, confirming the coexistence of all expected elements in the composite.

The high-resolution C 1s spectrum (Figure 4b) can be deconvoluted into two
peaks centered at 284.8 eV and 288.2 eV, which are assigned to sp> C-C bonds and sp>
N-C=N bonds within the triazine rings, respectively [39]. The N 1s spectrum (Figure
4c) is fitted into three components: the peak at 398.7 eV corresponds to tertiary
nitrogen N-(C)3, the one at 400.4 eV is attributed to C-N=C bonds, and the peak at
404.5 eV originates from C-N-H species [40].

For the Bi 4f region (Figure 4d), two well-resolved peaks are observed at binding
energies of 159.6 eV and 164.9 eV, corresponding to Bi 4f7, and Bi 4f5., respectively,
which confirms the trivalent state of Bi (Bi*") [41]. The V 2p spectrum (Figure 4e)
exhibits two peaks at 517.0 eV (V 2p3.2) and 532.0 eV (V 2pi.2), indicative of V>* [42].

The Cu 2p spectrum (Figure 4f) presents two characteristic peaks at 932.7 eV
and 952.6 eV, which are assigned to Cu 2p32 and Cu 2p1.2, respectively. These binding
energies confirm the presence of Cu®* species coordinated with pyridine-type nitrogen
and terminal amino groups [43], which is in good agreement with the XRD and TEM

findings.
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Figure 4 Survey XPS spectra (a), C 1s XPS spectra (b), N 1s XPS spectra (¢), Bi 4f XPS spectra (d), V
2p XPS spectra (e) and Cu 2p XPS spectra (f) for Cu/g-CsN4/BiVOy4

4.3 Optical and Electronic Properties

The optical properties of the samples were investigated by UV-vis diffuse
reflectance spectroscopy (DRS), as presented in Figure 5a. Pristine g-C3N4 exhibits an
absorption edge at approximately 413 nm, indicating a relatively narrow visible-light
response range. In contrast, pure BiVOs displays a significantly red-shifted absorption
edge at around 568 nm, demonstrating a broader absorption capability across the
visible-light region. Upon Cu incorporation, the absorption edge of Cu/g-C3N4
undergoes a slight red shift compared with that of bare g-C3;N4, which can be
attributed to the introduction of intermediate energy levels within the bandgap
induced by Cu doping, thereby extending the light-harvesting range [44]. Notably, the
Cu/g-C3N4/BiVO4 composite shows a further red shift of the absorption edge toward
longer wavelengths, approaching that of BiVOas. This result suggests that the coupling
of g-C3N4 with BiVOy4 effectively broadens the spectral response, leading to enhanced
visible-light utilization and improved generation of electron-hole pairs.

Photoluminescence (PL) spectroscopy was employed to evaluate the

recombination behavior of photogenerated charge carriers, as shown in Figure 5b.



Bare g-C3Ns exhibits a strong emission peak centered at approximately 440 nm,
suggesting a high recombination rate of electron-hole pairs. After Cu doping, the PL
intensity of Cu/g-C3N4 is markedly diminished, implying that the introduction of Cu
species effectively suppresses charge recombination by facilitating charge migration.
More importantly, the Cu/g-C3N4/BiVOs composite displays a substantially weakened
PL signal, which can be ascribed to the synergistic interaction between Cu doping and
the formation of a heterojunction interface, both of which collaboratively hinder the
recombination process. This observation is well consistent with the enhanced
photocatalytic performance of the composite [45].

To determine the bandgap energies (E;) of the samples, Tauc plots were
constructed based on the equation (2) [46,47]:

(ahv)?"=4(hv-E,) (2)

where a represents the absorption coefficient, hv denotes the photon energy, A is
a proportionality constant, and n takes a value of 1/2 or 2 for direct and indirect
optical transitions, respectively. From the Tauc plots (Figure 5c-d), the bandgap

values are estimated to be 2.80 eV for g-C3N4 and 2.35 eV for BiVOa.
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Figure 5 DRS (a) and PL (b) spectra of g-C3N4, Cu/g-C3N4, BiVO4 and Cu/g-C3N4/BiVO4, Tauc plots
of g-CsN4 (¢) and BiVO4 (d)

Electrochemical impedance spectroscopy (EIS) measurements were conducted to
probe the charge transfer dynamics at the electrode-electrolyte interface. As depicted
in Figure 6a, the Nyquist plot of the Cu/g-C3N4/BiVOs composite displays the
smallest semicircular arc among all the tested samples, corresponding to the lowest
charge transfer resistance (Rct) and thus the most efficient charge separation and
transfer capability [48]. This enhanced performance can be rationalized by two key
factors: first, the incorporation of Cu species effectively lowers the surface energy
barrier, thereby accelerating electron transport kinetics; second, the establishment of a
heterojunction interface between g-C3N4 and BiVO4 provides an efficient pathway for
charge separation, which significantly suppresses the recombination of
photogenerated carriers.

Furthermore, transient photocurrent responses were recorded to assess the charge

separation efficiency under illumination (Figure 6b). The Cu/g-C3N4/BiVOs



composite delivers the highest photocurrent density compared with the individual
components, providing direct evidence for its superior electron-hole separation ability
[49]. The remarkable enhancement can be attributed to the synergistic interplay
between Cu doping and heterojunction construction, which collectively prolong the

carrier lifetime and thereby boost the overall photocatalytic activity.
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Figure 6 EIS (a) and photocurrent response curves of g-C3Ny, Cu/g-C3N4, BiVO4 and
Cu/gC3N4/BiVO;4 (b)

4.4 Photocatalytic Performance

The photocatalytic activity of the as-prepared samples was assessed by
monitoring the degradation of RhB under visible-light irradiation (A > 420 nm). As
displayed in Figure 7a, the individual BiVOs, g-C3N4, and Cu/g-CsN4 samples show
limited degradation performance, achieving removal efficiencies of only 18.4%,
36.0%, and 49.1%, respectively, after 60 min of irradiation. Remarkably, the
Cu/g-C3N4/B1VO4 composite exhibits a significantly enhanced degradation efficiency
of 92.02% within the same duration, which is approximately 2.64, 1.76, and 1.30
times greater than that of BiVOas, g-C3N4, and Cu/g-C3N4, respectively. Moreover, a
blank control experiment confirmed that negligible RhB decomposition occurred in
the absence of a photocatalyst under natural light, ruling out the contribution of direct

photolysis.



These findings are well consistent with the aforementioned characterization
results obtained from UV-vis DRS, PL, EIS, and transient photocurrent responses,
collectively demonstrating that the synergistic interaction among Cu, BiVOs4, and
g-C3Ny effectively promotes the utilization of photogenerated charge carriers in the
degradation process. Consequently, the Cu/g-C3N4/BiVO4 composite serves as a
highly efficient bifunctional photocatalyst with outstanding photocatalytic
performance.

The photocatalytic degradation kinetics of RhB in aqueous solution were further
investigated, and the corresponding results are presented in Figure 7b. For all the
tested photocatalysts, including BiVOs, g-C3N4, Cu/g-C3N4, and Cu/g-C3N4/BiVOy, a
linear relationship is observed between In(4;/A4y) and the irradiation time, indicating
that the photodegradation process can be well described by a pseudo-first-order
kinetic model [49]. The apparent rate constant (k) for RhB degradation over the
Cu/g-C3N4/BiVOs composite is calculated to be 0.08225 min!, which is
approximately 6.10, 3.50, and 2.14 times greater than those of pure BiV4(0.01349
min), g-C3N4 (0.02349 min™'), and Cu/g-C3N4 (0.03842 min™), respectively. Such a
remarkable enhancement in the reaction rate constant further verifies that the
integration of Cu doping with the g-CsN4/BiVOs heterojunction architecture plays a

crucial role in boosting the visible-light-driven catalytic performance.
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Figure 7 Photocatalytic activities of different photocatalysts based on the photocatalytic degradation of

RhB (a); Kinetic rate constants of RhB degradation over different photocatalysts (b)

The reusability and long-term stability of Cu/g-C3N4/BiVO4 composite were
evaluated by performing successive photocatalytic degradation experiments under the
same reaction conditions. As shown in Figure 8a, the degradation efficiency of RhB
undergoes only a slight decrease of 3.99% after four consecutive cycles,
demonstrating the favorable recyclability of the catalyst. To further verify the
structural integrity of the composite after the photocatalytic reaction, FT-IR and XRD
characterizations were carried out on the used sample (Figure 8b and 8c). The results
reveal that no discernible changes are observed in the chemical bonding features and
crystalline phase of the composite, confirming that Cu/g-C3N4/BiVOs possesses

excellent structural stability during the photocatalytic process.
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Figure 8 Cyclic stability (a), FT-IR spectra (b) and XRD patterns (¢) comparison before and after four
cycles of Cu/g-C3N4/BiVOs.

4.6 Determination of active species

To identify the dominant reactive species responsible for RhB degradation, free
radical scavenging experiments were carried out. Three quenching agents, namely
benzoquinone (BQ), ethylenediaminetetraacetate (EDTA-2Na), and isopropanol (IPA),
were introduced at a concentration of 1 mmol/L to selectively trap ‘Oz, h™ and-OH
radicals, respectively [50,51]. As illustrated in Figure 9, the addition of BQ leads to a

dramatic suppression of RhB degradation, with the removal efficiency dropping



sharply from 92.1% to 26.4% within 60 min. Similarly, the introduction of
EDTA-2Na also causes a notable decline in degradation performance, reducing the
efficiency to 63.7%. In contrast, the photodegradation activity is barely affected upon
the addition of IPA, suggesting that -OH radicals contribute minimally to the reaction.
Based on these observations, it can be concluded that -O;™ and h* serve as the primary
active species in the photocatalytic degradation of RhB, among which ‘O, exerts a

more dominant role than h*.
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Figure 9 Effect of different free radical agents on the photocatalytic degradation rate of RhB by

Cu/ g-C3N4/ B iVO4

S Calculation results
5.1 density of states (DOS)

To elucidate the charge-carrier transfer mechanism at the g-C3N4 (001)/BiVOs4
(010) interface, the total density of states (TDOS) and partial density of states (PDOS)
were calculated for g-C3N4 (001), Cu/g-C3N4, the BiVO4 (010) surface, the g-C3Ny
/BiVO4 heterostructure, and the Cu/g-C3N4 /BiVO4 nanocomposite, as shown in
Figure 10. For all calculations, the Fermi level was aligned to the highest occupied
state and set to zero [52].

As displayed in Figure 10a and 10a’, the TDOS and PDOS of the g-C3N4 (001)

surface reveal that the valence band maximum (VBM) is predominantly composed of



N 2p states, whereas the conduction band minimum (CBM) arises from nearly equal
contributions of N 2p and C 2p orbitals. The calculated bandgap of approximately 2.9
eV is in good agreement with previously reported values.

For the BiVO4(010) surface (Figure 10c and 10c¢"), the computed bandgap is 2.36
eV, which is consistent with both experimental and theoretical results in the literature.
The VBM is mainly governed by O 2p states, while the CBM is largely derived from
V 3d states. This indicates that the optical absorption of BiVOs is primarily associated
with electron transitions from O 2p to V 3d states, which agrees well with earlier
theoretical investigations.

After the formation of the g-C3N4/BiVOs heterostructure (Figure 10d and 10d’),
the bandgap decreases to 2.21 eV, which can be attributed to the van der Waals (vdW)
interactions between the BiVOs (010) surface and the g-C3N4 monolayer. In this
heterostructure, both the CBM and VBM of BiVO4 (010) are located at higher energy
levels than those of g-C3Na, resulting in a staggered (Type-II) band alignment. Such a
band configuration is favorable for suppressing electron-hole recombination and
prolonging the lifetime of charge carriers, thereby contributing to improved
photocatalytic performance.

Notably, the introduction of Cu leads to further bandgap narrowing. The
calculated bandgaps of Cu/g-C3N4 and Cu/g-C3N4/BiVO4 are 1.56 eV and 1.24 eV,
respectively (Figure 10b and 10e). This reduction originates from the involvement of
Cu 3d states, which induce a downward shift of the CBM (Figure 10b’and 10e’). A

narrower bandgap facilitates the generation of more photoexcited carriers and



enhances

visible-light

absorption, thereby

heterostructure with stronger redox capability.
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5.2 difference charge density

BiVO4(010) surface (c and c”), g-C3N4/BiVOy4 heterostructure(d and d’) and



The differential charge density analysis was employed to visualize the interfacial
charge redistribution within the heterostructure [53]. The planar-averaged charge
density differences along the x-y plane were computed for both the pristine and
Cu-doped g-C3N4/BiVOy4 heterostructures, and the corresponding results are displayed
in Figure 11. In these plots, the yellow and cyan isosurfaces represent regions of
electron accumulation and electron depletion, respectively.

For the g-C3Ns monolayer, the charge density difference is dominated by cyan
regions with only sparse yellow areas, indicating substantial electron depletion and
the formation of hole-rich zones. In contrast, the BiVO4 (010) surface exhibits
predominantly yellow isosurfaces accompanied by minor cyan regions, signifying
electron accumulation and the creation of electron-rich sites. Upon visible-light
irradiation, photogenerated electrons tend to migrate toward the conduction band (CB)
of BiVO4(010), while holes are retained in the valence band (VB) of g-C3N4, thereby
realizing efficient spatial charge separation. This charge redistribution is driven by the
built-in electric field established at the heterointerface, which directs the migration of
electrons and holes between the two components.

Notably, compared with the pristine g-C3N4/BiVOs4 system, the
Cu/g-C3N4/BiVOs4 heterojunction displays a more pronounced degree of electron
transfer, suggesting that Cu doping further facilitates the separation and migration of
photogenerated charge carriers. These results confirm that the construction of the
g-C3N4/BiV Oy heterostructure, combined with Cu incorporation, effectively promotes

interfacial charge transfer, suppresses electron-hole recombination, and ultimately



enhances the photocatalytic performance.
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Figure 11 Planar-averaged charge density difference for (a) g-CsN4/BiVOy4, and (b) Cu/g-C3N4/BiVO4

heterostructures.

5.3 Work function

The work function is defined as the minimum energy needed to remove an
electron from the Fermi level to the vacuum level. The calculated work functions for
the BiVO4 (010) surface, g-CsNs monolayer, g-C3sN4/BiVOs heterostructure, and
Cu/g-C3N4/BiVOq4 heterostructure are presented in Figure 12. The g-C3N4 monolayer
and BiVO4 (010) surface exhibit work functions of 4.06 eV and 7.04 eV, respectively,
which are in good agreement with previously reported theoretical values [54]. Given
that BiVO4 (010) possesses a higher work function than g-C;3Ns, electrons are
thermodynamically favored to migrate from the g-C3N4 monolayer to the BiVO4 (010)

surface upon contact. Importantly, the work function of the Cu/g-C3N4/BiVOs



heterostructure is calculated to be 4.47 eV, which is considerably lower than that of
the pristine g-C3N4/BiVO4 system (5.60 eV). This reduction suggests that Cu doping

facilitates electron emission, thereby promoting charge transfer at the heterointerface.
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Figure 12 Work functions of (a) g-C3N4 monolayer, (b) BiVO,4 (010) surface, (c) g-C3N4/BiVOs, and (d)

Cu/g-C3N4/BiVOy heterostructures.

5.4 Band Edge Potentials

The band edge positions were determined based on the electronegativity (X) and
the energy of free electrons (£.) using the equations (3) and (4) [55]:

Ecp=X—E,~E,/2 (3)

Eyp=EcptE, 4)

where E, is the energy of free electrons on the hydrogen scale (E. = 5.5 eV) [56].

The calculated results are summarized in Table 1.

Table 1 Electronegativity, band gap, conduction band and valence band of g-C3N4 and BiVO4

Semiconductor X (eV) Eq (eV) Ecp (eV) Evg (eV)

g-C3Ny 5.67 2.90 -1.28 1.62

BiVO4 6.16 2.36 -0.52 1.84




5.5 Photocatalytic mechanism

On the basis of the aforementioned results, a plausible photocatalytic mechanism
is proposed and illustrated in Scheme 2. Under visible-light irradiation, photogenerated
electrons in the conduction band (CB) of g-C3N4 are rapidly injected into the CB of
BiVOs4, while holes in the valence band (VB) of BiVO4 migrate to the VB of g-C3Na.
Consequently, electrons accumulate in the CB of BiVOs and holes gather in the VB of
g-C3Ny, achieving efficient spatial charge separation.

Given that the CB potential of BiVO4 (-0.52 eV vs. NHE) is more negative than
the O2/-O2" redox potential (-0.33 eV vs. NHE) [57], the accumulated electrons in the
BiVO4 CB are thermodynamically capable of reducing dissolved O to produce -O>
radicals. On the other hand, the VB potential of g-C3Ny4 (+1.66 eV vs. NHE) is less
positive than the OH/-OH (+2.40 eV vs. NHE) and H,O/-OH (+2.72 eV vs. NHE)
redox potentials [58], indicating that the holes in the g-C3sN4 VB are insufficient to
oxidize OH™ or H2O into -OH radicals. Instead, these holes directly attack the RhB
molecules, leading to their progressive degradation into CO2 and H>O.

Overall, the outstanding photocatalytic performance of the Cu/g-C3N4/BiVOs4
composite can be attributed to the Type-II heterojunction formed between BiVO4 and
g-C3Ns, which facilitates the effective separation and transfer of photogenerated
electron-hole pairs while broadening the visible-light absorption range. Moreover, the
incorporated Cu ions serve as electron transport mediators that accelerate electron
migration to the catalyst surface, suppress charge-carrier recombination, and further

enhance the overall photocatalytic efficiency.
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Scheme 2 Proposed photocatalytic degradation mechanism of RhB under visible light irradiation with
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Cu/g-C3N4/BiVO4 composite.

6 Conclusion

In this work, Cu/g-CsN4/BiVOs composite photocatalyst was successfully
prepared via a combination of Cu ion doping and heterojunction construction.
Structural and morphological characterizations verify that the introduced Cu ions
effectively coordinate with the conjugated triazine ring units of g-C3Ns while
maintaining its inherent structural framework. Tetragonal BiVO4 nanoparticles are
uniformly immobilized on g-C3N4 nanosheets, which enriches surface active sites and
forms intimate interfacial contacts, both of which facilitate the transfer and separation
of photogenerated charges. Photoelectrochemical results confirm that the synergistic
coupling of Cu doping and g-C3N4/BiVOs4 heterojunction optimizes the optical and
electrochemical properties of the composite, broadening the visible-light absorption
range and improving the separation, migration and utilization efficiency of

photogenerated carriers.

Photocatalytic degradation tests toward RhB show that the optimized

Cu/g-C3N4/BiVO4 composite achieves a degradation efficiency of 92.01% within 60



min for 10 mg/L RhB solution. Its photocatalytic activity is 2.64, 1.76, and 1.30 times
higher than that of pure BiVOas, pristine g-C3N4, and Cu/g-C3Ns, respectively. After
four cyclic degradation experiments, the composite retains 88.02% of its initial
catalytic performance, demonstrating good recyclability and structural stability.
Radical trapping measurements indicate that O, and h" serve as the predominant
active species dominating the photocatalytic degradation process.

First-principles calculations, including density of states, differential charge
density, and work function analyses, were carried out to investigate the electronic
structure, interatomic interactions, and charge transfer behavior. The computational
results are well consistent with the experimental observations, confirming that Cu
doping and BiVO4 heterojunction formation synergistically boost the photocatalytic
activity of g-C3Ns. Together, the experimental and theoretical findings suggest that a
Type-II heterojunction is established between BiVOs and g-CsNs. The interfacial
conjugation and electrostatic interactions give rise to a well-defined heterointerface,
which enlarges the specific surface area, lowers the charge transfer resistance, and
promotes efficient electron-hole separation. The enhanced photocatalytic performance
is therefore attributed to the increased active sites, extended visible-light absorption,
and improved charge separation efficiency, collectively endowing Cu/g-C3N4/BiVO4
with high activity and stability toward RhB degradation. This study offers a promising
strategy for the rational design of cost-effective and high-performance g-CsNs-based

visible-light photocatalysts.
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