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Flash Joule Heating Synthesis of Nitrogen-Rich Defective
G-C3N4 for Highly Efficient Photocatalytic Hydrogen
Evolution

Jiawei Xiao, Yun Chen,* Chuhao Cai, Shengbao Lai, Liang Cheng, Junjie Zhang,
Wenxuan Zhu, Yuanhui Guo, Maoxiang Hou, Li Ma, Wanqun Chen, Xin Chen,
and Ching-Ping Wong

Seeking renewable energy solutions that are sustainable and environmentally
friendly is a critical contemporary research imperative. This paper presents a
flash Joule heating approach to prepare high-performance nitrogen-rich
defective graphitic carbon nitride (g-C3N4) for hydrogen production by
photocatalytic water splitting at ultralow cost. By leveraging the rapid heating
and cooling capabilities of flash Joule heating, and using melamine as the sole
precursor, defects are introduced and precisely regulated while preserving the
structural integrity of as-synthesized prepared g-C3N4. By tuning the
processing parameters, the band structure of g-C3N4 can also be optimized,
which can significantly suppress electron-hole recombination and
substantially enhance its photocatalytic hydrogen evolution from splitting
water. As a result, a hydrogen evolution rate of 16936.5 µmol h−1 g−1 for
Pt/g-C3N4 is achieved, which is comparable to the leading benchmarks in the
field. Through a life cycle assessment (LCA) and a cradle-to-gate
techno-economic assessment (TEA), this method reduces costs to 1/12,
energy consumption to 1/23, and CO2 emissions to less than 1/8 of those
associated with the thermal polymerization approach under equivalent
conditions. These results underscore the exceptional advantages of the
developed method in cost-effectiveness and environmental sustainability,
offering a robust scientific foundation for the industrial-scale production of
g-C3N4-based photocatalysts.

1. Introduction

Graphitic carbon nitride (g-C3N4) based photocatalysts have at-
tracted considerable attention in both academia and industry
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because of their notable advantages,
including a large specific surface area
derived from 2D structure, strong visible-
light absorption, and well-matched con-
duction band alignment.[1] However,
g-C3N4 is limited by the rapid recombi-
nation of photogenerated electron-hole
pairs and an inadequate surface reac-
tion rate, which results in photocatalytic
performance that is considerably be-
low the requirements and expectations
for widespread practical application.[2–4]

Defect modulation has become a piv-
otal strategy for enhancing the photo-
catalytic hydrogen evolution (PHE) activ-
ity of g-C3N4 in visible-light-driven wa-
ter splitting. Among the various meth-
ods for defect modulation, thermal treat-
ment has become a key technique for
precise defect engineering, facilitating the
controlled generation of atomic defects
with distinct coordination states in g-C3N4.
By fine-tuning critical parameters such as
temperature and treatment duration, this
method enables the manipulation of defect
type and concentration,[5–8] thereby facili-
tating the modulation of the energy band
structure,[9,10] and electronic properties and

photocatalytic activity[11] of a material. Owing to its high degree
of controllability and adaptability in introducing nitrogen defects,
thermal treatment has attracted substantial attention in defect
modulation research.
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To achieve precise control over the crystal structure and de-
fect configurations of carbon nitride materials, Liu et al. devel-
oped a two-step, molten-salt-assisted method for poly (triazine
imide) (PTI) synthesis. The synthesized PTI was noted to ex-
hibit an extended 𝜋-conjugated and highly crystalline framework
with a well-ordered structure, which can promote the extensive
exposure of surface pyridinic nitrogen species, thus consider-
ably enhancing electron delocalization and facilitating density
optimization.[12] Thermal treatment has become a key strategy
in defect engineering because it enables the direct introduction
of various intrinsic defects through high-temperature calcination
without the use of chemical etchants. Elevated thermal energy
accelerates bond cleavage and facilitates the migration of atoms
out of the lattice, resulting in vacancy-type defects.[13,14] Di[15]

and Zhang[16] applied two-step thermal treatments to introduce a
high concentration of surface carbon vacancies into nanosheets
exfoliated from bulk g-C3N4. These vacancies were introduced
because they are beneficial for enhancing photocatalytic activity.
Zhou et al.[17] directly incorporated 2-aminopyridine molecules
at the edge of the carbon nitride framework to produce nitrogen-
defect-rich carbon nitride.
However, due to its narrow thermal stability range, melamine,

which is a widely adopted precursor for the synthesis of g-
C3N4, undergoes polymerization into g-C3N4 at temperatures
above 520 °C but decomposes rapidly when the temperature ex-
ceeds 650 °C.[18] This pronounced temperature sensitivity, cou-
pled with the prolonged heating durations and the concurrent
release of gases, considerably increases the difficulty of achiev-
ing precise control over the final product. Considering the limi-
tations imposed by thermal stability, extended processing dura-
tions, and energy inefficiency, conventional thermal treatment
methods face inherent challenges in scalability. Consequently,
the development of cost-effective defect engineering strategies
for producing superior-grade g-C3N4 for highly efficient photoly-
sis has become a pivotal focus in current research endeavors.
Zhang et al. used a high-temperature to rapidly treatment

method to rapidly eliminate nitrogen atoms from g-C3N4, by
increasing the temperature to 800 °C at a rate of 600 °C min−1

and maintaining this temperature for 15 min before the anneal-
ing. This approach resulted in g-C3N4 materials with excellent
PHE performance.[19] Lin et al. applied thermal treatment to
melamine-derived g-C3N4 in a vacuum environment, which not
only enhanced its thermal stability but also ensured its purity.[20]

Vinu et al. demonstrated that g-C3N4 with different nitro-
gen contents and molecular structures could be synthesized by
carbonizing nitrogen-rich precursors at various pyrolysis temper-
atures, which could lead to the formation of structural features
with N-rich active sites.[21] Several studies have attempted to opti-
mize the characteristics of g-C3N4 through the modulation of the
annealing process. To optimize the effects of nitrogen vacancies,
Longobardo et al. extended the annealing duration, which helped
reduce the material bandgap.[22] Similarly, Kubanaliev et al. per-
formed annealing at a controlled temperature to improve the
yield of the process.[23] Despite these advances, the precise in-
fluence of processing temperature on the formation of nitrogen
vacancies and their subsequent effects remains unclear. More-
over, further research is warranted to develop a cost-effective
and energy-efficient approach for industrial-scale g-C3N4
production.

Tour et al. pioneered the use of flash Joule heating for the ef-
ficient fabrication of graphene. They have established a synthe-
sis, within a fleeting duration of less than 1 s (<1 s) that gen-
erates a substantial amount of Joule heat, achieving tempera-
tures approaching 3000 K, thereby synthesizing high-yield flash
graphene.[24] This innovative approach is not limited to tradi-
tional carbon sources, it extends to a diverse array of sustain-
able, renewable, and waste-derived carbon materials.[25–28] On
the basis of the insights, Hu presented a novel Joule-heat-based
methodology for the programmable heating and quenching of
CH4,

[27] which allows the dynamic control of thermal chemi-
cal reactions, and programmable fashion, heralding a new fron-
tier in the controlled decomposition of hydrocarbons. The afore-
mentioned methodology can also be used to recycle waste glass-
fiber-reinforced plastics into silicon carbide, effectively mitigat-
ing the challenges of environmental contamination and resource
wastage.[29]

In this study, we have innovatively applied flash Joule heating
in the synthesis of g-C3N4 to achieve a precise defect modula-
tion (Figure 1). By leveraging the high-speed heating and cool-
ing capabilities of flash Joule heating, this method generates a
high-temperature shock that efficiently converts melamine into
nitrogen-rich defective g-C3N4 with a porous layered structure
within a remarkably brief duration (≈72). The proposed method
was used to prepare the Pt/g-C3N4-625 achieves an impressive
hydrogen evolution rate of 16936.5 μmol h−1 g−1, which is com-
parable to the leading benchmarks in the field. Under conditions
of comparable H2 conversion efficiency and identical yield, the
cost of this method is only 1/12 that of the thermal polymeriza-
tion method, energy consumption is reduced to 1/23, and CO2
emissions are less than 1/8. These results demonstrate clear ad-
vantages in terms of cost-effectiveness and environmental sus-
tainability, offering a pivotal reference for the industrial-scale syn-
thesis of carbon-nitride-derived photocatalysts.

2. Results and Discussion

The specific steps for synthesizing g-C3N4-x (x represents the
synthesis temperature in °C, and x = 525, 550, 575, 600, 625,
650) from melamine on carbon paper using the flash Joule heat-
ing method are outlined in Figure 2a. First, the melamine as
the sole precursor is moistened with deionized water to create
an aqueous slurry, which is loaded onto carbon paper. This pa-
per is then placed in a vacuum chamber maintained at a base
pressure of 10−7 Pa. Subsequently, the precursor is subjected
to high-temperature impulse shock heating via the Joule heat-
ing effect. By programming key parameters including heating
temperature, pulse duration, and temperature change rate, the
synthesis process is precisely controlled, allowing for stringent
regulation of the reaction process temperature, which facilitates
the attainment of rigorous control in both spatial and tempo-
ral dimensions and is essential for ensuring the accurate sup-
ply of energy and the stability of the reaction kinetics. In con-
trast to traditional heating methods, the proposed method re-
quires less time and thus significant reduction in the energy con-
sumption of the process. Figure 2a-II illustrates the processing
temperature variation during a complete high-temperature im-
pulse shock cycle, which comprises six subcycles and is com-
pleted within 72 s. The maximum processing temperature is
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Figure 1. Concept image of the preparation of layered mesoporous nitrogen-defective carbon nitride with high-temperature impulse shock induced by
flash Joule heating and its PHE.

precisely controlled within the range of 525–650 °C. Besides, de-
tailed temperature evolution in one cycle of heating and cooling
during flash Joule heating synthesis is displayed in Figure S1
(Supporting Information), which illustrates the changes in ma-
terials during high-temperature shock. Through iterative pulsed
heating protocols, nitrogen-deficient carbon nitride nanostruc-
tures with tunable defect densities were synthesized in the form
of powders, as evidenced by the morphological evolution pre-
sented in Figure 2a-III.
The g-C3N4-x powders synthesized at different processing

temperatures are depicted in Figure 2b. As the pulse process-
ing temperature was increased, the color of the g-C3N4-x pow-
der changed from light grayish-yellow to dark earthy yellow be-
cause of changes in its bandgap.[30] Transmission electron mi-
croscopy (TEM) images revealed that the g-C3N4-x produced by

this method exhibits a well-defined lamellar porous structure
(Figure S2, Supporting Information), with all samples exhibiting
a uniform surface morphology. As displayed in Figure 2c,d, the
prepared sampleswere rich inmesopores, which alignedwith the
results fromBrunauer–Emmett–Teller (BET) analysis (Figure S3,
Table S1, Supporting Information) and supported the presence of
N2C vacancies.

[31]

To examine the effects of thermal processing parameters on
the microstructures of carbon nitride, a series of g-C3N4-x pow-
der samples synthesized at varying temperatures were charac-
terized and compared with commercial g-C3N4. X-ray diffrac-
tion (XRD) analysis (Figure 3a) and Fourier transform infrared
(FTIR) spectroscopy (Figure 3b) revealed a high degree of similar-
ity in microstructure between g-C3N4-x and commercial g-C3N4,
which confirms the successful synthesis through the flash Joule

Figure 2. Schematic of the g-C3N4-x processing procedure and its surface characteristics. a) Illustrated preparation. b) Color comparison of carbon
nitride prepared at different high-temperature impulse shock conditions. c) TEM image showing the lamellar structure of g-C3N4-625, and d) surface
mesopores.
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Figure 3. Microstructure characterization of g-C3N4-x. a) XRD patterns, b) FTIR spectra, c) EPR spectra, and d) C1s and N1s XPS spectra of g-C3N4-x (x
= 525, 550, 575, 600, 625, 650) and g-C3N4. The labels a-g respectively correspond to g-C3N4-525, g-C3N4-550, g-C3N4-575, g-C3N4-600, g-C3N4-625,
g-C3N4-650, and g-C3N4.

heating method. In the XRD pattern, commercial g-C3N4 exhib-
ited two characteristic diffraction peaks at angles of 12.9° and
27.6°, which were respectively ascribed to the in-plane structural
repetition in the (100) direction and the interlayer stacking in the
(002) direction.[32] For g-C3N4-x, the (100) peaks shifted toward
lower 2𝜃 values as the processing temperature increased, indi-
cating an increase in facet spacing that could result in a widened
bandgap. The intensities of these peaks decreased as the process-
ing temperatures increased, reflected a reduction in crystallinity
and the introduction of structural defects. Notably, as the pro-
cessing temperature increased, the (002) peak exhibited reduced
intensity and a narrower half-peak width, and it shifted toward
lower 2𝜃 values, suggesting that the interlayer spacing decreased
with an increase in the processing temperature, which enhanced
the interlayer charge transfer rate.[32,33] Consequently, as the pro-
cessing temperature increases under Joule heating, photocat-
alytic performance is expected to improve. A minor peak ap-
peared at 25.1° in the XRD pattern of g-C3N4-650, suggesting that
g-C3N4-650 underwent carbonization at 650 °C, which resulted
in the structural transformation of its crystalline phase.[30,34] Fur-
thermore, the XRD patterns of the g-C3N4 samples synthesized
at 525 and 550 °C contained a distinct impurity peak at ≈30.8°,
which could be attributed to the incomplete polymerization of
heptazine units and their derivatives during the synthesis pro-

cess. These results indicate that g-C3N4 remained in an atypical
mixed structural phase before the complete formation of the g-
C3N4 framework.[35] On the basis of these results, the 525–625 °C
range is identified as the optimal processing temperature range
for synthesizing g-C3N4-x using the flash Joule heating method.
The molecular structure and chemical bonding of the sam-

ples were investigated through FTIR spectroscopy as illustrated
in Figure 3b. A prominent absorption band was observed at 800
cm−1, which alignedwith the theoretical predictions for s-triazine
vibrations, whilemultiple peaks were observed within 1200–1600
cm−1, which were attributed to the vibrational patterns associ-
ated with aromatic C─N heterocyclic units. The peak observed
at ≈3100 cm−1 was ascribed to the stretching vibrations of N─H
or O─H functional groups.[36,37] For samples synthesized at pro-
cessing temperatures ranging from 550 to 650 °C, a weak ab-
sorption peak near 2170 cm−1 appeared, which was attributed to
the asymmetric stretching vibration of cyano groups (C≡N),[38]

the intensity of which increased progressively at higher impulse
shock temperatures, indicating that elevated processing temper-
atures enhance the likelihood of additional C≡N defects forming
in g-C3N4-x.
To further investigate the state of unpaired electrons within the

samples, electron paramagnetic resonance (EPR) spectroscopy
was performed on all samples (Figure 3c). For the g-C3N4-x
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samples synthesized via the flash Joule heating approach, a char-
acteristic signal, which is associated with N vacancies, was ob-
served near g of 2.003. This signal originated from the unpaired
delocalized electrons that reside in the 𝜋-conjugated aromatic
ring structure.[39] Moreover, the intensity of the EPR signals
across the various samples was found to be directly proportional
to the degree of defects observed in the FTIR spectra, indicating
a clear correlation between the two characteristics.
To investigate the ontological structure and elemental

composition of g-C3N4-x samples synthesized under various
temperature-shock conditions, X-ray photoelectron spectroscopy
(XPS) was employed. Elemental analysis revealed that as the
processing temperature increased, a stepwise decrease in the
N/C ratio commencing from 1.29, which is close to the theoreti-
cal value, to 1.04 (Table S2, Supporting Information), indicating
the formation of nitrogen vacancies. Further insights were
obtained through a detailed analysis of the C1s and N1s spectra
(Figure 3d). The C1s spectra exhibited three peaks at ≈284.8,
286.4, and 288.0 eV, which were attributed to C═C or adventi-
tious carbon, N-(C)3, and hybridized carbons in N-containing
aromatic rings, respectively.[40] A shift in binding energy to
higher values with increasing pulse processing temperature
suggested a rise in electron density, while a high-intensity
peak at 286.4 eV confirms the formation of C≡N.[36] The N1s
XPS spectra contained two distinct peaks, one at 398.6 eV and
another at 400.4 eV, which were ascribed to nitrogen atoms in
bi-coordinated (N2C) and tri-coordinated (N3C) configurations
within the heptazine ring structure. The N2C peak shifted to
lower binding energies as the processing temperature increased,
which is consistent with the fact that the binding energy of
C≡N is lower than that of N2C.

[41] Moreover, the N2C/N3C ratio
significantly decreased from 5.09 in g-C3N4-525 to 2.83 for g-
C3N4-625, which suggested that the loss of N2C occurred during
the high-temperature impulse shock treatment preferentially,[13]

with the absence of N2C sites disrupted the charge balance and
structural integrity of the heptazine framework, which leads to
reduced crystallinity, as confirmed by FTIR and XRD analyses.
From the direct comparison between g-C3N4-625 and g-C3N4
shown in Figure S4 (Supporting Information), it is evident that
nitrogen defects have been effectively incorporated.
Investigations into the optical absorption properties and band

structure of g-C3N4-x were carried out employing ultraviolet–
visible diffuse reflectance spectroscopy (UV–vis DRS) and the
valence band (VB) XPS. The samples synthesized at 625 °C ex-
hibited stronger light absorption, with the maximum absorp-
tion wavelength being 456 nm (Figure 4a). However, no no-
table differences were observed in light absorption were observed
among the other samples. The optical bandgap (Eg) for each
sample was estimated by using Tauc plots (Figure 4b). The Eg
for the g-C3N4-x (x = 525, 550, 575, 600, 625, 650) were cal-
culated to be 2.59, 2.60, 2.56, 2.54, 2.52, and 2.58 eV for, with
the commercial g-C3N4 serving as a comparison and exhibit-
ing an Eg of 2.61 eV. To gain a clearer understanding of the ef-
fect of processing temperature on the electronic structure, the
VB positions of all samples were analyzed using the following
equation,[42]

EVB = Φ + EVB−XPS − 4.44 (1)

whereΦ denotes the work function of the test instrument, which
has a value of 4.2 eV. This allowed us to determine theVBposition
with respect to the normal hydrogen electrode at pH 7. The cal-
culated VB minimum values for each sample, respectively, were
1.99, 1.96, 1.93, 1.85, 1.70, and 1.57 eV (Figure 4c). These find-
ings reveal that the VB position of g-C3N4-x was influenced by
the processing temperature, with a notable decrease from 1.75 eV
for g-C3N4-525 to 1.33 eV for g-C3N4-650, suggesting a correlation
between VB position and the presence of nitrogen defects. Com-
bining the Tauc equation with the UV–vis DRS data, the conduc-
tion bandmaximum (CBM) for all samples was calculated, which
respectively were −0.84, −0.88, −0.87, −0.93, −1.06, −1.25, and
−0.85 eV. The introduction of nitrogen defects resulted in an
overall negative shift in the CB of g-C3N4-x,

[43] which closely mir-
rored the trend observed in the VB, and included a 0.41 eV more
negative shift in the CB of g-C3N4-650 compared to g-C3N4-525
that is beneficial for photocatalytic activity.
To better visualize these findings, the energy band structures

of the samples were explored (Figure 4d). The bandgaps of all
the samples exhibited a decreasing trend within a specific tem-
perature range, with g-C3N4-625 showing the smallest bandgap
of 2.52 eV. Although g-C3N4-650 exhibited a slight increase in
bandgap width, all g-C3N4-x samples had smaller bandgaps than
the commercial g-C3N4. The presence of these defects was pos-
tulated to induce a mid-gap state through the overlap of the CB
and VB, which further altered the bandgaps of the g-C3N4-x. Be-
sides, these intermediate energy levels below the CB enable g-
C3N4-x to absorb photons, which subsequently facilitates the ex-
citation of electrons from VB to the defect state with lower ener-
gies, thus broadening the light absorption spectrum of g-C3N4-
x and potentially enhancing its photocatalytic reduction capabil-
ities. This suggests that these defects introduce mid-gap states
that cause CB and VB to overlap, thereby changing the g-C3N4-
x band-gap.[44] Additionally, acting as intermediate energy levels,
these defects enable g-C3N4-x to absorb photons below the CB.
Photon absorption initiates the electronic transition from VB to
the defect state with lower energies,[38,45] thereby expanding the
light absorption spectral range of g-C3N4-x and potentially en-
hancing its photocatalytic reduction capabilities.
The above characterization confirms that flash Joule heating

can successfully introduce two types of nitrogen defects, includ-
ing C≡N and nitrogen vacancies, and demonstrates their impacts
on the microstructure and band structure. Cyano groups, which
act as acceptors of free electrons, can enhance the efficacy of
charge carrier transfer and separation,[46] whereas nitrogen va-
cancies inhibit charge carrier recombination.[47,48] The synergis-
tic effect of these nitrogen defects is likely to influence charge
carrier behavior.
To evaluate the effect of defect introduction via flash Joule heat-

ing on photogenerated electron-hole pairs recombination, pho-
toluminescence (PL) emission spectrum analysis was performed
on all samples (Figure 4e). Lower PL intensities correspond to re-
duced electron-hole recombination.[32] The results revealed that
for all samples, except for g-C3N4-650, the PL peak intensity ex-
hibited a decreasing trend with increasing pulse processing tem-
perature, indicating that higher processing temperatures reduce
sample crystallinity and inhibit carrier recombination. Among
all samples, g-C3N4-625 exhibited the lowest PL peak intensity,
suggesting that it had the best ability to suppress electron-hole
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Figure 4. Band structure detection and photoelectric performance characterization of g-C3N4-x. a) UV–vis DRS image, b) plots of (𝛼h𝜈)2 versus the
energy of absorbed light, c) VB-XPS image, d) band structure alignments, e) PL spectra, f) Nyquist plots from electrochemical impedance spectra, and
g) photocurrent response of the photocatalysts of all samples.

recombination, which could be attributed to the defect trapping
effect and the optimization of charge localization at terminal sur-
face sites.[13] This finding was noted to be consistent with the
results of other characterization analyses. In addition, the emis-
sion peak position in PL spectra typically reflects changes in the
bandgap structure, which confirms that g-C3N4-x synthesized by
flash Joule heating exhibits bandgap tuning compared to com-
mercial g-C3N4. To assess the charge dynamics and chargemobil-
ity of samples processed at different temperatures, time-resolved
photoluminescence (TRPL) measurements were performed. The
results (Figure S5 and Table S3, Supporting Information) indi-
cated that the average lifetimes (Ave.𝜏) ranged from 4.71 ns to
9.92 ns, with g-C3N4-625 exhibiting the shortest lifetime. This

considerable reduction in the lifetime of photogenerated charge
carriers was attributed to nitrogen defects enhancing the separa-
tion and transfer efficiency of excitons in g-C3N4-x.

[49] Except for
g-C3N4-650, the remaining samples exhibited a decrease in flu-
orescence lifetime with an increase in processing temperature.
This suggests that the lifetime of photogenerated charge carri-
ers is correlated with processing temperature, with this correla-
tion being influenced by crystallinity and defect concentration.
The defect states within g-C3N4-x can serve as non-radiative re-
combination centers, effectively trapping photogenerated elec-
trons and holes,[50] thereby revealing a strong interdependence
between the characteristics of defect states and the dynamics
of charge recombination.[51] The g-C3N4-x samples prepared via
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 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202503335 by Shanxi U
niversity, W

iley O
nline L

ibrary on [03/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

flash Joule heating exhibit markedly suppressed photolumines-
cence (PL) intensity and shortened exciton lifetimes, indicating
inhibited radiative recombination and the presence of efficient
nonradiative pathways.[52] This behavior is typically attributed to
defect-induced charge trapping associated with the introduced
cyano groups and nitrogen vacancies as structural defects. Pre-
vious studies employing femtosecond transient absorption spec-
troscopy (fs-TAS) to probe the carrier dynamics provide further
support for this mechanism. Nitrogen-related defects have been
shown to function as localized separation centers,[53] accelerat-
ing nonradiative charge transfer by acting as electron traps and
thereby suppressing radiative recombination.[54] Nitrogen vacan-
cies introduce deep trap states that can rapidly capture photo-
generated electrons, leading to quenched PL signals and reduced
excited-state carrier lifetimes. In flash Joule heating, a rise in pro-
cessing temperature results in additional non-radiative recombi-
nation pathways, thereby reducing the likelihood of radiative re-
combination in photogenerated charge carriers and consequently
lowering the PL peak intensity. However, in light of the other
characterization analyses and the final results, this effect remains
less significant compared to the impact of crystallinity on the
samples.
Electrochemical tests were conducted to assess the charge

transfer and separation efficiencies of all samples (Figure 4f,g).
Electrochemical impedance spectroscopy (EIS) was employed
to assess the migration rate of photogenerated charges, and a
Nyquist plot was used for this assessment, smaller semicircle
radii represent lower charge transfer resistance and enhanced
charge transfer ability.[55,56] The radii for the samples, except for
g-C3N4-650, gradually decreased as the processing temperature
increased indicating that resistance to photogenerated charge
transfer decreased within a specific temperature range. These g-
C3N4-625 and g-C3N4-600 exhibited radii that were akin to those
of commercial g-C3N4, thus they had comparable efficiencies
in promoting charge migration. Characterizations of the tran-
sient photocurrent response were also conducted to gain further
insight into the rapid charge separation behavior of g-C3N4-x
(Figure 4g).[57] Within a specific processing temperature range,
the photocurrent signals increased with the processing temper-
ature, this increase in intensity corresponded to an increase in
the disintegration efficiency of electron-hole pair binding within
g-C3N4-x. Compared with that of the other samples, the pho-
tocurrent intensity of g-C3N4-625 more closely resembled that
of commercial g-C3N4, demonstrating that similar photogener-
ated charge separation efficiency between the two samples. These
electrochemical results demonstrate that nitrogen defects intro-
duced via flash Joule heating through high-temperature impulse
shock heighten the PHE capabilities of g-C3N4-x by effectively
amplifying its charge transfer capabilities. The increase in crys-
tallinity of g-C3N4 plays a crucial role in facilitating electron trans-
fer to the surface for chemical reactions.[58] In electrochemical
tests, g-C3N4-x synthesized via flash Joule heating effectively in-
troduces a higher concentration of defects, leading to a reduc-
tion in crystallinity. Consequently, although the bulk lattice of g-
C3N4-x allowed for rapid charge migration, the interfacial ohmic
contact resistance and disrupted electron transport pathways at
the interface impeded electron transfer, resulting in g-C3N4-x ex-
hibiting reduced charge transfer efficiency and electrochemical
performance.[59] Compared with g-C3N4-x, commercial g-C3N4

had higher crystallinity and thus exhibited more efficient charge
migration pathways in the bulk phase, thereby achieving supe-
rior electrochemical performance. Directional charge transfer is
governed by a delicate balance between interfacial crystallinity
and defect concentration.[60] Based on the comprehensive results
from all photoelectrochemical performance tests, we conclude
that g-C3N4-625, synthesized through flash Joule heating, repre-
sents a more favorable balance between defect states and crys-
tallinity when compared to the other samples.
Compared with commercial g-C3N4, the g-C3N4-x prepared via

flash Joule heating exhibits comparable photogenerated charge
separation efficiency levels but demonstrated improved suppres-
sion of carrier recombination, which should expected to improve
its photocatalytic performance. Nitrogen vacancies and cyano
groups, which serve as crucial active centers for the PHE, con-
tribute significantly to enhancing photocatalytic efficiency.[61] Ac-
cordingly, we conducted a series of PHE experiments, preparing
photocatalysts were prepared by depositing 3.4 wt.% Pt atoms on
each sample through the same method (Figure 5a), its average
particle size is only 1.49 nm (Figure S6, Supporting Information).
Upon exposure to visible-light, the catalytic response of the sam-
ples exhibited a volcano-like trend (Figure 5b), with g-C3N4-625
showing the superior hydrogen evolution rate achieving 16936.5
μmol h−1 g−1, which is comparable to the leading benchmarks in
the field (Table S3, Supporting Information). The photocatalytic
activity of Pt/g-C3N4-650 decreased due to structural damage to g-
C3N4-650 caused by excessive impulse shock temperatures, while
the lower hydrogen evolution rates of carbon nitride prepared
at lower impulse shock temperatures resulted from incomplete
conversion of melamine.
Compared to the Pt-loaded g-C3N4 catalyst without nitrogen

defects, Pt/g-C3N4-625 exhibited a catalytic activity that was 8
times higher (Figure 5c) and 16 times greater than that of g-
C3N4-625 without Pt loading. Various characterization tests were
conducted for Pt/g-C3N4-625 to investigate the effect of Pt load-
ing on hydrogen evolution performance (Figure S7, Supporting
Information). As displayed in Figure S7a (Supporting Informa-
tion), the EPR signal of Pt/g-C3N4-625 was considerably stronger
than that of g-C3N4-625, indicating that Pt coordinated with ni-
trogen vacancies and cyano groups to stabilize unpaired elec-
trons and generate more paramagnetic centers.[40] Furthermore,
Pt acted as an efficient electron sink and rapidly captured pho-
togenerated electrons from g-C3N4-625, thereby effectively sup-
pressing electron–hole recombination and causing a reduction in
PL intensity (Figure S7b, Supporting Information).[62] To evaluate
charge separation efficiency, we examined the EIS characteristics
and photocurrent responses of g-C3N4-625 andPt/g-C3N4-625.

[63]

The Nyquist plot obtained from the electrochemical impedance
spectra of Pt/g-C3N4-625 (Figure S7c, Supporting Information)
contained a smaller semicircle than did that obtained from the
electrochemical impedance spectra of g-C3N4-625. This result
can be attributed to the high-conductivity pathways provided by
Pt and the Pt–N coordination with defects, which enhanced the
conductive network of Pt/g-C3N4-625 and considerably reduced
charge transfer resistance at the photocatalyst–electrolyte inter-
face. Moreover, Pt loading enhanced charge carrier separation
and transport efficiency by capturing photogenerated electrons
and facilitating rapid interfacial charge transfer, thus partially
mitigating the effect of low crystallinity on electron conduction
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Figure 5. Characterization and performance evaluation of g-C3N4-x based photocatalysts with identical synthetic methodologies. a) Pt/g-C3N4-625
TEM image, with Pt deposited on the surface of g-C3N4-625. b) Hydrogen production rate diagram of Pt/g-C3N4-x (x = 525, 550, 575, 600, 625, 650).
c) Comparison of hydrogen production rates between Pt/g-C3N4-625 and g-C3N4-625 without Pt. d) Stability test of Pt/g-C3N4-625 (Expressed as the
total amount of H2 evolved in each cycle).

and leading to an increased photocurrent (Figure S7d, Support-
ing Information). Furthermore, to systematically investigate the
effect of Pt loading, we designed a linear concentration gradient
system by preparing five chloroplatinic acid precursor solutions
with progressively increasing concentrations. PHE experiments
were then carried out under identical conditions using Pt/g-
C3N4-625 samples derived from these solutions to preparation
(Figure S7e, Supporting Information), which confirmed our sam-
ple had reached the maximum hydrogen evolution rate achiev-
able under the current experimental setup. Although the other
samples demonstrated lower hydrogen evolution rates than did
the aforementioned sample, most of them still exhibited higher
photocatalytic activities superior to that of Pt/g-C3N4, as a conse-
quence of the elevated visible-light absorption and the nitrogen-
defect-driven optimization of charge separation efficiency. These
findings further confirm the beneficial role of nitrogen defects in
enhancing photocatalytic performance.
Stability tests were also conducted for Pt/g-C3N4-625

(Figure 5d), and these tests indicated that the hydrogen evolution
rate remained stable across four consecutive test cycles, with
each test cycle lasting for 5 h each. This demonstrates that the in-
troduction of nitrogen defects not only enhanced photocatalytic
activity but also maintained structural stability, which is crucial
for sustaining the performance of photocatalysts over long-term
use in practical applications.

To further elucidate the mechanisms underlying the enhance-
ment of optical absorption and charge separation, density func-
tional theory (DFT) calculations were conducted for an ideal-
ized, pristine g-C3N4 monolayer, and for a defect-engineered
system, g-C3N4-C≡N-VN, which incorporates nitrogen vacancies
and cyano functional groups as two distinct nitrogen-related de-
fects. As shown in the calculated density of states (DOS) profiles
(Figure 6a,b), the CB of pristine g-C3N4 was predominantly com-
posed of C2p and N2p orbitals, whereas VB was primarily gov-
erned byN2p orbitals. These findings are consistent with those of
previous research.[41] Moreover, the DOS plots revealed a notice-
able bandgap narrowing of the bandgap in the defect-containing
model, confirming that the incorporation of nitrogen defects
plays a pivotal role in modulation.
The spatial distributions of the highest occupied molecular or-

bital (HOMO) and lowest unoccupied molecular orbital (LUMO)
for g-C3N4 and g-C3N4-C≡N-VN are presented in Figure 6c,d,f,g.
In the pristine g-C3N4 system, the HOMO and LUMO had a
relatively uniform distribution across the molecular framework.
By contrast, in g-C3N4-C≡N-VN, considerable charge density re-
distribution occurred, resulting in pronounced spatial separa-
tion between HOMO-localized holes and LUMO-localized elec-
trons as well as the emergence of charge-enriched regions.
This localized charge accumulation modified the electronic
structure of g-C3N4-C≡N-VN, leading to alterations in the VB

Small 2025, 2503335 © 2025 Wiley-VCH GmbH2503335 (8 of 12)
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Figure 6. DFT simulation results for g-C3N4 and g-C3N4-C≡N-VN. a,b) display the density of states (DOS) for g-C3N4 and g-C3N4-C≡N-VN, respectively.
c,d,f,g) respectively illustrate the charge density distributions of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) for g-C3N4 and g-C3N4-C≡N-VN. e,h) respectively present the simulated snapshots of water molecule adsorption on the surfaces of
g-C3N4 and g-C3N4-C≡N-VN.

and CB edges and the formation of defect-associated mid-gap
states.[64]

To explore the interaction of the interface with water
molecules, we computed the adsorption energies of H2O on the
surfaces of g-C3N4 and g-C3N4-C≡N-VN.

[65] The simulated equi-
librium adsorption configurations for g-C3N4 and g-C3N4-C≡N-
VN are displayed in Figure 6e,h, respectively, and the adsorp-
tion energies (Eabs) for these configurations were calculated to be
0.189 and−0.564 eV, respectively, indicatingmarkedly higher wa-
ter adsorption affinity in the g-C3N4-C≡N-VN system than in the
pristine g-C3N4 system.

3. Life Cycle and Technoeconomic Assessments

Flash Joule heating enables the rapid production of g-C3N4 sam-
ples with superior performance in a few seconds. By contrast, the
commonly used thermal polymerization requires several hours
to produce a batch of an equivalent quantity of carbon nitride.
This extended processing time directly results in increased en-
ergy consumption and production costs.
To evaluate the advantages of flash Joule heating over ther-

mal polymerization, we compared these methods’ energy re-
quirements, resource consumption, and environmental impacts
through a life cycle assessment (LCA) and a cradle-to-gate techno-

economic assessment (TEA).[66] The comparative results are
summarized in Figure 7a, as the consumption and emissions of
carbon nitride prepared by flash Joule heating and thermal poly-
merization and a brief life cycle assessment of thermal polymer-
ization of g-C3N4 with inputs and outputs are shown in Figures
S8 and S9 (Supporting Information).
Flash Joule heating synthesis of carbon nitride uses melamine

as the sole feedstock, which is mixed with water to form a paste,
wrapped in carbon paper, and subjected to pulsed-shock process-
ing in a reaction chamber to complete the synthesis. From an
economic perspective, the cost difference between these meth-
ods is striking. Flash Joule heating synthesizes carbon nitride at
just 2.04 ¥ kg−1, far lower than the 25.8 ¥ kg−1 required by ther-
mal polymerization (Figure 7b). The total energy consumption
for this process is 8.57 MJ per kilogram of carbon nitride, with
the flash Joule heating step consuming only 466.5 kJ (Figure 7c).
In contrast, thermal polymerization consumes a total of 198.16
MJ for the same production scale. Although a marginally higher
melamine conversion rate can be achieved in thermal polymer-
ization than in flash Joule heating, thermal polymerization has a
substantially higher energy demand. Besides, CO2 emissions are
a critical metric for assessing the environmental impact of these
processes. The total CO2 emissions for flash Joule heating are
only 1311.4 g kg−1, with the majority originating frommelamine

Small 2025, 2503335 © 2025 Wiley-VCH GmbH2503335 (9 of 12)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202503335 by Shanxi U
niversity, W

iley O
nline L

ibrary on [03/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 7. Life cycle assessment and economic benefit assessment analysis diagram. a) Brief life cycle assessment of flash Joule heating g-C3N4-x with
inputs and outputs. b) Comparison of monetary costs, c) energy consumption, and d) CO2 emissions for carbon nitride prepared by different methods,
with some quantities being too small to be clearly visible in the graphs.

production. In comparison, the thermal polymerization gener-
ates 11195.26 g kg−1 of CO2. Thus, thermal polymerization has a
considerably higher environmental burden than flash Joule heat-
ing (Figure 7d). Considering energy efficiency, cost-effectiveness,
and environmental friendliness, the flash Joule heating exhibits
substantial promise for industrial-scale carbon nitride produc-
tion. This approach not only reduces production costs and energy
consumption but also mitigates environmental impact, thereby
aligning well with the principles of sustainable development.

4. Conclusion

This study developed a novel flash Joule heating processing strat-
egy for defect-modulating defects in g-C3N4. By leveraging the
rapid heating and cooling characteristics of flash Joule heat-
ing, the method induces high-temperature shock, efficiently con-
verting melamine into nitrogen-defective carbon nitride with a
porous lamellar structure in an exceptionally short time (≈72s).
This method facilitates the concurrent incorporation and metic-
ulous regulation of two types of dual nitrogen-based defects en-
compassing in g-C3N4, namely nitrogen vacancies and cyano
groups (C≡N). The resulting defect modulation helps optimize
the band structure of g-C3N4, significantly enhancing its abil-
ity to suppress electron-hole recombination and dramatically im-
proving its PHE activity. The Pt/g-C3N4-625 produced by the pro-
posedmethod achieved an impressive hydrogen evolution rate of
16936.5 μmol h−1 g−1, which is comparable to the leading bench-
mark catalysts for hydrogen production. Besides, this method

demonstrates obvious advantages in cost-effectiveness and en-
vironmental sustainability, making flash Joule heating an eco-
nomical, efficient, and eco-friendly approach to preparing high-
performance nitrogen-defective g-C3N4 and related materials.

5. Experimental Section
Synthesis of Modified Graphitic Carbon Nitride g-C3N4-x: Melamine,

1 g, was put on the carbon paper, and an equal amount of deionized wa-
ter was added so that they were fully mixed to form a mucilage, then the
carbon paper was wrapped and folded and put into a high-temperature
impact equipment, and the g-C3N4-x (x was the processing temperature
of flash Joule heating, x = 525, 550, 575, 600, 625, 650) was obtained by
using a 40 V pulse voltage and a strong pulse current of 200 A under the
environment of the pressure of 10e-7 Pa, with high-temperature heating
of 5 s and cooling of 5 s for 6 cycles.

Synthesis of Pt/g-C3N4-x (Pt Loading as 3.4wt.%): A chloroplatinic acid
solution was obtained by dispersing 100 g of H2PtCl6·6H2O in 1 mL of
deionized water. The prepared g-C3N4-x of 150 g was placed on carbon
paper, and 80 μL of the chloroplatinic acid solution was dropped into it to
enable completely infiltrated the g-C3N4-x powder, and then Pt/ g-C3N4-x
(x = 525, 550, 575, 600, 625, 650) was obtained by the same preparation.

Material Characterizations: X-ray diffraction (XRD) patterns of the
powder were acquired utilizing a D8 ADVANCE diffractometer. FTIR spec-
tra were generated with a Thermo Fisher Scientific Nicolet iS20 spectrom-
eter. TEM and EDS analyses were conducted on samples using a JEOL
JEM-F200, featuring a spherical aberration corrector. Room-temperature
Electron Paramagnetic Resonance (EPR) spectra were captured with a
Bruker EM4plus-6/1 spectrometer that matched the 300W Xe lamp with
a full spectrum. XPS measurements and in situ, XPS analyses were

Small 2025, 2503335 © 2025 Wiley-VCH GmbH2503335 (10 of 12)
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performed using a Thermo Scientific K-Alpha spectrometer, which was
equipped with an Al K𝛼 X-ray source. Nitrogen adsorption–desorption
isotherms were recorded at 150 °C using a Micromeritics ASAP 2460
gas adsorption analyzer. UV–vis diffuse reflectance spectra (DRS) and ab-
sorbance spectra were determined using a PerkinElmer Lambda950 spec-
trophotometer. Steady-state photoluminescence (PL) spectra were ob-
tained using an Edinburgh Instrument FLS-1000 spectrometer at ambient
temperature.

Electrochemical Tests: Electrochemical assays were conducted utiliz-
ing a CHI760E electrochemical workstation that employed a tri-electrode
configuration. This setup comprised a platinum counter electrode, a sil-
ver/silver chloride reference electrode, and a fluorine-doped tin oxide
(FTO) working electrode. For sample preparation, precisely 10 mg of the
powdered specimen was measured and suspended in 1 mL of ethanolic
solution. 20 μL of Nafion solution were incorporated subsequently, fol-
lowed by ultrasonication for 30min to achieve a uniformdispersion. There-
after, 50 μL of this suspension was carefully applied to an FTO glass with
an active component coating of 10 × 10 mm2 and allowed to dry under
ambient conditions.

Photocatalytic Hydrogen Evolution Test: Photocatalytic water splitting
was conducted using a fully automated glass-based online trace gas analy-
sis apparatus (Lab-solar-6A, Beijing Perfectlight). Illumination with visible
light irradiation was simulated with a 300 W xenon lamp (PLS-S4E300+,
Perfectlight) integrated with a 420 nm optical filter. Analysis of the off-
gases was performed utilizing a gas chromatography system (GC-7900,
Techcomp, China). For the reaction, 8.5 mg of Pt/g-C3N4-x photocatalyst
was uniformly distributed within 100 mL of an aqueous medium compris-
ing 10 vol% triethanolamine (TEOA). Before the reaction, the entire sys-
tem was evacuated multiple times with nitrogen to ensure exhaustive air
evacuation from both the solution and the reaction chamber. During the
photocatalytic reaction, the sample was continuously stirred magnetically,
and the reactor temperature was maintained at 10 °C using circulating wa-
ter to eliminate thermal effects from the Xe lamp. The distance between
the Xe lamp and the suspension surface was set to 10.0 cm. Evolved gases
were collected at 1 h intervals and analyzed using aGC-7900 gas chromato-
graph, outfitted with a thermal conductivity detector (TCD), with nitrogen
as the carrier gas. The volumetric production of hydrogen was ascertained
by correlating the peak area with a predetermined calibration curve, de-
rived from standard hydrogen gas measurements across a spectrum of
known volumes. The photocatalytic stability was evaluated through cyclic
tests over four cycles, with each cycle involving 5 h of total solar irradiation.

Computational Models and Methods: Calculations were performed us-
ing the CASTEP module in the Materials Studio software. A 2D melon
sheet was constructed to simulate the incomplete polycondensation struc-
ture of melon, with a vacuum layer of 15 Å introduced to eliminate interac-
tions between adjacent 2D sheets.[41] A cubic cell was employed to model
the carbon nitride materials, adopting experimental lattice constants of a
= 7.8 Å and b = 13.6 Å. To further suppress interlayer interactions, a large
vacuum spacing of 15 Å was applied.

For geometry optimization, the generalized gradient approximation
(GGA) with the Perdew–Burke–Ernzerhof (PBE) functional was used for
describing the exchange–correlation energy in the DFT calculations. The
plane-wave basis set was truncated with a cutoff energy of 400 eV, and the
Brillouin zone was sampled using a 2 × 2 × 1 k-point mesh. The energy
and force convergence thresholds were respectively set to 10−5 eV atom−1

and 10−2 eV Å−1. The adsorption energy (Eabs) of water molecules on the
g-C3N4 and g-C3N4-C≡N-VN surfaces was calculated as the difference be-
tween the total energy of the system with the water molecules positioned
at equilibrium sites and the total energy when the water molecules were
displaced 15 Å away from the surface.

Statistical Analysis: All the data in this manuscript were obtained
through characterization tests and experiments. To ensure the compara-
bility of data under different experimental conditions, all tests and experi-
ments were conducted on samples from the same batch, using the same
equipment, and measured/conducted in a concentrated time. For data in-
volving mean values and standard deviations, the sample size for each
statistical analysis was n = 5. All data calculations, analyses, and visual-
izations were completed using Origin 2024.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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