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Abstract
Graphitic carbon nitride (g-C3N4) has garnered
interest as a versatile photocatalytic platform
owing to its tailorable electronic architecture;
however, its solar-to-chemical conversion
is bottlenecked by high exciton binding
energies and slow charge-carrier transport. To
circumvent these impediments, the construction
of “molecular junctions” within the conjugated
polymeric scaffold enables atomically precise
modulation of spatial electron configurations.
Unlike conventional heterostructures relying
on physical contact, molecular junctions
employ robust covalent bridging, facilitating
molecular orbital hybridization and π-conjugation.
This review summarizes recent advances in
molecular-junction-functionalized g-C3N4

photocatalysts, focusing on built-in electric
field (BIEF) induction and its effects on
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charge-carrier dynamics. Molecular junctions
are categorized into homojunctions exploiting
structural polymorphisms and heterojunctions
incorporating donor–acceptor moieties or
single-atom sites. Structural asymmetry engenders
steep potential gradients, mitigating exciton
binding and promoting unidirectional charge
migration. State-of-the-art BIEF characterization
techniques—including Kelvin probe force
microscopy (KPFM), density functional theory
(DFT), and ultrafast transient absorption
spectroscopy—are systematically examined.
Finally, the catalytic efficacy of these molecular
junction paradigms is assessed across solar-driven
applications, including photocatalytic hydrogen
evolution, overall water splitting, and hydrogen
peroxide synthesis. The review concludes by
outlining key bottlenecks and future directions,
emphasizing atomically precise synthesis and
operando characterization.
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1 Introduction
In response to the escalating global energy crisis and
environmental degradation, major economies have
implemented “carbon peak and carbon neutrality”
strategies as pivotal policy frameworks. Within this
context, solar energy has emerged as a cornerstone of
clean energy transition due to its inherent advantages
of near-limitless abundance and renewability [1].
Photocatalytic technology, serving as a critical solar
energy conversion pathway, demonstrates significant
potential across energy production and environmental
remediation applications. However, its practical
implementation faces substantial challenges [2, 3],
primarily originating from rapid photogenerated
charge recombination and unsatisfactory quantum
efficiency, which represent fundamental bottlenecks
requiring urgent resolution. Graphitic carbon nitride
(g-C3N4), as an emerging photocatalytic material, has
garnered extensive attention inmultiple photocatalytic
applications owing to its moderate bandgap ( 2.7
eV) and excellent physicochemical stability [4–8].
However, its catalytic efficiency is fundamentally
constrained by intrinsic limitations, including low
specific surface area and rapid charge recombination.
At the microstructural level, the highly symmetric
configuration of g-C3N4 results in excessively uniform
electron distribution, which impedes effective
separation of photogenerated carriers. Currently,
the construction of BIEF is regarded as a promising
strategy to disrupt this charge equilibrium and
enhance carrier separation efficiency.

In conventional research paradigms, heterojunction
construction has been the most prevalent approach
for inducing BIEF [9, 10]. This strategy exploits
the Fermi level disparity between dissimilar
semiconductor components to generate space-charge
regions at contact interfaces, thereby facilitating
charge migration [11, 12]. However, the efficacy of
conventional heterojunctions is critically dependent
on the quality of physical contact between phases.
Such “face-to-face” [13] or “point-to-face” [14]
contact interfaces based on physical stacking are
inevitably accompanied by high-density electron
trap states and substantial interfacial resistance,
resulting in severe scattering losses during charge
transfer across energy barriers. More critically,
BIEF induced by conventional heterojunctions are
typically confined to nanoscale interfacial regions,
exhibiting limited capability to modulate bulk carrier
dynamics within semiconductor components. This
spatial localization effect fundamentally restricts the

operational efficiency of traditional heterojunctions
from reaching theoretical predictions. Consequently,
there exists an urgent research imperative to explore
molecular-level engineering of BIEF, aiming to achieve
omnidirectional charge manipulation throughout the
entire material architecture.

In contrast to conventional physical overlapping
strategies, molecular junction engineering employs
covalent grafting techniques to precisely anchor
functional monomers as “electron pumps” or
“charge-transfer mediators” at the periphery of
g-C3N4 frameworks via robust chemical bonds (e.g.,
C-N, C=N, or C-C linkages). This atomic-scale
linkage strategy achieves a paradigm shift from
macroscopic interfacial transport to microscopic
molecular orbital overlap, enabling direct symmetry
breaking of intramolecular charge distribution
that generates a robust directional electric field
penetrating the entire framework, as illustrated
in Figure 1. Such molecular-level BIEF not only
effectively reduce exciton binding energies but
also facilitate lossless ultrafast charge transfer from
the polymeric matrix to active catalytic centers.
Notwithstanding these advances, the precise
construction of molecular-junction g-C3N4, their
multiscale characterization, and the elucidation
of their performance evolution mechanisms
remain formidable challenges at the forefront of
catalytic science. In particular, the dual-dimensional
(qualitative-quantitative) profiling of BIEF not
only constitutes an indispensable diagnostic
criterion for successful material synthesis, but more
fundamentally provides decisive mechanistic evidence
that bridges the knowledge gap between atomic-scale
structural motifs and macroscopic catalytic superiority.
Currently, the academic community has developed
various methodologies, including in situ experimental
characterization and theoretical computational
simulations, to probe BIEF. However, it is regrettable
that there remains a lack of systematic reviews
comprehensively elucidating the characterization
logic and analytical processes of BIEF. In light of
this, this paper will delve into the characterization
framework of BIEF in molecular junction g-C3N4 from
the perspective of their physical essence, aiming to
provide systematic theoretical guidance and references
for the rational design of photocatalytic materials and
in-depth mechanistic exploration. Figure 2 illustrates
the evolution of g-C3N4 based molecular junctions
over the past decade. Given their unparalleled merits,
a comprehensive review of current advancements
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Figure 1. The overview of g-C3N4-based molecular junctions. © 2023 Wiley-VCH GmbH. Copyright © 2021, American
Chemical Society. Copyright © 2025, American Chemical Society. © 2025 Wiley-VCH GmbH. Copyright © 2024, American

Chemical Society.

is imperative to catalyze further exploration of their
potential in both fundamental scientific research and
practical applications.

2 Overview of Carbon Nitride Molecular
Junction Materials

2.1 Electronic Structure of g-C3N4

Pristine g-C3N4 exhibits intrinsic n-type
semiconducting characteristics, an attribute primarily
ascribed to the prevalence of terminal amino moieties
(-NH/NH2) that function as prototypical electron
donors [25]. The foundational architecture is
comprised of tri-s-triazine subunits interconnected via
secondary nitrogen atoms, wherein the hybridization

states of the constituent carbon and nitrogen atoms
dictate the global electronic framework. Specifically,
the highest occupied molecular orbital (HOMO) of
g-C3N4 is predominantly composed of N 2p and N 2s
hybrid orbitals, with auxiliary contributions from C
2p and C 2s orbitals. The sp3 hybridization of C and N
atoms engenders high-energy σ and σ∗ orbitals, while
their sp2 hybridization manifests as lower-energy
π molecular orbitals and π∗ antibonding orbitals;
notably, this π-conjugated framework is identified as
the fundamental origin of the photocatalytic activity
in g-C3N4 [26].

The lone pairs of the sp2-hybridized N atoms occupy
energy levels superior to the π orbitals, thereby
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Figure 2. Timeline of progress in g-C3N4-based molecular junctions. Copyright © 2016, American Chemical Society [15].
Copyright © 2017, American Chemical Society [16]. © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim [17]. © 2019 The

Authors [18]. © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim [19]. Copyright © 2021, American Chemical
Society [20]. © 2022 Wiley-VCH GmbH [21]. © 2022 Wiley-VCH GmbH [22]. Copyright © 2024, American Chemical

Society [23]. Copyright © 2025, American Chemical Society [24].

establishing n-states situated above the π valence
band (Figure 3(A)) [27]. Consequently, two distinct
electronic transition pathways exist within g-C3N4: the
π → π∗ transition and the n→ π∗ transition. Upon
photoexcitation, electrons undergo π → π∗ transitions,
resulting in an absorption edge at approximately
460 nm in the visible region, which corresponds
to a bandgap of 2.7 eV. Simultaneously, the n→
π∗ transition facilitates an electronic leap from the
n-states to the π∗ orbitals, typically manifested as a
redshift in the absorption edge or the emergence of
a localized absorption tail. However, owing to the
spatial orthogonality between the lone pair n-states of
the N atoms and the planar conjugated framework, the

n→ π∗ transition is symmetry-forbidden in a perfectly
symmetric tri-s-triazine configuration.

Enhancing the n → π∗ transition efficacy is
a critical avenue for augmenting light harvesting
and liberating a higher density of photoexcited
electrons. This can be achieved through the
integration of exogenous photoactive species or
heteroatoms to reposition the lone pair states, thereby
inducing structural distortions or creating novel
intermediate states within the bandgap that facilitate
electronic transitions to the π∗ orbitals. Furthermore,
g-C3N4 inherently lacks both vacant and occupied
s/p-band centers necessary for the chemisorption of
reactive intermediates. The strategic introduction
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of foreign atoms to modulate these band centers
can provide unpaired electrons or specific orbitals
for the optimized adsorption and activation of
intermediates. Consequently, tailoring the electronic
architecture of g-C3N4 serves as a multi-dimensional
strategy to bolster light-harvesting capacity, suppress
charge-carrier recombination, optimize spatial charge
distribution, and accelerate surface reaction kinetics.

2.2 Principles
In this context, the concept of a “molecular
junction” can be more precisely defined as an
atomically integrated electronic structure in which
distinct functional units are covalently bonded
within a continuous framework, enabling direct
molecular orbital hybridization and extended
π-conjugation across the junction. Unlike conventional
heterojunctions formed by physical contact between
discrete phases, molecular junctions are intrinsically
intramolecular in nature, where the interface
is not a geometric boundary but a chemically
bonded electronic continuum. This fundamental
distinction leads to markedly different charge-transfer
mechanisms. In traditional heterojunctions, charge
separation relies on band alignment and carrier
diffusion across a physically defined interface, often
accompanied by interfacial resistance, latticemismatch,
and trap states [29, 30]. In contrast, molecular
junctions operate through intramolecular charge
redistribution driven by differences in local electronic
structure, which induces BIEF across the conjugated
system. Charge carriers can migrate along delocalized
π-orbital pathways with minimal scattering and
without crossing discrete phase boundaries [31]. This
“in-plane” and “bond-mediated” transport mechanism
significantly reduces charge transfer resistance and
enables ultrafast and directional carrier separation.

As illustrated in Figure 3(B), the fundamental
mechanism governing the photocatalytic process
primarily encompasses a sequence of four pivotal
stages, beginning with photoexcitation and charge
generation. Upon absorbing photon energy (hv ≥ Eg),
the photocatalyst produces photo-induced excitons
that subsequently dissociate into free electrons and
holes; however, a significant fraction of these carriers
undergoes rapid recombination driven by internal
Coulombic forces. The surviving charge carriers
then engage in directional migration, facilitated by
electrostatic forces and internal electric fields. During
this transport process, while certain carriers are
localized by deep or shallow trapping states, the

remainder successfully reach and accumulate at the
designated reactive sites.

The efficacy of the subsequent surface redox reactions
is highly dependent on themodulation of the electronic
structure and surface states, which collectively
regulate the thermodynamic redox potentials and
kinetic energy barriers for various reaction pathways.
Consequently, the concentrated electrons and holes at
these active sites drive the corresponding interfacial
redox transformations. The catalytic cycle is ultimately
concluded by the desorption of final products from
the active sites, thereby restoring the photocatalyst
to its initial state for subsequent cycles. Taken
together, this mechanistic framework underscores
that the overall photocatalytic efficiency can be
systematically enhanced through the strategic and
purposeful optimization of these constituent electronic
and chemical procedures.

In bulk g-C3N4, the migration of photogenerated
electrons is severely hindered by the high energetic
barriers associated with interlayer hopping, which
significantly limits overall charge carrier mobility.
Consequently, the construction of molecular
junctions has emerged as a preeminent strategy
to circumvent this bottleneck [32]. Distinct from
conventional heterojunctions characterized by
physical contact, molecular junctions leverage the
abundant amine groups and dangling bonds at the
g-C3N4 edges to facilitate robust covalent anchoring
with graphene derivatives, organic conjugated
molecules, or triazine/heptazine motifs via chemical
pathways such as amidization [33–36], Schiff-base
reactions [37], or dehydration condensation. This
sophisticated covalent molecular engineering offers
unprecedented advantages in modulating charge
dynamics that surpass those of traditional physical
heterostructures [38, 39]. At the electronic structure
level, the grafting of exogenous components induces
profound hybridization of molecular orbitals through
covalent linkages, substantially extending the
delocalization of the π-conjugated system. Such
orbital overlap not only redistributes local charge
density but also effectively mitigates the localization of
charge carriers—a feat difficult to achieve in systems
relying solely on interfacial physical contact. From
the perspective of band engineering, the disparities
in band structures and work functions between
constituents drive a realignment of Fermi levels,
establishing a potent BIEF within the conjugated
plane. The vector of this BIEF, oriented parallel to the
basal plane, directs the spatial migration of carriers
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Figure 3. Schematic illustration of electronic structure and photocatalytic process: (A) molecular orbital of g-C3N4. (B)
photocatalytic process for various applications [28].

along pathways such as Type-I, Type-II, S-scheme, or
Schottky barriers. Crucially, these in-plane junctions
fundamentally transform the charge transport
landscape. In conventional heterostructures, electron
transfer is restricted by weak interlayer coupling,
necessitating the traversal of formidable vertical
barriers across limited interfacial contact areas. In
stark contrast, molecular junctions, owing to their
structural compatibility and covalent bridging,
provide a “high-speed channel” characterized by low
resistance for the lateral transport of free electrons and
holes within the 2D plane. To quantitatively evaluate
the charge transport resistance, the electrochemical
impedance spectroscopy (EIS) is widely employed.
In a typical Nyquist plot, the semicircle observed in
the high-to-medium frequency region corresponds
to the interfacial charge transfer process. By fitting
the impedance spectra using an equivalent circuit
model, the charge transfer resistance (Rct) value can
be extracted as the diameter of the semicircle. A
smaller Rct indicates a lower interfacial energy barrier
and faster charge transfer kinetics. In molecular
junction systems, the introduction of BIEF effectively
reduces Rct by creating a directional electrostatic
driving force that facilitates charge migration
across the interface. Meanwhile, the extended
π-conjugation and strong electronic coupling provided
by covalent linkage further decrease carrier scattering
and hopping barriers [40, 41]. This architecture
minimizes migration distances and bypasses the high
recombination risks inherent in interlayer hopping,
thereby achieving highly efficient, anisotropic charge
separation. The quintessence of molecular junction
design lies in the molecular-level engineering of

continuous conjugated interfaces to govern in-plane
electronic behavior, rather than mere reliance on band
alignment.

2.3 Classification
The core of in-plane junction construction lies in
leveraging covalent bonding to achieve atomic-level
integration between the g-C3N4 framework and
functional units, thereby enabling precise modulation
of the electronic structure at the molecular level. Based
on the disparities in component constitution and
electronic energy levels, the synthesis of molecular
junctions typically follows two distinct pathways:
first, the construction of homojunction interfaces with
energy level offsets through the ordered arrangement
of g-C3N4 homo-isomeric units or the fine-tuning of
crystallinity; and second, the realization of covalent
coupling between disparate chemical moieties via
the introduction of exogenous organic conjugated
molecules or graphene derivatives. This classification,
grounded in compositional characteristics, not only
reflects the diversity of interfacial chemical bonding
modes but also fundamentally dictates the magnitude
of BIEF and the topological logic of charge carrier
migration pathways. This section will elaborate on
the construction strategies of these two categories of
molecular junctions and their underlying mechanisms
in photocatalysis.

2.3.1 Homojunctions
Homojunction frequently referred to as isotype
junctions or phase junctions—denote the in-situ
construction of in-plane interfaces with well-defined
energy level gradients within a singular g-C3N4 matrix

124



Journal of Advanced Materials Research

Figure 4. (A) Representation of the synthetic process of HTCN. (B, C) HR-TEM images of HTCN. (D) C K-edge and (E)
N K-edge NEXAFS spectra of CM, CMCN, HCN, TCN, and HTCN. (F) XRD and (G) 13C NMR of CM, CMCN, HCN,
TCN, and HTCN. (H) In situ XRD spectra of CM and KCl/LiCl composites under different temperatures from 303 to

923 K. XPS spectra of (I-K) C 1s and (L-N) N 1s of HCN, TCN, and HTCN, respectively. © 2023 Wiley-VCH GmbH. (O)
Diagram of Synthesis of T–CN and TH–CN by Post-calcination of H–CN in KCl/LiCl Salts under Vacuum Condition.

(P)TEM and (Q) HRTEM images of TH–CN-3 sample. (R) STEM image and EDX elemental mapping of (S) C and (T) N
for the TH–CN-3 sample. (U) Powder XRD, (V) FTIR, (W) XPS, and (X) solid state 13C NMR spectra of H–CN and

TH–CN-x samples. Copyright © 2021, American Chemical Society.

125



Journal of Advanced Materials Research

by exploiting its inherent structural diversity and
polymorphism. This is achieved through the precise
manipulation of the polymerization degree, crystalline
phases, or local topological subunits. Despite a
predominantly uniform chemical composition of
carbon and nitrogen, fundamental disparities exist
between different structural units or distinct crystalline
phases regarding their electronic structures, bandgap
widths, and frontier orbital potentials. This "homo
isomeric" characteristic drives the realignment of Fermi
levels at the interface, thereby spontaneously inducing
the formation of BIEF.

The paramount advantage of constructing such
homojunctions resides in their capacity to guarantee
perfect latticematching and a continuous π-conjugated
system, thereby minimizing the lattice mismatches
and interfacial defect centers that frequently
plague traditional heterostructures. Consequently,
this architectural design facilitates the seamless
transport of photogenerated charge carriers through
low-impedance channels. The heptazine-triazine
(H/T) molecular junction stands as a quintessential
paradigm of this strategic approach [42–46].

Zhang et al. [47] developed a molten-salt-assisted
synthetic strategy (Figure 4(A)), successfully
constructing periodic heptazine–triazine (H/T)
molecular junctions within a crystalline carbon
nitride framework. High-resolution transmission
electron microscopy (HR-TEM) images clearly reveal
the morphological characteristics of the resulting
HTCN material (Figure 4(B, C)). The successful
incorporation of triazine units and their precise
chemical environments were systematically confirmed
through C and N K-edge near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy (Figure 4(D,
E)), combined with powder X-ray diffraction
(XRD) analysis (Figure 4(F)) and solid-state 13C
nuclear magnetic resonance (NMR) spectroscopy
(Figure 4(G)). Furthermore, in situ XRD patterns
elucidated the structural evolution of the CM and KCl
/LiCl composite during the controlled heating process
(Figure 4(H)). High-resolution X-ray photoelectron
spectroscopy (HRXPS) analysis revealed binding
energy shifts in the C 1s (Figure 4(I-K)) and N 1s
(Figure 4(L-N)) orbitals across HCN, TCN, and
HTCN, validating the modulation of the electronic
structure. This structural refinement facilitates the
formation of long-lived shallow trap states which, in
synergy with BIEF, effectively extend charge carrier
lifetimes. This mechanism drives the directional
migration of electrons toward the triazine units,

thereby enhancing the efficiency of photocatalytic
H2O2 production.
Expanding upon the paradigm of molecular junction
engineering, Pan and co-workers elucidated the
critical function of H/T junctions in mediating
visible-light-driven overall water splitting [20].
Through a vacuum-assistedmolten-salt post-treatment
of H-CN, the precise structural evolution into T-CN
and TH-CN architectures was systematically
controlled (Figure 4(O)). The formation of an
intimate, atomic-level heterointerface within the
TH-CN matrix was unambiguously corroborated by
TEM/HRTEM (Figure 4(P, Q)) alongside scanning
transmission electron microscopy-energy-dispersive
X-ray spectroscopy (STEM-EDX) elemental mapping
(Figure 4(R-T)). Comprehensive structural and
electronic elucidations—encompassing powder XRD
(Figure 4(U)), Fourier-transform infrared (FTIR)
spectroscopy (Figure 4(V)), XPS (Figure 4(W)),
and solid-state 13C NMR (Figure 4(X))—collectively
demonstrated that the integration of this molecular
junction profoundly attenuates the exciton binding
energy. The resultant interfacial energy offset provides
a robust thermodynamic driving force for spontaneous
exciton dissociation. Consequently, this engineered
energetic landscape endows the modified polymeric
framework with exceptional photocatalytic efficacy,
culminating in the stoichiometric evolution of H2 and
O2.

2.3.2 Molecular Heterojunctions
Unlike homojunctions that rely solely on structural
heterogeneity within the framework, heterojunctions
provide a more versatile strategy for tailoring the
electronic structure of photocatalysts [48, 49]. The
core design philosophy lies in the covalent integration
of the g-C3N4 framework with chemically distinct
external organic components, metal active centers, or
multifunctional molecular units at the atomic level,
thereby constructing strong donor–acceptor (D–A)
coupling across molecular interfaces [50, 51].
From a physical perspective, the advantages of such
hetero-structural design originate from its ability
to reconfigure charge-carrier dynamics in multiple
dimensions [52]. First, the introduction of hetero
units with markedly different work functions can
generate strong in-plane molecular dipole moments,
establishing a much steeper electrostatic potential
gradient and consequently a stronger BIEF than those
in homogeneous systems. Second, the incorporation
of hetero components often modifies the density of

126



Journal of Advanced Materials Research

Figure 5. (A)Schematic illustration of the synthesis route of HCNS@BTD-MJ. (B) TEM images. (C) AFM images and the
corresponding height profiles. XANES spectra of the (D) C K-edge and (E) N K-edge of HCNS, HCNS–BTD, and

HCNS@BTD-MJ. (F) S K-edge XANES spectra of H CNS–BTD and HCNS@BTD-MJ. (G-I) ISI-XPS spectra of C 1s, N 1s,
and S 2p for HCNS@BTD-MJ samples before and after light illumination. (J) HAADF-STEM image of HCNS@BTD-MJ
and the corresponding EDX elemental mapping images of C, N, O, Si, and S. Copyright © 2025, American Chemical Society.
(K) Schematic illustration of g-C3N4-Zn-NC. (L) FTIR spectra of thus-prepared samples. (M) Solid-state 13C NMR
spectra of g-C3N4 and g-C3N4-Zn-NC. (N) XRD patterns of g-C3N4, g-C3N4-Zn-NC-0.5%, and g-C3N4-Zn-NC. (O)

High-resolution C 1s XPS spectra of g-C3N4 and g-C3N4-Zn-NC. (P) Zn K-edge XANES, (Q) WT for the EXAFS signals
of g-C3N4-Zn-NC, ZnO, ZnPc, and Zn foil and(R) EXAFS spectra (the inset shows the structural model). (S)

AC-HAADF-STEM and (T) HAADF-STEM images with the corresponding EDS mapping images of g-C3N4-Zn-NC.
Copyright © 2024, American Chemical Society.
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electronic states, and may even induce the formation
of an intermediate band, which not only broadens the
light absorption range but also provides additional
electronic transition pathways that facilitate charge
separation. Finally, the precise spatial arrangement
of hetero units enables the physical separation of
oxidation and reduction sites, thereby fundamentally
suppressing the spatial recombination of charge
carriers. Current advances in this field are mainly
centered on several representative design strategies.

Conventional heterojunctions are typically based on
binary systems, whereas recent studies are increasingly
moving toward more complex molecular architectures
featuring multiple building motifs and charge-transfer
channels. For example, Xiao and co-workers reported
a three-motif molecular junction with significant
conceptual importance (Figure 5(A)). In this work,
a D–A–D type photosensitive molecule was covalently
bridged onto the surface of porous carbon nitride
nanosheets (HCNS), forming the HCNS@BTD-MJ
composite system [52]. TEM (Figure 5(B)) and
Atomic ForceMicroscope (AFM) images (Figure 5(C))
clearly reveal its distinctivemorphology and nanoscale
thickness distribution. Meanwhile, X-ray absorption
near-edge structure (XANES) analyses at the C and
N K-edges (Figure 5(D,E)), together with the S
K-edge spectra (Figure 5(F)), confirm the successful
chemical modification between HCNS and the BTD
unit as well as the well-definedmolecular coordination
environment [53].

This structural design establishes spatially separated
dual reduction sites, where the molecular-level energy
gradient efficiently drives photogenerated electrons
from the photosensitive unit toward the reduction
centers. To directly probe the charge-transfer process,
in situ irradiation X-ray photoelectron spectroscopy
(ISI-XPS) was employed. The binding-energy shifts
of the C 1s, N 1s, and S 2p orbitals before
and after illumination (Figure 5(G–I)) provide
direct evidence for the directional migration of
photogenerated electrons. In addition, High-Angle
Annular Dark-Field Scanning Transmission Electron
Microscopy (HAADF-STEM) imaging combined with
EDX elemental mapping (Figure 5(J)) further verifies
the homogeneous distribution of C, N, O, Si, and S
elements throughout the three-motif junction. As
a result, this multi-motif integration significantly
promotes the dissociation of excitons into free charge
carriers, enabling outstanding solar-driven hydrogen
evolution performance even without the assistance of
expensive cocatalysts.

In parallel, the coupling between catalytic active
centers and internal physical fields has recently
emerged as a promising paradigm in photocatalysis.
Rao and co-workers developed a D–A catalytic
system regulated by atomic Zn-N4 sites [54]. In
this heteromolecular junction, g-C3N4 functions as
the electron donor, while the acceptor component
Zn-NC, containing anchored single-atom Zn sites,
is seamlessly integrated through π − π conjugation
interactions [55–57]. Notably, the introduction of
Zn-NC induces an intermediate band within the
bandgap, which significantly enhances visible-light
absorption. Meanwhile, the local polarization electric
field generated by the Zn center greatly accelerates
the injection of photogenerated electrons into the
catalytic active sites. The resulting BIEF-driven
charge separation leads to the rapid generation of
reactive oxygen species (ROS), thereby endowing the
heteromolecular junction with remarkably enhanced
photocatalytic antibacterial activity.

3 Precise Characterization Techniques for
Built-in Electric Fields

The precise construction and modulation of molecular
junctions in g-C3N4 have emerged as a cutting-edge
research frontier in photocatalytic materials. As
a prototypical two-dimensional material, g-C3N4

exhibits unique advantages in achieving efficient
photocatalytic conversion. However, its inherent low
crystallinity and highly disordered microstructure
impose significant limitations on the direct observation
of molecular junction fine structures. Although the
advent of advanced characterization techniques has
provided preliminary experimental evidence for the
existence of in-plane junctions, the qualitative and
quantitative analysis of interfacial physicochemical
properties at the atomic scale, as well as the
establishment of structure-activity relationships
with charge carrier transport behavior, remains
a critical scientific challenge in this field. BIEF
induced by molecular junctions serves as a crucial
factor in controlling the separation and transport
efficiency of photogenerated charge carriers. Accurate
characterization of its intensity distribution is essential
for understanding photocatalytic mechanisms. This
section systematically reviews recent progress in
multiscale characterization techniques, particularly
focusing on their applications in atomic-scale
structure determination, BIEF dynamic evolution, and
spatiotemporal carrier dynamics. These advances
provide both theoretical insights and technical support
for developing high-performance g-C3N4-based
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photocatalysts.

In the design of advanced photocatalytic systems,
the precise construction of molecular junctions and
a thorough understanding of the regulation of BIEF
are central to achieving efficient charge separation.
Taking asymmetric molecular-junction-modified
carbon nitride as an example [35], the identification of
BIEF follows a comprehensive evaluation framework
that spans static electronic distribution to dynamic
excited-state behavior.

The analysis first focuses on charge non-uniformity
at the molecular scale. High-resolution XPS reveals
binding-energy shifts in the C 1s (Figure 6(B))
and N 1s (Figure 6(C)) spectra, which serve as
direct spectroscopic evidence of electronic coupling
between heterogeneous units. The underlying
physical origins lie in the fact that when the
electron density around atoms is altered by chemical
bonding, the shielding effect on inner-shell electrons
correspondingly changes, resulting in shifts in core
energy levels. Such spectral variations provide direct
evidence for interfacial charge redistribution caused
by electronegativity differences between molecular
components. At the theoretical level, DFT calculations
further elucidate the electronic structure evolution.
The calculated density of states (Figure 6(F–H))
reveals the localized modification of the band
structure induced by the introduction of heteroatoms.
Meanwhile, the spatial distributions of HOMO and
LUMO (Figure 6(I–K)) quantitatively illustrate, from
a quantum-chemical perspective, the molecular dipole
moments generated by symmetry breaking within the
structure. Together, these results provide a theoretical
basis for defining both the physical origin and driving
strength of the BIEF.

To visualize the spatial distribution of the internal
physical field, KPFM plays a crucial role. KPFM maps
the surface work-function distribution by measuring
the contact potential difference (CPD) between the
probe and the sample surface. By comparing the
surface potential images of CN, CN-G, and CN-X
(Figure 6(M–O)), the existence of BIEF is not only
confirmed but the potential step at the molecular
interface is also clearly mapped. In addition,
zeta-potential measurements (Figure 6(L)) further
corroborate the variation in surface polarity from
the perspective of interfacial charge characteristics.
As shown in Figure 6(L), all photo-catalysts (CN,
CN-G, and CN-X) exhibit negative surface charges,
with the absolute values progressively increasing.

This indicates stronger electrostatic forces and higher
charge energy [58, 59].
For example, Li and co-workers successfully
constructed in-plane molecular junctions by
introducing purine molecules with highly asymmetric
electronic structures into the g-C3N4 framework [35].
Their results clearly demonstrate that the BIEF acts
as the key driving force directing photogenerated
electrons toward catalytic active sites. In another
representative study, Zhang and co-workers fabricated
a heptazine-triazine (H/T) molecular junction
(Figure 4(A)) [47]. Using in situ photo-irradiated
KPFM, they observed a dynamic shift in CPD under
light excitation (Figure 6(T)), indicating that both the
strength and directionality of the internal electric field
continuously increase upon the formation of the H/T
molecular linkage.
Notably, the HTCN sample exhibits the largest
light-induced CPD shift, with BIEF intensity 4.2
times higher than that of CM (Figure 6(T)). These
observations suggest that the H/T molecular junction
can rapidly drive electronmigration along the potential
gradient immediately upon photoexcitation, enabling
the in situ visualization of charge-drift direction [60].
By capturing the work-function evolution associated
with the migration of photogenerated carriers toward
the surface under BIEF driving, this technique directly
maps the vectorial direction of charge transport,
effectively transforming the otherwise abstract internal
electric field into a spatially resolved potential
landscape.
The regulatory effect of BIEF on charge carriers
ultimately extends to the microscopic dynamics of
excited states. Femtosecond transient absorption
spectroscopy (fs-TAS) (Figure 6(V–Z)), a key
technique for probing ultrafast processes [61, 62],
provides detailed insight into the generation,
evolution, and decay of excited-state species. In the
spectra, the negative signal in the 440–580 nm region
originates from ground-state bleaching, whereas the
positive band at longer wavelengths corresponds to
the excited-state absorption (ESA) of shallow-trapped
electrons. Notably, HTCN exhibits the strongest and
longest-lived ESA signal, indicating that the H/T
molecular junction significantly increases both the
population and stability of shallow-trapped electrons.
From a mechanistic perspective, the enhancement of
the ESA signal in HTCN can be directly correlated
with the role of the BIEF in modulating exciton
dynamics on the femtosecond timescale. The BIEF
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Figure 6. (a) Scheme of the synthetic procedure for the CN-G and CN-X. XPS spectra of (B) C 1s, (C) N 1s. (D) transient
photocurrent response curves, (E) electrochemical impedance spectra Calculated DOSs for (F) CN, (G) CN-G, (H)
CN-X. (I-K) HOMO-LUMO plots and molecular dipole moments. (L) Zeta potentials. KPFM images of (M) CN, (N)
CN-G, (O) CN-X. © 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar
technologies. P) Transient photocurrent response, and Q) EIS spectra of CM, CMCN, HCN, TCN, and HTCN. R) PL
spectra, S) SPV spectra, T) TPV spectra. U) Surface morphologies (A1, B1, C1, D1, E1) and corresponding surface

potential images in the absence (A2, B2, C2, D2, E2) and presence (A3, B3, C3, D3, E3) of light for (A) CM, (B) CMCN,
C) HCN, D) TCN, and E) HTCN, respectively. 3D contour plots of fs-TAS recorded at indicated delay times measured

with 400 nm excitation: (V) CM, (W) CMCN, (X) HCN, (Y) TCN, and (Z) HTCN. © 2023 Wiley-VCH GmbH.
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generated by the heptazine-triazine molecular junction
introduces an internal electrostatic potential gradient
that effectively screens the Coulombic attraction
between photogenerated electrons and holes. This
field-induced screening reduces the exciton binding
energy and lowers the energetic barrier for exciton
dissociation. More importantly, the presence of
a directional electric field provides an additional
driving force that accelerates the spatial separation of
electron–hole pairs immediately after photoexcitation.
As a consequence, excitons can be dissociated into
free carriers within an ultrafast timescale, leading
to a higher population of free or shallow-trapped
electrons. This increased carrier population is directly
reflected in the intensified ESA signal observed in
fs-TAS spectra. The enhanced ESA signal in HTCN
is not only indicative of improved carrier lifetime,
but also serves as strong evidence for BIEF-assisted
ultrafast exciton dissociation.

The strong internal electric bias generated by the H/T
molecular junction effectively overcomes Coulombic
attraction, reduces the exciton binding energy, and
promotes the rapid conversion of excitons into free
charge carriers [63]. Consequently, the prolonged and
intensified ESA signal observed in HTCN not only
reflects the presence of an internal electric field but also
demonstrates that this field breaks exciton confinement
on the femtosecond timescale, allowing excitons to
transition into free carrier states at a very early stage
after photoexcitation [64, 65].

Such field-driven effects are further verified by surface
photovoltage (SPV) (Figure 6(S)) and transient
photovoltage (TPV) (Figure 6(T)) measurements,
which probe carrier dynamics on slower timescales.
In the SPV response, HTCN exhibits the most
pronounced photoinduced surface potential,
suggesting that on the nanosecond to microsecond
timescale, charge carriers can still be continuously
driven toward the surface under the influence of BIEF.
Meanwhile, the TPV decay curves reveal a significantly
prolonged voltage lifetime for HTCN, indicating that
charge recombination is effectively suppressed under
the protection of the internal electric field. In essence,
SPV reflects the directional diffusion capability of
charge carriers under BIEF, whereas TPV reveals the
interfacial charge recombination kinetics; together,
these results confirm the significant enhancement of
carrier diffusion length and separation efficiency.

Photoelectrochemical characterizations of HTCN
(Figure 6(P-Q)) further show that it delivers the

highest transient photocurrent and the lowest
interfacial charge-transfer resistance, reinforcing
the effectiveness of the H/T molecular junction as
a key structural unit for charge separation [66]. By
integrating structural characterization, potential
imaging, ultrafast spectroscopy, and interfacial
charge-transport analysis, a comprehensive evidence
chain emerges: the H/T molecular junction
strengthens the internal BIEF, which continuously
drives directional electron migration and separation
across the entire temporal scale—from femtosecond
excited-state processes to steady-state surface
accumulation. This multiscale charge-regulation
mechanism ultimately leads to a systematic
enhancement of photocatalytic performance.
This complementary characterization system,
encompassing “structural origin-theoretical
quantification-in situ imaging-ultrafast kinetic
response,” ultimately achieves a comprehensive
macroscopic electrochemical closure. The leap in
photocurrent intensity (Figure 6(R, D)) reflects
enhanced steady-state carrier collection efficiency,
while the reduced radius of EIS arc (Figure 6(S,
E)), attributable to decreased Rct, confirms the
significant promotion effect of BIEF on interfacial
charge extraction and transport kinetics. Such a
multi-dimensional, cross-scale rigorous logical
framework not only clearly elucidates the regulation
mechanism of asymmetric molecular pairs on electric
field intensity but also establishes a solid scientific
foundation for designing polar photocatalytic
materials with highly efficient charge separation
capabilities.

4 Application
4.1 Hydrogen evolution and over water splitting
The direct conversion of solar energy into hydrogen
fuel represents one of the most promising strategies
for addressing the global energy crisis and achieving
carbon neutrality [67, 68]. However, for polymeric
semiconductor photocatalysts such as g-C3N4, this
process faces substantial thermodynamic and kinetic
challenges. From a microscopic physical perspective,
organic semiconductors typically possess relatively
high Frenkel exciton binding energies (Eb), which
makes the spontaneous dissociation of photogenerated
electron–hole pairs difficult and leads to severe
carrier recombination. Moreover, overall water
splitting (OWS) involves a complex four-electron
transfer process, in which the sluggish surface oxygen
evolution reaction (OER) frequently becomes the
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rate-determining step (RDS) that limits the overall
efficiency [69–71]. Therefore, reducing Eb through
band-structure engineering and constructing rapid
charge-transport pathways are widely regarded as key
strategies for overcoming these intrinsic limitations.

The construction of molecular junctions provides
a precise physical-field framework for overcoming
exciton confinement and driving complex catalytic
reactions. Pan and co-workers fabricated an atomically
defined H/T homojunction via an in situ growth
strategy (Figure 4(O)) [20]. By modulating the local
dielectric environment, the exciton binding energy
was significantly reduced, thereby directly overcoming
the long-standing limitation that conventional carbon
nitride is unable to drive visible-light overall water
splitting. Photocatalytic performance measurements
(Figure 7(A-C)) show that the TH–CN-2 sample
achieves stoichiometric H2 and O2 evolution under
visible-light irradiation, with a photocatalytic activity
34 times higher than that of pristine H–CN. In addition,
wavelength-dependent experiments (Figure 7(D))
reveal that the rates of hydrogen and oxygen evolution
closely match the optical absorption profile, further
confirming the substantial improvement in photon
utilization enabled by the molecular junction.

To address the kinetic challenges associated with
photogenerated charge extraction and long-range
transport, multicomponent heterojunctions exhibit
a remarkable “electron-pump” effect through the
construction of multilevel energy gradients. For
example, Xiao and co-workers designed a three-motif
system, HCNS@BTD-MJ (Figure 5(A)) [24], in
which spatially separated dual reduction sites enable
highly efficient charge pumping. As shown in
the photocatalytic measurements (Figure 7(E-F)),
the hydrogen evolution rate of HCNS@BTD-MJ is
increased by orders of magnitude compared with
pristine BCN and HCNS, and an impressive apparent
quantum yield (AQY) of 16.7% at 420 nm is
achieved. Moreover, the systemdemonstrates excellent
monochromatic-light adaptability and cycling stability,
maintaining nearly unchanged activity over 18
consecutive reaction cycles (Figure 7(I)). A radar
chart comparing AQYdistributions at different catalyst
masses (Figure 7(J)), together with a benchmark
comparison with recently reported high-performance
photocatalysts (Figure 7(H, K)), further highlights
the leading role of the three-motif molecular junction
in enhancing solar-to-chemical energy conversion
efficiency.

The concept of reinforcing intramolecular dipole
moments and constructing D–A energy gradients
is also broadly applicable to more complex organic
framework systems. Shu and co-workers extended
this strategy to sulfone-containing covalent organic
frameworks (COFs) (Figure 7(L)) [72]. Through
the precise design of D–A–A type molecular units,
the resulting FS-OHOMe-COF exhibits significantly
enhancedH2O2 production activity under visible light,
far outperforming that of physically mixed systems
(Figure 7(M)). The wavelength-dependent external
quantum efficiency (EQE) profile (Figure 7(N)),
together with control experiments under different
atmospheres (Figure 7(O)), collectively reveals its
high efficiency in photogenerated electron utilization.
Taken together, these application examples
demonstrate that the molecular-junction strategy not
only serves as a general paradigm for constructing
efficient solar fuel conversion systems, but also
provides a powerful approach for precisely controlling
the directional migration of photoinduced charges at
the molecular level.

4.2 Selective Conversion of High Value-added
Chemicals

The use of photocatalysis for the synthesis of
high-value chemicals, such as hydrogen peroxide
production and selective oxidation of hydrocarbons,
has emerged as an important pathway toward
sustainable green chemistry. However, unlike
overall water splitting, the central challenge in these
reactions lies in achieving high selectivity [73, 74].
Photogenerated holes or ROS usually possess strong
oxidative capability, which can easily lead to the
overoxidation of target products into the final product
CO2. Similarly, in H2O2 production, suppressing the
competing four-electron oxygen reduction pathway
(O2→H2O) remains a major challenge. Conventional
catalysts often lack the ability to precisely regulate the
adsorption configuration of reaction intermediates and
the number of transferred electrons, making it difficult
to simultaneously achieve high product yield and high
selectivity.
The molecular junction strategy provides a
precise physical driving force to overcome the
“activity-selectivity” trade-off in photocatalysis by
tailoring the surface electric field distribution and the
electronic structure of active sites at the molecular
level. In the field of H2O2 photosynthesis, Zhang
et al. [47] demonstrated that heptazine-triazine
molecular junctions induce the formation of unique,
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Figure 7. (A) Photocatalytic OWS rate of H–CN, T–CN, H–CN/T–CN-mix and TH–CN-x. (B) Photocatalytic OWS rate of
TH–CN-2-x. (C) Photocatalytic OWS rate of H–CN–no salts–vacuum, H–CN–LiCl/KCl–N2 and TH–CN-2. (D)

Wavelength dependence OWS activities of TH–CN-2 photocatalyst. Copyright © 2021, American Chemical Society. (E)
Typical time course of H2 production for BCN, HCNS, HCNS–NH2, HCNS–BTD, HCNS@BTD-MJ, and HCNS/BTD. (F)

Comparative presentation of the H2 evolution rates. (G) Optical absorbance-dependent AQY measurement of
HCNS@BTD-MJ. (H) Comparison of the AQY at 500 nm of HCNS@BTD-MJ and recently reported photocatalysts. (I)
Cyclic stability test of HCNS@BTD-MJ catalysts under continuous operation for 18 cycles. (J) Radar chart of the AQY
values for HCNS@BTD-MJ with different catalyst masses. (K) Comparison of the PHE performance with that of different
reported photocatalysts. Copyright © 2025, American Chemical Society. (L)The synthetic routes and chemical structures of
the sulfone COFs(M) Photocatalytic H2O2 production performances for FS-OH-COF, FS-OHOMe-COF, FS-OMe-COF

and a physical mixture of FS-OH-COF and FS-OMe-COF. (N) EQE of FS-OHOMe-COF at various incident light
wavelengths. (O) Photocatalytic reaction under different atmosphere. © 2024 Wiley-VCH GmbH.
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Figure 8. A) Photocatalytic H2O2 evolution. B) Photocatalytic H2O2 evolution and C) Stability of CM, CMCN, HCN,
TCN, and HTCN. D) Photocatalytic H2O2 and benzylic aldehyde evolution over HTCN. E) ESR signals of in situ formed
DMPO-·O2- for CM, CMCN, HCN, TCN, and HTCN in methanol. © 2023 Wiley-VCH GmbH (F) Possible reaction route of

CN and 40-CCN-K/Li. (G, H) The performance of photocatalytic H2O2 generation by all products. (I) Cycle
experiments of photocatalytic H2O2 generation by 40-CCN-K/Li. (J) Photocatalytic H2O2 generation over 40-CCN-K/Li
in the appearance of different radical scavengers. (K) Photocatalytic H2O2 generation rate over 40-CCN-K/Li in different

atmospheres. © 2025 Wiley-VCH GmbH. (L) Schematic representation of the synthesis of VOPc/C3N4 and
VOPc/OH-C3N4. (M, N) Time-dependence photocatalytic activity and (O) Gas products generation rate over C3N4,

OH-C3N4, VOPc/ C3N4, and VOPc/OH-C3N4 under simulated solar light irradiation (representing standard deviation,
SD). (P) Photocatalytic CO generation on VOPc/OH-C3N4 under different conditions. (Q) The CO yields on

VOPc/OH-C3N4 across six-cycle tests. (R) The mass spectra of 13CO generated under 13CO2 atmosphere. © 2026
Wiley-VCH GmbH.
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long-lived shallow trap states, which significantly
enhances both the photocatalytic activity (Figure 8(A,
B)) and operational stability (Figure 8(C)). In-situ
ESR spectroscopy capturing the DMPO·O−

2 signals
(Figure 8(E)) verified that these trap states alter
the adsorption mode of oxygen molecules, driving
them to adopt a “side-on” configuration that
thermodynamically locks in the two-electron oxygen
reduction (2e− ORR) pathway. This strategy not only
enabled the efficient accumulation of H2O2 but also
successfully established a “dual-functional” synthesis
system that couples H2O2 production with the
selective oxidation of benzyl alcohol to benzaldehyde
(Figure 8(D)).

To achieve precise control over the reaction kinetics,
Zhao et al. [75] engineered a 40-CCN-K/Li system
that functions as a “molecular regulatory valve” by
tuning the ratio of peripheral donor-acceptor units
(Figure 8(F)). Experimental results revealed that this
system achieves a linear and precise regulation of
the H2O2 yield (Figure 8(G, H)) while exhibiting
excellent cycling stability (Figure 8(I)). Through
radical scavenging experiments (Figure 8(J)) and
control experiments under various atmospheres
(Figure 8(K)), the study further elucidated the
intramolecular charge transport logic, providing a
kinetic safeguard to maintain high selectivity in
complex reaction environments.

Furthermore, the molecular junction strategy
exhibits remarkable regulatory potential in the
challenging domain of CO2 reduction [76]. Xie et
al. [77] successfully fabricated a VOPc/OH-C3N4

heterointerface with a "molecular switch" effect
by dynamically manipulating the orientation of
vanadyl phthalocyanine (VOPc) on the surface of
hydroxylated carbon nitride (Figure 8(L)). Compared
to pristine C3N4 or its individual components,
the modified system delivered a substantial leap
in photocatalytic activity (Figure 8(M, N)). Gas
product evolution rate measurements (Figure 8(O))
and high-yield CO evolution data (Figure 8(P))
indicated that the optimization of the interfacial
dipole moment drastically facilitates CO2 activation.
Following six testing cycles, the catalyst retained a
high degree of activity and stability (Figure 8(Q)).
Most compellingly, 13C isotope labeling experiments
(Figure 8(R)) unambiguously confirmed that the
generated CO originates entirely from the CO2

reduction process, rather than from the decomposition
of the catalyst itself. This series of investigations
signifies that photocatalytic synthesis is transitioning

from conventional empirical exploration toward a
phase of precise control predicated on molecular
junction design.

4.3 Deep Regulation of Reactive Oxygen Species
and Excitons

In the fields of environmental remediation and
biomedicine, the primary mission of photocatalysts
is to generate high concentrations of reactive
oxygen species such as ·O−

2 and ·OH to tackle
complex environmental challenges, including
antibiotic residues and pathogenic infections [78–81].
This demands that the catalyst possesses not
only appropriate band edge alignments but
also ultrafast interfacial charge injection kinetics
to prevent charge carrier recombination prior
to ROS generation. Conversely, optoelectronic
devices (e.g., LEDs) exploit the antithetical physical
process—radiative recombination—which imposes
stringent requirements on the exciton energy level
structure and the photoluminescence quantum yield.
The robust BIEF generated by molecular junctions
has emerged as a kinetic engine driving the explosive
generation of ROS. Rao et al. [54] successfully
constructed heteromolecular junctions with high
charge-separation efficiency by precisely engineering
atomic-scale Zn-N4 sites within the g-C3N4 framework
(Figure 5(K)). In this system, the introduction of Zn
single atoms induces an “intermediate band” within
the bandgap, which not only effectively broadens
the spectral response but also leverages the strong
localized electric field to drive the ultrafast injection of
photogenerated electrons into the Zn active centers.
In situ ESR spectroscopy (Figure 9(D-G)) confirmed
that the system exhibits significantly enhanced
generation capabilities for superoxide radicals (O−

2 )
and hydroxyl radicals (OH) under both air and argon
atmospheres. This efficient radical burst, synergized
with high H2O2 accumulation (Figure 9(H)), enables
the material to demonstrate potent killing efficiency
against Methicillin-resistant Staphylococcus aureus
(MRSA), S. aureus, and E. coli (Figure 9(A-C)).
With increasing irradiation time, the survival rate of
pathogenic bacteria decreases logarithmically, fully
demonstrating the immense potential of BIEF-induced
oxidative stress in the field of bio-antibacterial
applications.
Regarding the expansion of optoelectronic
functionalities, the molecular junction strategy
showcases a capacity for the fine-tuning of exciton
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Figure 9. (A) MRSA, (B) S. aureus, and (C) E. coli under different irradiation times. Generation of (D ,F) ·O−
2 and (E,G)

·OH as determined by ESR spectra under air and Ar. (H) H2O2 generation by g-C3N4 and g-C3N4–Z. Copyright © 2024,
American Chemical Society. (I) Proposed molecular structure of g-C3N4 modified by

2-aminothiophene-3-carbonitrile.n-NC under air and Ar. (J) hematic energy level diagram of the PL emission of
multicolor g-CN samples. (K) Emission spectra of various modified g-C3N4-based LEDs and photograph of the working

devices. (L) Emission spectrum and photograph of a white-light LED that was produced by mixing the light from
g-C3N4 and CNS0.02 with a weighting of 1:1.12. (M) Gamut enclosed by the chromaticities of the various LEDs, the
chromaticity region of typical white light for general illumination (i.e., CCT between 2700 and 6500 K; Duv between -0.01

and +0.01), and the chromaticities of the white light. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

radiative recombination pathways. Guo et al. [82]
constructed an energy-level evolution model for
multicolor emission (Figure 9(J)) by chemically
regulating the ratio of π → π∗ and n→ π∗ transitions
within g-C3N4 molecular junctions (Figure 9(I)). By
precisely controlling the chemical environment of

the molecular junctions, the researchers successfully
achieved full-spectrum coverage of the material’s
luminescence from blue to red (Figure 9(K)). Various
modified g-C3N4-based LED devices fabricated on
this principle exhibit excellent spectral stability. By
blending g-C3N4 with CNS0.02 at specific ratios,

136



Journal of Advanced Materials Research

white-light LEDs with exceptional color purity were
successfully prepared (Figure 9(L)).
Chromaticity coordinate analysis (Figure 9(M))
indicates that this series of devices covers a wide
range of correlated color temperatures (2700–6500
K), with color rendering characteristics that
perfectly align with general lighting standards.
This achievement not only reveals the bridging
role of molecular junction engineering between
photocatalysis and optoelectronics but also opens
a new avenue for developing low-cost, sustainable
organic optoelectronic devices.

5 Conclusion
This review systematically highlights a paradigm
shift in the design of graphitic carbon nitride (g-C3N4

photocatalysts: transitioning from traditional "band
structure engineering" toward atomic-level "electric
field engineering." We elucidate how molecular
junctions—categorized into homojunctions and
heterojunctions—function as intrinsic rectifiers for
charge carriers. The core achievement of this strategy
lies in the induction of robust BIEF, which provide the
essential thermodynamic driving force to overcome
high exciton binding energies and achieve the spatial
isolation of redox centers. As demonstrated in
applications ranging from solar-driven hydrogen
production to selective chemical synthesis, the
construction of molecular junctions fundamentally
transforms the random diffusion of excitons into
directed migration, offering a definitive pathway to
resolve the kinetic bottlenecks inherent in polymeric
semiconductors.
Despite these advances, the precise experimental
quantification of BIEF in g-C3N4-based systems
remains a critical challenge. Current characterization
techniques, such as KPFM, SPV, and ultrafast
transient spectroscopy, primarily provide indirect or
semi-quantitative insights into charge redistribution
and carrier dynamics, rather than directmeasurements
of electric field strength. The lack of methodologies
capable of simultaneously resolving the magnitude,
spatial distribution, and ultrafast evolution of BIEF
at the molecular scale significantly limits a deeper
mechanistic understanding of electric field-driven
charge separation. Therefore, future efforts should
place a premium not only on atomically precise
synthetic protocols, but also on the development of
advanced operando and multimodal characterization
techniques with high spatial and temporal resolution,
which are essential for transforming electric field

engineering from a conceptual framework into a
quantitatively controllable strategy.
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