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ABSTRACT: Nanohybrid catalysts hold great promise for photo-
catalysis and photoelectrocatalysis, with significant progress still to
be made. We synthesize a graphitic carbon nitride (GCN)−CeO2
heterojunction via electrostatic self-assembly. Characterization
confirms that CeO2 nanocubes are uniformly anchored onto
layered GCN, forming a high-quality interface with abundant active
sites. This architecture facilitates efficient separation of photo-
generated charge carriers and an improved optical response, as
further supported by density functional theory and finite-difference
time-domain simulations, which reveal a modified band structure
and optical response at the type-II heterojunction interface. The
resulting hybrid exhibits excellent water splitting performance, with
a photocurrent density of 5.70 mA cm−2 at a low onset potential of
0.43 V vs Ag/AgCl. The GCN−CeO2 photocatalyst shows an enhanced hydrogen evolution rate of 809.23 μmol g−1 h−1, which is
6.7 times higher than that of pure CeO2 and 3.2 times higher than that of the GCN photocatalyst. The reported findings highlight
the promising potential of electrostatic self-assembly as an effective strategy for the development of efficient catalysts for solar fuel
production.
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1. INTRODUCTION
Hydrogen has been considered as a clean and carbon-free fuel
for the sustainable future. However, hydrogen production is
primarily dependent on steam reforming methods, which cause
an eventual depletion of fossil fuels and CO2 emissions.
Therefore, catalytic water splitting to produce hydrogen via
photoelectrocatalysis and photocatalysis represents a green
solution for addressing the global energy demand.1−4 One of
the key factors associated with this technology is the
development of efficient photoactive catalysts. Over the past
few decades, significant efforts have been made to optimize
catalysts to construct efficient catalytic systems. Several types
of photoactive materials have been investigated so far, such as
metal oxides, sulfides, layered materials, perovskites, and
organic polymers.5−7 Recently, ultrathin carbon nitride with
graphite-phase (g-C3N4), especially the single-/few-layered 2D
structure, has been considered as an outstanding catalyst for
water splitting.8−10 g-C3N4 is a metal-free carbon- and
nitrogen-rich compound. It has earned strong attention as a

potential catalyst since its first report in 2009.11,12 g-C3N4
exhibits a reasonable band gap value between 2.4 and 2.8 eV
and also has high chemical and thermal stability.13 Even
though the light harvesting capacity of g-C3N4 corresponds to
the visible region, catalytic performance of pristine g-C3N4 is
not very promising due to poor optical properties, low charge
carrier lifetime, and low surface area of bulk g-C3N4.

14−16

Various strategies have been explored in order to address these
shortcomings, such as doping, sensitization, tuning different
precursors, and exfoliation into thin 2D layers.8,17 In addition
to these strategies, constructing a heterojunction with g-C3N4
by coupling with other semiconductors has emerged as an
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effective approach to improve the lifetime of photoinduced
charge carriers.18,19 Extensive research efforts have been
dedicated to strategies for maximizing the efficiency of g-
C3N4 by coupling it with WO3, Fe2O3, ZnO, TiO2, and other
metal oxides, which involve earth-abundant elements and are
stable in water.20−23

Recently, rare-earth-element-based oxides have been con-
sidered as counterparts of g-C3N4 to improve its photoactivity.
Cerium dioxide (CeO2) is considered as the ideal counterpart
to form a heterojunction with g-C3N4 because of its suitable
band edge position and the reversible redox Ce(IV)/Ce(III)
state couple, which can control the photoelectrochemical
(PEC) and photocatalytic performance of the hybrid
catalyst.24−26 It has been found that the reversible conversion
of the Ce(IV)/Ce(III) states can ensure efficient charge
transfer through the interface of the heterojunction, thereby
benefiting catalytic activity. To date, several combinations,
such as ZnO@CeO2, rGO@CeO2, and MoS2@cubic−CeO2,
have been reported in the catalytic water splitting applica-
tions.27,28 The optical and structural properties of these
heterojunctions are improved compared to the pristine system.
However, the preparation of the heterojunctions is always
complex and often requires dedicated templates and time-
consuming processes. These reports have indicated that the
presence of CeO2 in the heterojunction materials is beneficial
for boosting the light harvesting capacity, charge transfer rate,
and electron−hole pair separation. The modifications may
arise from the complementary synergy between the two
materials and their suitable band alignments with good lattice
matching. Thus, coupling CeO2 with g-C3N4 to form a stable
heterojunction constitutes a promising strategy to obtain a
high catalytic performance. Both carbon-based materials, such
as g-C3N4, and metal oxides, such as CeO2, have been
integrated into perovskite solar cells to improve stability,
enhance charge transport, and reduce charge recombina-
tion.29,30 Combinations of perovskites with CeO2/g-C3N4
composites provide further routes for improved photocatalytic
water splitting.
The g-C3N4/CeO2 composites can be obtained by using

several techniques, such as in situ coupling, physical mixing,
ball milling, and thermal polycondensation. These approaches
primarily utilize g-C3N4 to host CeO2. Other approaches
include (a) sonication or hydrothermal-based treatment in the
presence of preformed CeO2 and g-C3N4 in organic solvents or
water; (b) formation of CeO2 in the presence of nitrogen-rich
precursors such as urea, melamine, thiourea, etc.; and (c)
formation of g-C3N4 in the presence of Ce-based salts.31,32

Most of these methods cannot ensure a uniform nanoparticle
dispersion and strong interfacial contact. Recently, Chauhan
and Gupta have reported fabrication of a g-C3N4/CeO2
composite using the hydrothermal method.33 Similarly,
Tripathi et al. have coupled CeO2 with g-C3N4 through in
situ copyrolysis of the cerium-based complex and melamine,
followed by acidification and exfoliation of the composite.34 Li
et al. have reported development of a CeO2/g-C3N4 composite
using ultrasonic impregnation for catalytic degradation of
phenanthrene.35 Noticeably, these approaches are suitable for
laboratory studies, while they are less ideal for large-scale
fabrication as they involve time-consuming and complex steps.
There have been few reports in which the heterojunction is

formed through the manipulation of the surface charge of
CeO2 and g-C3N4. This approach is scalable, simple, and less
time-consuming. In general, it is challenging to control the

interfacial contact between layered g-C3N4 nanosheets and
cocatalysts, which results in a nonuniform integration and poor
interfacial contact, leading to unsatisfactory photoactivity.
Hence, it is essential to develop a low-cost and simple method
to effectively design an intimate contact between 2D g-C3N4
nanosheets and its counterpart for improved catalytic perform-
ance. In this context, the electrostatic self-assembly process can
be a suitable method to create a high-quality interface between
the 2D nanosheet and CeO2 for a stable heterojunction.
Moreover, attributed to the simplicity in composition,
controllability, and being unconstrained by lattice matching,
strong electrostatic adherence can be created by manipulating
the surface charge alone, which will induce better alignment
within the heterostructure.36−38

In this work, we combine oppositely charged CeO2 and
ultrathin g-C3N4 to construct a uniform catalytic hetero-
junction through electrostatic self-assembly and demonstrate a
multifunctional application of the heterojunction catalyst. The
optimal catalyst shows high catalytic activity for photocatalytic
hydrogen production and PEC water splitting. The hetero-
junction catalysts are also studied through DFT calcula-
tions39−41 to examine the modified optical and electronic
properties of the catalyst activated through electrostatic self-
assembly. The method involved in the electrostatic self-
assembly is explained by the zeta potential calculation of the
particle suspension. The evaluated photocatalytic and PEC
performances of the samples demonstrate that the g-C3N4 layer
decorated with cubic CeO2 shows significantly improved
activity, indicating that not only the material properties but
also the intimate interactions between the particle surfaces play
a crucial role in the photocatalytic water splitting and related
applications.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. Urea (99.5%, Loba Chemie),

cerium(III) nitrate hexahydrate Ce(NO3)3•6H2O (99.00%, HIME-
DIA), sodium hydroxide (Merck, India), and sulfuric acid (Merck,
India) were procured and used as received. Deionized water and
ethanol (99.9%) were used as solvents throughout the experiment.

For the synthesis of g-C3N4, 15 g of urea was taken in a silica
crucible and kept in a programmable Muffle Furnace at 500 °C for 2 h
(ramping rate of 7 °C/min). As a result, yellow particles of g-C3N4
were obtained and kept for further use. On the other hand. The CeO2
nanocube was obtained using the hydrothermal method. Initially,
Ce(NO3)3·6H2O (4 mmol) and NaOH (96 mmol) were dissolved in
deionized water (20 and 30 mL, respectively). Then, the Ce(NO3)3·
6H2O solution was added slowly to the NaOH solution and stirred for
30 min at room temperature, followed by sonication for 30 min to get
a purple slurry. The purple slurry was transferred to a 100 mL Teflon-
lined stainless-steel autoclave and heated at 160 °C for 24 h. The
precipitate was then washed with deionized water and ethanol to
obtain the pure sample; later, the precipitate was dried in a hot air
oven to obtain the powder sample. Finally, the CeO2 powder was
calcined at 600 °C for 3 h to obtain heterogeneous nanocube-like
structures of CeO2.

2.1.1. Zeta Potential Measurement and Electrostatic Self-
Assembly. In order to obtain heteroaggregation of two oppositely
charged particles, a total of 4 dispersions were prepared at different
pH values, ranging from 3 to 9, as shown in Figure S1. The zeta
potential of g-C3N4 and CeO2 particles can be tuned by adjusting the
pH of the dispersion at different pH values, and the consistency of the
results was confirmed from three repeated measurements. In order to
obtain an electrostatic self-assembly-driven heterojunction, it is
essential to identify the surface charge or the zeta potential of the
particles as a function of pH. The pH value over which g-C3N4 and
CeO2 are oppositely charged can form a heterojunction. g-C3N4 and
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of combining wide- and narrow-gap semiconductors enhances
photoactivity.60

To further understand the interfacial charge transfer, we
calculated the charge density difference (CDD) using the
expression Δρ = ρCeOd2(110)/g‑Cd3Nd4

−ρCeOd2
−ρg‑Cd3Nd4

, where
ρCeOd2(110)/g‑Cd3Nd4

, ρCeOd2, and ρg‑Cd3Nd4
represent the charge densities

of the heterostructure, the isolated CeO2(110) surface, and the
g-C3N4 layer, respectively. Figure 11a,b shows the CDD and
electrostatic potential profiles across the CeO2(110)/g-C3N4
heterostructure. The planar-averaged and macroscopic-aver-
aged electrostatic potential profiles were calculated following
the procedures described in the prior literature,46,74,75 helping
quantify the interfacial potential steps and dipole formation.
The CDD plot reveals a charge redistribution at the interface,
with the yellow and cyan isosurfaces indicating charge
accumulation and depletion, respectively. This asymmetric
redistribution suggests formation of interfacial polarization and
charge transfer from the CeO2(110) surface to the g-C3N4
layer, driven by differences in work function and electron
affinity. The electrostatic potential profiles along the z-
direction exhibit a significant potential step (ΔV ≈ 4.43 eV)
across the interface, confirming the formation of an interfacial
dipole. The offset between the potential plateaus of g-C3N4
and CeO2 reflects their intrinsic energy level alignment and
corroborates the type-II band alignment, as discussed earlier.
As summarized in Table 1, this alignment facilitates spatial
separation of charge carriers, thereby enhancing the interfacial
photocatalytic efficiency, consistent with our experimental
observations.

4. CONCLUSION
To recapitulate, we have introduced an innovative strategy to
design heterostructured catalysts by incorporating CeO2
nanocubes onto GCN nanosheets for enhanced PEC and
photocatalytic hydrogen generation. The optimal nanohybrid
has demonstrated a significantly improved photocurrent of
5.70 mAcm−2 at a very low onset potential and achieved a high
H2 production rate of 809.23 μmol g−1 h−1, outperforming
both pure CeO2 and GCN. This outstanding performance is
attributed to the synergistic interaction between CeO2 and
GCN, which reduces recombination of photoinduced charge
carriers and provides a higher number of reactive sites for
driving the water splitting reaction. The findings show that the
effective separation of charge carriers through the interface
significantly contributes to the enhanced photoactivity and
high stability of the catalyst. Further, the improved optical and
electronic properties of the nanohybrid have also contributed
to the enhancement, as evidenced by the DFT calculations and
the FDTD simulation. The synthesized heterojunctions have
exhibited excellent stability over three consecutive cycles of
photocatalytic hydrogen production, with negligible activity
loss. The FDTD study and the electronic structure calculations
have validated the experimental results, offering valuable
insights into the modified band structure and optical response
at the interface. This work demonstrates that the strategic
construction of heterojunctions can effectively promote the
water splitting reactions, moving toward carbon-free fuels in
the future energy economy.
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Figure 11. (a) Charge density difference (CDD) plot of the CeO2(110)/g-C3N4 heterostructure. Yellow and cyan iso-surfaces represent regions of
charge accumulation and depletion, respectively, with an iso-value of 0.001 eV/Å3. (b) Plane-averaged electrostatic potential (V(PA), red) and
macroscopic-averaged electrostatic potential (V(MA), blue) along the z-direction. The potential step (ΔV ≈ 4.43 eV) between the g-C3N4 and CeO2
regions indicates interfacial dipole formation and supports type-II band alignment.

Table 1. Key DFT Data for CeO2(110), g-C3N4, and the
CeO2(110)/g-C3N4 Heterostructurea

system
VBM
(eV)

CBM
(eV)

Band
gap
(eV)

type of the
band gap

ΔV
(eV)

CeO2 (110) −0.74 0.66 1.40 direct
g-C3N4 −1.12 0.88 2.00 indirect

(K−Γ)
CeO2(110)/g-C3N4 −0.08 0.23 0.31b type-II ∼4.43

aThe VBM and CBM values are referenced to their respective Fermi
levels. ΔV denotes the interfacial electrostatic potential step extracted
from the plane-averaged and macroscopic-averaged potential profiles.
bInterfacial band gap derived from the staggered band alignment in
the heterostructure between the VBM dominated by CeO2 and the g-
C3N4 CBM.
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