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ABSTRACT
Photocatalytic dye degradation under visible light irradiation is restricted by the poor light absorption and the rapid recombination
of photogenerated electron-hole pairs in traditional materials, such as graphitic carbon nitride (g-CN), hindering their practical
applications. In this study, a plasmonic hafnium nitride (HfN)-decorated graphitic carbon nitride nanocomposite (HfN@g-CN)
was developed by incorporating plasmonic HfN nanoparticles (NPs) into g-CN. The incorporation of plasmonic HfN NPs enhanced
visible light absorption and facilitated efficient electron transfer. Moreover, SEM and TEM analyses confirmed the uniform
distribution of HfN on the g-CN surface. The photocatalytic activity was tested during Rhodamine B (Rh B) dye degradation upon
visible light irradiation and achieved a degradation rate of �.
× �� � � g�h� � �g� � catalyst, which is �.
 times higher than that for
pure g-CN. These findings highlight the potential of the developed plasmonic HfN@g-CN nanocomposite as efficient and stable
photocatalysts for practical applications in environmental remediation and solar-driven chemical processes.

� Introduction

The growing demand to reduce industrial pollution created an
interest in nanostructured photocatalysts. On this note, plasmon-
assisted photocatalysis is considered one of the prospective
methods to efficiently perform photocatalytic reactions using
visible light through localized surface plasmon resonance (LSPR)
[�, � ]. This technique, which utilizes the unique optical properties
of plasmonic nanostructures, seems promising for removing
persistent pollutants, including industrial dyes that are known for
their toxic, mutagenic, and carcinogenic effects [�, �, � ].

Photocatalytic nanostructures are designed to drive chemical
reactions from the energy of incoming photons, such as sunlight.
These materials degrade a wide range of organic pollutants,
including dyes, by using sunlight [�, 	 ]. Upon absorbing this
light, electron-hole pair generation occurs, which migrates to the
photocatalyst surface, where they interact with the pollutant and
degrade it. Compared to conventional removal methods, most
of the drawbacks are minimized because this method is more
•greenŽ toward managing pollutants. However, major disadvan-
tages of conventional semiconductor nanoparticles (NPs) include
their poor ability to use most portions of the solar spectrum
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because visible light, which constitutes over ��% of solar energy,
is not utilized effectively [
, � ].

Graphitic carbon nitride (g-CN) has, over the years, been a
very promising photocatalyst for visible light with a suitable
bandgap of �.
 eV and remarkable optoelectronic, structural,
and physicochemical properties. Contrary to common semicon-
ductors that present very limited visible light absorption due to
their wide bandgaps, g-CN opens perspectives toward much more
efficient solar energy utilization [�…��]. However, there are several
obstacles in its application, including the fast recombination
of photogenerated electron-hole pairs, limited surface area, and
relatively slow surface reaction kinetics [�� ].

Plasmonic nanomaterials have been known to enhance photo-
catalytic processes through LSPR, improving light absorption,
charge carrier dynamics, and catalytic efficiency. Most studies
have focused on noble metal plasmonic photocatalysts, particu-
larly Ag and Au, due to their strong SPR effects. For instance,
Ag-deposited g-C3N4 (Ag/g-C3N4) photocatalysts synthesized
via urea polymerization and photo deposition demonstrated
improved degradation of methyl orange and p-nitrophenol under
visible light by enhancing charge carrier separation through the
SPR effect of Ag NPs [�� ]. Similarly, plasmonic Au NPs decorated
on a hybrid nanosystem of graphitic carbon nitride (GCN) and
graphene quantum dots (GQD) exhibited significantly enhanced
photocatalytic efficiency under visible light irradiation, leading to
a sixfold [�� ] improvement in methylene blue (MB) degradation
compared to GQD alone. The synergy between Au NPs, GQD,
and GCN facilitated charge transfer interactions, improved light
absorption, and extended the effective photocatalytic response
into the visible spectrum [�� ]. While noble metals like Ag and
Au [ ��, ��, �	 ] are effective in plasmonic photocatalysis, their
high cost, scarcity, and thermal instability at the nanoscale
present challenges for their large-scale applications [��, ��, �	 ].
In this regard, refractory group IVB transition metal nitrides
like hafnium nitride (HfN) offer superior thermal and chemical
stability along with plasmonic characteristics. With its cubic
crystal structure, Fm��m, HfN exhibits high conductivity, a narrow
bandgap, and wide plasmonic resonances extending from the
visible into the NIR spectrum [�
, �� ]. All these features make
it an ideal candidate for photocatalytic applications such as CO2
reduction, dye degradation, and hydrogen production [��…�� ].
Because of the partial overlap between �d and �p orbitals, HfN
acts like a highly doped semiconductor, wherein conductivity
arises from free electrons. Besides, its relative abundance and
lower costs, along with tunable properties, improve sustainability
and scalability, presenting a desirable platform for scalable and
sustainable applications as described in the referential literature
[��…�� ].

The combination of nonmetallic photocatalytically active mate-
rials with semiconductor photocatalysts such as g-CN show-
cases massive opportunities associated with plasmon-enhanced
photocatalysis. Several deficiencies in g-CN, such as rapid
recombination of photogenerated electrons and holes, limited
surface area, and incomplete visible-NIR absorption, remain
major constraints. Combining HfN with g-CN creates a synergy
that mitigates these constraints. The Schottky junction formed at
the HfN/g-CN interface ensures high charge transfer, suppresses

electron-hole recombination, and enhances photogenerated car-
rier separation [�� ]. Moreover, the plasmonic properties of
HfN extend the light absorption spectrum, create additional
active sites for catalytic reactions [�	 ], and lower the activation
energy for photocatalysis. This synergy opens avenues for the
development of efficient and sustainable photocatalytic systems.
Photocatalysis through the photoexcitation of electrons from the
valence band to the conduction band creates electron-hole pairs
(e� -h+ ). The charge carriers migrate to the photocatalyst surface,
where electrons reduce pollutants or oxygen, and holes oxidize
organic compounds or water.

In this study, we aimed to enhance photocatalytic performance
for dye degradation by integrating plasmonic HfN NPs with g-CN
to leverage their synergistic properties. For this purpose, we fabri-
cated the HfN-decorated graphitic carbon nitride nanocomposite
(HfN@g-CN) nanocomposite particles via sonication of their
suspensions in distilled water. Then the photocatalytic activity
tests were performed by the addition of the nanocomposite
dispersion to RhB solutions and measuring the constants of
degradation kinetics under illumination for different dwelling
times.

� Experimental Details

�.� Materials

For the synthesis of HfN NPs, the following chemicals were
purchased and used as received: sodium hydroxide (NaOH,
reagent grade,� ��%, pellets, anhydrous), hydrochloric acid (HCl,
ACS reagent, �
%), HfO2 NPs (��.��% purity, ��…
� nm), and
magnesium nitride (Mg� N� ) (micron powder, purity: ��.��%, Size:
�� µm).

�.� Synthesis of Plasmonic HfN NPs

HfO2 NPs (� mmol, �.�� g) and magnesium nitride (Mg 3N2,
� mmol, �.��� g) were mixed in a �:� ratio (HfO 2: Mg3N2) and
subjected to heat treatment in an inert atmosphere at ���� � C
in a tube furnace with an argon flow rate of ��� standard cubic
centimeters per minute (sccm) for �� h. Following heat treatment,
a series of washing steps were applied to obtain the plasmonic
HfN NPs and remove MgO byproduct. The resulting powder was
first dispersed in �� mL of � M HCl at room temperature and
stirred for � h, converting insoluble MgO to soluble MgCl� . The
dispersion was centrifuged at ���� rpm for �� min, for byproducts
to settle down at the bottom while NPs were collected from the
supernatant. To maximize recovery, deionized water was added to
the remaining sediment, and the mixture was centrifuged again
to collect any additional NPs from the supernatant.

�.� Preparation of HfN@G-CN Composite

g-CN was synthesized using dicyandiamide (DCDA) as a precur-
sor, following a previously reported procedure [�
 ]. To prepare
the HfN@g-CN composite, �� mg of g-CN was dispersed in
�� mL of deionized water and sonicated for 	� min to achieve a

� of �� Nano Select, ����
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homogeneous suspension. Separately, HfN NPs, corresponding to
�% of the dry weight of g-CN (�.� mg), were gradually added to
the g-CN suspension. The mixture was stirred for �� min, and
afterward, it was centrifuged multiple times and washed with
deionized water, and the composite was collected. The obtained
product was dried in a vacuum oven at 	�� C and was labeled as
HfN@g-CN.

�.� Photocatalytic Activity

The photocatalytic performance of HfN@g-CN was evaluated
by assessing the kinetics of degradation of Rhodamine B (RhB)
in aqueous solution under simulated AM�.�G solar irradiation,
as reported earlier [�
 ]. In each degradation experiment, a
suspension was prepared containing �� mg of the HfN@g-
CN in �� mL of an RhB solution (�� mg �L� � ) corresponding
to �.� mg of RhB. The suspension was stirred continuously
and kept in darkness for � h to reach adsorption…desorption
equilibrium prior to photocatalysis, which was initiated using
a ��� W Xenon Arc source (Abet Technologies model �� ���
solar simulator, ozone-free). During irradiation, the suspension
was maintained at �� � C, using a water-circulated cooling system
integrated with the photocatalytic setup, ensuring consistent
thermal conditions throughout the experiment. Samples were
taken hourly to monitor RhB degradation. The photodegradation
efficiency was calculated based on the maximum absorbance
from UV-visible (UV-vis) spectra at each time interval using the
following formula:

� (%) =
� 0 � � �

� 0
× 100=

� 0 � � �

� 0
× 100 (�)

where C0 and C� represent the RhB concentration, andA0

and A� denote the maximum absorbance at timet = � and t,
respectively.

�.� Characterization

FTIR spectra were recorded using a Shimadzu IRAffinity-�S
spectrometer in the ATR mode (resolution: �.� cm� � , range
of 	��…���� cm � � ). Raman spectra were obtained using a
Renishaw inVia Reflex spectrometer (��� nm laser excitation,
wavenumber range: ���…���� cm � � ). XRD analysis was con-
ducted on a Bruker-D� Advance diffractometer (CuK� radiation
(� = �.���	 Å), � � range: �� � …
�� ). The UV-vis spectra were
recorded with a Varian Cary UV-vis NIR ���� spectrophotometer
(wavelengths: ���… ���� nm). Photoluminescence (PL) spec-
tra were recorded using an Agilent Cary Eclipse Fluorescence
Spectrophotometer.

TEM analysis was conducted to characterize the morphological
and structural features of the synthesized HfN NPs [�� ]. TEM
samples were prepared by loading the material onto carbon-
coated copper Lacey grids, and subsequently, HRTEM and EDX
analyses were performed with a JEOL JEM-ARM���CFEG at an
acceleration voltage of ��� kV. SEM was conducted using a Zeiss
Leo Supra ��VP (accelerating voltage: � kV, working distance:
�.� mm).

� Results and discussion

�.� Characterization of Photocatalysts

The optical properties of the synthesized materials were investi-
gated through UV-vis absorption spectroscopy first. It was used
for the evaluation of the plasmonic behavior of the HfN NPs and
their effect on g-CN light absorption characteristics. Figure�A
illustrates that pure HfN NPs have a plasmonic response with a
characteristic absorption band centered around ��� nm assigned
to LSPR. This response indeed confirms by Mie scattering the
properties of HfN NPs as plasmonic [�� ]. The UV-vis spectrum of
pristine g-CN (Figure �B) showed a usual absorption edge ca. at
��� nm attributed to the conjugated structure•s � � � * transition
[��, �� ]. From the resulting HfN@g-CN nanocomposite, which
included the HfN NPs, one sees from Figure�B the retention
of the fundamental absorption features of g-CN. Nonetheless,
it showed an evident optical property change in the area of
visible light, illustrating thereby that the plasmonic NPs had been
integrated into g-CN. It can be found in the inset that g-CN with
incorporated plasmonic HfN NPs gives better light absorption,
specially extending at the visible range of wavelengths.

Figure �C illustrates how the incorporation of HfN influences the
electronic structure and charge carrier dynamics in the composite
material, as reflected by PL spectra. The emission band with a
maximum at ���…�
� nm in pristine g-CN corresponds to the
interband recombination of photogenerated electron-hole pairs,
while the energy of emission corresponds to the semiconductor
band gap [�� ]. In contrast, the PL of this g-CN was significantly
quenched in the HfN@g-CN nanocomposite. That clearly indi-
cated that the embedding of HfN NPs enhanced the separation
and transfer of the photogenerated charge carriers, which in turn
suppressed their radiative recombinations. As no conspicuous
fluorescence signals from HfN were detected, quenching was
believed to arise due to the interfacial interactions and transfer
of charge between the plasmonic HfN and semiconductor g-
CN counterpart. This improved charge carrier dynamics can be
attributed to an effective electron-trapping effect by HfN due to
the formation of a Schottky barrier [�� ], alongside possible con-
tributions from LSPR effects, which may enhance photocatalytic
properties [��, �� ].

Figures � and � depict the morphology of HfN NPs, g-CN, and
HfN@g-CN nanocomposites, SEM, and TEM imaging. As shown
in Figure �A , the HfN NPs exhibit a distinct granular morphology
and a relatively uniform distribution, which is supposed to
facilitate plasmonic applications due to their high surface area.
Figure �B shows that g-CN displays a characteristic aggregated
morphology with a layered, flake-like structure, which is typical
of graphitic materials [�
, ��, �	 ]. The SEM image of the HfN@g-
CN (Figure �C ) confirms decoration of HfN NPs onto the g-CN
matrix. The composite exhibits morphology in which HfN par-
ticles are well-dispersed and embedded within the layered g-CN
matrix. This hybridization improves photocatalytic performance
over individual components by increasing the surface area and
creating more active sites at phase boundaries [�
 ]. The effective
combination of HfN and g-CN enhances light absorption and
improves charge carrier separation due to the synergy between
plasmonic HfN NPs and g-CN. These features are consistent with
improvements observed in similar composite photocatalysts.
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FIGURE � UV-visible absorption spectra of (A) pure HfN nanoparticles showing characteristic plasmonic absorption band in the visible region
and extending into the near-infrared region (���…���� nm) and (B) comparison of absorption spectra between pristine g-CN (red) and HfN@g-CN
nanocomposite (blue) demonstrating modified optical properties in the visible light region (���…��� nm). (C) Photoluminescence spectra (excitation at
��� nm, PMT voltage: ��� V, slit width: � nm) of pristine g-CN, HfN@g-CN nanocomposite, and HfN.

FIGURE � SEM micrographs of (A) HfN nanoparticles showing uniform granular morphology (inset: higher magnification view), (B) g-CN
displaying its characteristic layered and flake-like structure, and (C) HfN@g-CN nanocomposite.

In our previous study, the TEM analysis of g-CN used in this
study was performed [�
 ]. In the current study, we focused
on the TEM analysis of HfN NPs and HfN@g-CN. Figure�A
shows spherical HfN NPs with diameters ranging from �� to
�� nm. Figure �B presents a high-resolution TEM image of a
representative nanoparticle with a diameter of approximately
�� nm, while Figure �C provides additional HR-TEM analysis of
the synthesized HfN NPs, revealing detailed structural features.

The morphology of the HfN@g-CN composite was investigated by
TEM analysis. The general structure of the composite is shown
in Figure �A at low magnification. Figure �B reveals how the
HfN NPs are distributed within the g-CN structure at higher
magnification (scale bar: ��� nm). Figure �C clearly shows that
the g-CN is coated with HfN NPs. The EDX analysis in Figure�D
presents the distribution of C, N, O, and Hf elements (FigureS�
and Table S�) in the composite with color maps. These results

confirm that the HfN NPs are homogeneously distributed within
the g-CN structure.

Figure �A shows the FTIR spectra of both materials, which show
characteristic functional groups of g-CN. The broad absorption
band in the region of ����…���� cm � � (centered at� ��
� cm � � )
is attributed to N� H stretching vibrations of primary (� NH2)
and secondary (� NH� ) amine groups. Peaks observed in the
����…�
�� cm � � region correspond to the typical stretching modes
of aromatic C� N heterocycles, with the peak at� �	�� cm � �

assigned to C� N stretching vibrations of the triazine units. The
characteristic peaks at ��� and ��� cm � � are attributed to the
breathing mode vibrations of tri-s-triazine units, indicating the
heptazine-based structure of g-CN [�� ]. After the incorporation
of � wt% HfN NPs, the overall spectral features of g-CN remain
unchanged, with all characteristic peaks maintaining their posi-
tions and relative intensities. Retaining the features of the g-CN

� of �� Nano Select, ����
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FIGURE � TEM characterization of HfN nanoparticles. (A) Low-magnification TEM image showing spherical HfN nanoparticles with diameters
ranging from �� to �� nm. (B) HR-TEM image revealing a single HfN nanoparticle with a diameter of approximately �� nm. (C) HR-TEM image of the
synthesized HfN nanoparticles, providing high-resolution structural details.

FIGURE � TEM and EDX characterization of the HfN@g-CN composite. (A) Low-magnification TEM image showing the overall morphology of
the composite structure. (B) Higher magnification TEM image revealing the distribution of HfN nanoparticles within the g-CN matrix. (C) HR-TEM
image demonstrates the HfN core interface and g-CN shell structure. (D) EDX elemental mapping analysis showing the spatial distribution of constituent
elements: carbon (yellow), nitrogen (red), oxygen (green), hafnium (blue), and their overlay (rightmost), confirming the homogeneous distribution of
elements within the composite structure.

FTIR spectrum suggests that the g-CN decoration by HfN NPs
does not change the structure of the g-CN framework.

Raman spectra, shown in Figure�B , reveal distinctive features. A
broad, asymmetric absorption band extending across ����…����
cm� � is attributed to C� N stretching modes, which is prominent
under visible light excitation and results from the fluorescence
behavior of carbon nitride in this region [�� ]. While the preserva-
tion of g-CN structure is confirmed through FTIR (Figure�A ) and
UV-vis absorption spectroscopy (Figure�B), the Raman spectral
features underwent significant changes upon integration of HfN
NPs in g-CN that include band broadening and positional shifts,
indicating molecular-level interactions between HfN particles
and the g-CN framework. Such broadenings and positional shifts
are attributed to HfN-induced effects on the electron distribution

within the aromatic structure of g-CN. Comparing the HfN@g-
CN and pristine g-CN Raman spectra reveals distinct variations,
particularly in high Raman-shift regions (> ���� cm � � ), and
it confirms the incorporation of HfN into the g-CN structure.
The change in peak intensities and positions indicates effective
synthesis of the composite material. Figure�C , showing low-
shift vibrational signatures of Figure �B , reveals a first-order
acoustic band around �	� cm � � , attributed to longitudinal acoustic
phonons (LA) (���…��� cm � � range) and a first-order optical band
at approximately ��� cm � � , representing optical phonon modes.
Also, a band at 	
� cm � � is present that corresponds to the sum of
acoustic and optical first-order modes (O+A) [ �� ].

Raman spectroscopy reveals vibrational features consistent with
HfN, while also indicating that minor oxidation may have

� of ��
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FIGURE � Spectroscopic characterization of g-CN and HfN@g-CN (� wt% HfN) samples. (A) FTIR spectra displaying the characteristic vibrational
modes of g-CN, including N� H stretching (��
� cm � � ) and C� N stretching (�	�� cm � � ), with the structural integrity of g-CN maintained after HfN
incorporation. (B) Raman spectra obtained using ��� nm laser excitation, showing broad absorption bands attributed to C� N stretching vibrations
(����…���� cm � � ). (C) The inset highlights the low-frequency region (���…���� cm � � �

) of the composite structure with additional vibrational modes
corresponding to Hf-N bonds.

occurred during the synthesis process. However, despite this par-
tial oxidation, the core structural features of HfN remain intact,
and its integration within the composite is stable. Additionally,
UV-vis spectroscopy demonstrates strong plasmonic absorption,
confirming that HfN retains its optical properties and effectively
functions as a plasmonic enhancer. Although oxidation state
variations may influence charge transfer dynamics, their impact
on photocatalytic performance is often secondary compared to
the dominant plasmonic effects. In particular, plasmon-induced
hot electron generation and injection play a crucial role in
enhancing charge separation and suppressing recombination,
thereby improving photocatalytic efficiency [�� ]. Studies on
plasmonic transition metal nitrides have shown that their photo-
catalytic activity is primarily governed by LSPR, which facilitates
efficient charge transfer and increases reaction kinetics [�� ].
Unlike conventional redox-active semiconductors, where oxida-
tion state fluctuations significantly affect catalytic performance,
HfN-based systems rely on their plasmonic properties rather
than oxidation-driven charge transfer mechanisms. This distinc-
tion highlights the robustness of HfN@g-CN as a stable and
efficient plasmonic photocatalyst for visible-light-driven applica-
tions. These findings suggest that HfN remains stable within the
composite and continues to contribute to photocatalysis primarily
through plasmonic effects rather than oxidation-driven charge
transfer.

�.� Photocatalytic Performance

The photocatalytic performance of the synthesized materials
was assessed by using them in time-resolved analysis of the
decomposition of RhB under visible light. The results of the
time-resolved analysis are shown in Figure	 . The progressive
changes in UV-vis absorption spectra of RhB during photo-
catalytic degradation using g-CN and HfN@g-CN are shown
in Figure 	A, B , respectively. The degradation efficiency was
tracked by monitoring the characteristic absorption signal of

RhB at ��� nm. Extended light exposure resulted in a decrease
in absorption intensity, and the HfN@g-CN composite showed
markedly superior performance compared to pristine g-CN.

The photocatalytic efficiencies of the samples for RhB degra-
dation show a variation of relative concentration (C/C� ) with
irradiation time, as shown in Figure 	C . A control experiment
without a catalyst was conducted to assess the stability of RhB
under identical conditions. The results demonstrate that after
exposure to visible light for 	 h, HfN@g-CN achieved approxi-
mately �
% RhB degradation, while the pristine g-CN and HfN
alone showed only ��% and �% degradation, respectively.

The photocatalytic degradation kinetics were analyzed using
a pseudo-first-order kinetic model, as shown in Figure	D .
According to the equation: ln(C� /C) = kt, where k (h� � ) is the
rate constant, andC� and C represent the initial concentration
of RhB and the concentration of RhB at timet, respectively.
The linear relationship between ln(C� /C) and irradiation time
confirms that the photocatalytic degradation follows pseudo-
first-order kinetics. The calculated rate constants were �.��� h � �

for pristine g-CN and �.�

 h � � for the HfN@g-CN composite,
demonstrating a �.
-fold enhancement in photocatalytic activity
because of plasmonic HfN NPs. Furthermore, the degradation
rates were calculated as �.���� mg �h� � for g-CN and �.���� mg �h� �

for HfN@g-CN. With normalization to the catalyst mass, these
rates correspond to �.��	 × �� � � g�h� � �g� �

catalyst for g-CN and
�.
 × �� � � g�h� � �g� �

catalyst for HfN@g-CN. The performance of
the HfN@g-CN nanocomposite was compared with previously
reported plasmonic photocatalysts for the degradation of various
pollutants, as summarized in Table� . Notably, plasmonic active
sites are typically based on gold and silver. However, this study
highlights the potential of HfN as an alternative plasmonic
material. The HfN@g-CN composite demonstrated �.
 times
higher performance than g-CN in the degradation of Rh B under
visible light, achieving comparable or superior photocatalytic
efficiency compared to other plasmonics studies.
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FIGURE � Photocatalytic degradation of RhB under visible light irradiation. (A) Time-resolved UV-vis absorption spectra of RhB after introducing
pristine g-CN. (B) Time-resolved UV-vis absorption spectra of RhB after introducing HfN@g-CN composite. (C) Photocatalytic degradation profiles
showing the relative concentration (C/C� ) of RhB versus illumination time for different photocatalysts. (D) Pseudo-first-order kinetic plots (ln(C0/C)
versus time) for RhB degradation under visible light illumination using different photocatalysts.

TABLE � Comparison of the photocatalytic performance of this study and other studies.

Plasmon
active side

Catalysis
system

Degradation
material

Fold change
(Relative to g-CN)

Rate
constant Refs.

HfN HfN@g-CN Rhodamine B �.
 �.���� min � � This study

Ag AgNPs/g-C� N� �,�-Dichlorophenoxyacetic
acid

� � N/A [ �� ]

Ag AgNPs/PDA/g-C� N� Methylene blue 	 �.��� min � � [�	 ]

Au Au/g-CN Rhodamine B �.� �.�	� min � � [�� ]

Au g-C� N� /Au-SnO�

quantum dot
Rhodamine B � �.�� �.���	 min � � [�� ]

Ag Ag/g-CN Methyl orange � �.� N/A [ �� ]

Ag Ag/N-GQDs/g-C� N� Tetracycline � N/A [ �	 ]

Ag Porous Ag/g-C� N� Tetracycline � ��.� �.��� min � � [�
 ]

Au Au@GQD/g-CN Methylene blue � N/A [ �� ]

The formation of a Schottky junction after electrical contact of g-
CN and HfN NPs is shown in FigureS�. We can assume that the
work function of HfN NPs determines the Fermi energy level of
the composite because of their high density of carriers (reported
as �.
� eV) [ �� ]. Also because of the semiconducting nature of
g-CN, we will have band bending and the formation of a surface

layer that is depleted from the majority carriers (electrons in this
case) [�� ].

The schematic band diagram of such a HfN/g-CN junction under
the illumination of visible light, along with the corresponding
redox energies, is shown in Figure
 . Considering neutral pH (pH
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FIGURE � Illumination of a HfN@g-CN Schottky junction under visible light and corresponding redox couple energies.

= 
), the redox energies on the absolute scale were calculated
using the redox potentials versus the normal hydrogen electrode
(NHE scale) reported by Shahsavandi et al. [�� ] Converting the
reported potentials to redox potentials versus standard hydrogen
electrode (SHE) using the Nernst equation and subsequently
assumption of IUPAC recommendation of � V versus SHE
corresponding to the � �.�� eV energy level and energy of an
electron in the vacuum being � eV, we calculated the positions
of redox energies in the absolute scale using [�� ]:

	 = � (
 ) � 4.44 (�)

where E is energy in eV, andP is the potential in V versus SHE.

Based on the position of the edge of the conduction band of g-
CN (� �.�� eV) and the redox energies of the electron-consuming
reactions shown in Figure
 , it can be concluded that the excited
electrons (whether plasmonic-based or from the g-CN photon
absorption) have an energy level that can favorably direct the
reactions that are shown on the left side of the junction shown
in the Figure 
 , forward.

The photocatalytic process generally yields� OH, h+ , and � O�
�

active radicals in aqueous medium. In this regard, plasmonic
HfN nanoparticle addition may facilitate the photocatalysis by
promoting the efficiency of charge separation and transfer to
produce a higher amount of ROS for pollutant degradation. These
synergistic effects further identify the HfN@g-CN composite
with great potential for realistic photocatalytic applications. Such
excellent photocatalytic activity of the HfN@g-CN composite
could be attributed to several cooperative mechanisms. The
intrinsic surface plasmonic resonance characteristics of HfN
NPs are one of the major factors that facilitate the enhanced
visible light harvesting through collective electron oscillations,
forming high-energy electrons and holes on the nanoparticle
surfaces. This energy enables the excited electrons to surmount
the interfacial Schottky barrier at the HfN/g-CN junction and be
transferred into the conduction band of g-CN. Thereby, it acts

as an efficient site for the trapping of electrons and prevents the
recombination of charge carriers that are photogenerated. Thus,
enhancement of light absorption, coupled with its better charge
separation, makes for the improved photocatalytic efficiency of
the composite.

� Conclusions

We developed an HfN@g-CN nanocomposite, which demon-
strates enhanced photocatalytic activity upon visible light irra-
diation, compared to pristine g-CN. HfN NPs act as •plasmonic
hotspots,Ž enhancing the photocatalytic activity of g-CN through
improved light absorption, generation of hot electrons, and
effective trapping of hot electrons by g-CN to reduce electron-hole
recombination. With a suitable bandgap energy for visible-light
absorption, the HfN@g-CN composite led to �
% degradation
of RhB dye within 	 h, which is about three times higher than
that of pristine g-CN. The pseudo-first-order kinetic model was
applied to the degradation kinetics, showing a superior reaction
rate compared to that of HfN or g-CN alone. The results indicate
the merit of using HfN@g-CN in environmental remediation,
especially in organic pollutant degradation in water, and position
it as a promising candidate for plasmon-enhanced photocatalytic
applications.
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