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ABSTRACT: The structure tuning of bulk graphitic carbon
nitride (g-C3N4) is a critical way to promote the charge carriers
dynamics for enhancing photocatalytic H2-evolution activity.
Exploring feasible post-treatment strategies can lead to effective
structure tuning, but it still remains a great challenge. Herein, a
supercritical CH3OH (ScMeOH) post-treatment strategy (250−
300 °C, 8.1−11.8 MPa) is developed for the structure tuning of
bulk g-C3N4. This strategy presented advantages of time-saving
(less than 10 min), high yield (over 80%), and scalability due to
the enhanced mass transfer and high reactivity of ScMeOH.
During the ScMeOH post-treatment process, CH3OH molecules
diffused into the interlayers of g-C3N4 and subsequently
participated in N-methylation and hydroxylation reactions
with the intralayers, resulting in a partial phase transformation from g-C3N4 into carbon nitride with a poly(heptazine
imide)-like structure (Q-PHI) as well as abundant methyl and hydroxyl groups. The modified g-C3N4 showed enhanced
photocatalytic activity with an H2-evolution rate 7.2 times that of pristine g-C3N4, which was attributed to the synergistic
effects of the g-C3N4/Q-PHI isotype heterojunction construction, group modulation, and surface area increase. This work
presents a post-treatment strategy for structure tuning of bulk g-C3N4 and serves as a case for the application of supercritical
fluid technology in photocatalyst synthesis.
KEYWORDS: graphitic carbon nitride, hydrogen, poly(heptazine imide), supercritical methanol, solvothermal treatment

The development of hydrogen (H2) energy technology is
instrumental in achieving the objective of carbon neutrality.1

Among various H2-production technologies, photocatalytic H2
production from water is an effective, green, and promising
route.2,3 The performance of photocatalytic H2 production
hinges on the photocatalyst, and the structure tuning of the
photocatalyst by post-treatment is a commonly used strategy
to enhance the performance of the photocatalyst.4 Compre-
hensive evaluation in various aspects including photocatalytic
activity, stability, light-response range, toxicity, preparation
difficulty, cost and so on is crucial in determining excellent
photocatalysts.5

Graphitic carbon nitride (g-C3N4) emerges as a promising
photocatalyst for H2 evolution. First, it consists of earth-
abundant nonmetallic elements and is usually synthesized by a
facile thermal polymerization process using common pre-
cursors such as dicyandiamide, melamine, and urea, which
makes it cheap and environmentally friendly. Additionally, it is
responsive to visible light and exhibits good stability. However,

the practical applications of g-C3N4 in photocatalytic H2
production are still limited by the inadequate specific surface
area and the severe recombination rate of the charge carrier.6−8

To overcome these inherent deficiencies of bulk g-C3N4,
structure tuning by post-treatment such as thermal treatment,9

plasma treatment,10 ionothermal treatment,11,12 and hydro-
thermal/solvothermal treatment13 have been developed. In
addition to the photocatalytic performance of modified g-C3N4
after post-treatment, some issues such as yield, required time,
equipment requirement, and operation process should also be
considered for the modification strategy. Therefore, it is
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meaningful to develop an approach for g-C3N4 modification
with the benefits of being effective, green, high-yielding, and
scalable.
Supercritical fluids (SCFs) display unique physicochemical

properties such as low viscosity, zero surface tension, and high
diffusivity.14 The SCF technology has received much attention
in the fields of nanomaterial synthesis ranging from scientific
research to industrial application.15−19 Owing to the solvation
behavior and enhanced mass transfer ability of SCFs, a
homogeneous reaction environment could be formed by
dissolving chemicals (including metal precursor, organic
solvent, surfactant, redox agent, and so on) in SCFs, realizing
a rapid SCF-assisted hydrothermal/solvothermal synthesis of
metals, metal hydroxides, metal oxides, metal sulfides, metal−
organic frameworks, and composites.20−22 On the other hand,
structure tuning of nanomaterials such as exfoliation,23−26

surface reduction and oxidation,27 phase engineering,28−30 and
elemental doping31−33 could be realized by the post-treatment
strategy utilizing SCFs. Among numerous SCFs, supercritical
H2O (ScH2O) and supercritical CO2 (ScCO2) are extensively
employed in the preparation and modification of nanomateri-
als.34,35 Recently, supercritical alcohols have become another
important SCF following ScH2O and ScCO2.

36 Supercritical
alcohols represented by supercritical CH3OH (ScMeOH) have
been used to synthesize various functional nanomaterials. For
instance, reduced graphene oxide37,38 and TiO2−graphene
composite39 have been prepared using supercritical alcohols.
Anthracite coal has been converted into ribbon-like graphitic
materials using supercritical ethanol with a yield of 6.4 wt %.40

The critical condition of ScMeOH (239.4 °C, 8.1 MPa) is

more moderate than that of ScH2O (374.1 °C, 22.1 MPa),
while its critical pressure is approximate to that of ScCO2 (7.4
MPa). Additionally, the low boiling point of CH3OH (64.7
°C) facilitates its separation from the product. Compared with
conventional CH3OH, ScMeOH has lower hydrogen bonding,
dielectric coefficient, surface tension, and viscosity and a much
higher diffusion coefficient, rendering ScMeOH as an excellent
reaction medium. ScMeOH is also electronegative and
nucleophilic, thus allowing reactions such as alkylation,
alcoholysis, and polymer degradation.41,42 In addition,
ScMeOH decomposition produces a reductive medium
containing H2 and CO and hydroxyl ions.43

In our previous attempt, it was found that g-C3N4
decomposed completely by the ScH2O post-treatment due to
excessive oxidation of ScH2O.

44 Herein, a ScMeOH post-
treatment strategy was proposed for structure tuning of g-
C3N4, and the optimal post-treatment conditions as well as the
critical role of the supercritical state of MeOH for g-C3N4
modification were explored. Through detailed characterizations
of modified g-C3N4 and analysis of liquid/gas products after
the ScMeOH post-treatment, the structural evolution of g-
C3N4 and the mechanism of enhanced photocatalytic H2-
evolution activity for modified g-C3N4 were also investigated.

RESULTS AND DISCUSSION
Evaluation of the Photocatalytic H2-Evolution Per-

formance. In this study, a series of modified g-C3N4 (CN-T-t,
where T was the post-treatment temperature and t was the
residence time at the target post-treatment temperature) were

Figure 1. (a) Photocatalytic H2-evolution rates (left axis) of CN-T-t samples by different post-treatment temperatures (horizontal axis) and
the corresponding residence time (right axis). (b) Contour map between photocatalytic H2-evolution rate, post-treatment temperature, and
residence time. Panel (b) was plotted based on the data from Table S1. (c) Time courses and (d) action spectra of photocatalytic H2
evolution for CN, CN-230-30, and CN-300-0. Left axis: wavelength-dependent AQYs; right axis: UV−vis absorbance. (e) Stability test of the
photocatalytic H2 evolution for CN-300-0. (f) Photocatalytic H2-evolution rates of modified g-C3N4 by different alcohols (MeOH, EtOH,
IPA, and NPA) post-treatment with a residence time of 0 min at different post-treatment temperatures.
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prepared by the solvothermal post-treatment of g-C3N4 in
subcritical or supercritical CH3OH. Throughout the post-
treatment process, temperature and pressure data were
continuously recorded in real-time, as shown in Figure S1.
The photocatalytic H2-evolution activities of modified g-C3N4
are shown in Figure 1a,b. As for the modified g-C3N4 by
subcritical CH3OH (SubMeOH) post-treatment at 230 °C for
10−40 min, the optimal sample CN-230-30 showed a
photocatalytic H2-evolution rate of 18.0 μmol·h−1. Interest-
ingly, when the post-treatment temperature exceeded the
critical point of CH3OH (239.4 °C), the photocatalytic H2-
evolution activities of modified g-C3N4 by the ScMeOH post-
treatment underwent a sudden enhancement compared with

the modified g-C3N4 by the SubMeOH post-treatment,
simultaneously the corresponding required residence time
decreased sharply from tens of minutes to a few minutes. The
apparent colors of modified g-C3N4 could also be reflected by
reactivity differences between SubMeOH and ScMeOH post-
treatments, and the result is shown in Figure S2. The apparent
colors of modified g-C3N4 by the SubMeOH post-treatment
(CN-230-x, x = 5, 10, 20, 30, 40) were light yellow, similar to
CN, and the structure of modified g-C3N4 by the ScMeOH
post-treatment (such as CN-270-5, CN-280-3, and CN-290-2)
was susceptible to damage and manifested as blackening with
increased post-treatment temperature and residence time. It
was found that ScMeOH was more effective and efficient for g-

Figure 2. (a) Schematic illustration of the structural evolution of g-C3N4 by the ScMeOH post-treatment. (b) Three kinds of Q-PHI models
with different groups and the corresponding exfoliated units. (c) Gibbs free energies calculated by molecular dynamics simulations for the
formation pathways of Q-PHI with one methyl and one hydroxyl group. (d) Composition analysis of gas products from MeOH-230-30, CN-
230-30, MeOH-300-0, and CN-300-0. (e) Composition analysis of CH3OH and the liquid products from MeOH-230-30, CN-230-30,
MeOH-300-0, and CN-300-0. MeOH-230-30 and MeOH-300-0 were blank runs in the absence of g-C3N4. (f) Element contents for CN, CN-
230-30, and CN-300-0.
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C3N4 modification compared with SubMeOH, and the high
reactivity of ScMeOH determined that the residence time was
very crucial and sensitive for g-C3N4 modification.
Three typical samples were selected for further analysis,

including a sample of pristine g-C3N4 (CN), a modified g-
C3N4 by prolonged the SubMeOH post-treatment (CN-230-
30) and a modified g-C3N4 by a rapid ScMeOH post-treatment
(CN-300-0). As shown in Figure 1c,d, CN-300-0 showed the
best photocatalytic H2-evolution rate of 50.1 μmol·h−1, which
was 2.8 times that of CN-230-30 and 7.2 times that of CN, and
it showed obvious higher apparent quantum yield (AQY)
values as expected based on the photocatalytic H2-evolution
activity. Specifically, CN-300-0 showed a certain AQY values of
1.55% (450 nm), 0.78% (475 nm), and 0.25% (500 nm), while
the AQY values of CN and CN-230-30 were not detected at
the wavelength higher than 450 nm, and these results were in
agreement with the UV−vis spectra. In addition, Figure 1e
presents the cyclic photocatalytic H2-evolution test for CN-
300-0, and there was little decay after three cyclic tests (15 h),
indicating good photocatalytic stability of the modified g-C3N4
by the ScMeOH post-treatment. It was worth mentioning that
g-C3N4 was not only modified by the ScMeOH post-treatment
effectively and efficiently compared with conventional
solvothermal post-treatment (Table S2) but also exhibited an
advantage of high yield, and the yield of CN-300-0 could reach
80.1% with the initial dispersion concentration as 100 mg·
mL−1 (Figure S3). Moreover, when g-C3N4 was modified by
the SCF post-treatment using other alcohols including ethanol
(EtOH), 1-propanol (NPA), and isopropanol (IPA), the
photocatalytic activities of modified g-C3N4 could also be
improved (Figure 1f).
Structure Tuning of g-C3N4 by the ScMeOH Post-

Treatment. Ideal g-C3N4 is composed of few-layer 2D
nanosheets bonded by van der Waals forces, and the in-plane
structure of the nanosheet is composed of repeating units of
continuous heptazine (Figure S4a). However, pristine g-C3N4
prepared from the thermal condensation of melamine is usually
amorphous (Figure S4b).45 In this work, structure tuning of g-
C3N4 was realized by a ScMeOH post-treatment strategy, as
depicted in Figure 2a. In this process, the CH3OH molecules
in the supercritical state diffused into the interlayers of g-C3N4
and contacted with the intralayers. The high reactivity of
ScMeOH further led to breakages of C−N bonds between
NH-bridged melem monomers, and the amino group was
expected to be electrophilically attacked by the methyl group,
while the heptazine ring was expected to be nucleophilically
attacked by the hydroxyl group, resulting in N-methylation and
hydroxylation reactions, respectively (Figure S5). The ordered
breakage of C−N bridging bonds led to the regular knocking
out of heptazine rings from melon polymer; simultaneously, N-
methylation and hydroxylation reactions occurred in the
intralayers of g-C3N4, forming a carbon nitride with a
poly(heptazine imide) (PHI)-like structure as well as abundant
methyl and hydroxyl groups. In general, PHI refers to the
structure with high crystallinity, which is typically synthesized
by the ionthermal treatment of melon polymers,46 thereby the
PHI-like structure transformed from amorphous g-C3N4 in this
work was termed as quasi-poly(heptazine imide) (Q-PHI).
Figure S6 displays the basic structure unit of PHI and Q-PHI.
According to the substitution positions of methyl and hydroxyl
groups, there were three kinds of potential Q-PHI models, as
shown in Figure 2b, and the corresponding chemical formulas
of exfoliated units are listed in Table S2. In addition,

theoretical calculations were conducted to analyze the
feasibility of the reactions, and the result is shown in Figure
2c. Specifically, the Gibbs free energy pathways for N-
methylation and hydroxylation reactions in g-C3N4 were
analyzed. The reaction of Q-PHI formation was spontaneous
in thermodynamics due to the negative value of the Gibbs free
energy change (ΔG = −105.1 kcal·mol−1). In addition, more
CH3OH molecules enabled to overcome the energy barrier
(40.7 kcal·mol−1) at high temperature and pressure in chemical
kinetics, which was in good accordance with the experimental
results that the Q-PHI formation reaction occurred sponta-
neously and quickly under high temperature and pressure.
Analysis of the gas and liquid products after solvothermal

post-treatment and the corresponding blank runs (in the
absence of g-C3N4) was conducive to understanding the
structural evolution of g-C3N4 by the ScMeOH post-treatment.
The temperature and pressure curves for the post-treatment
process of CN-230-30, CN-300-0, and the corresponding
blank runs are shown in Figure S7. The composition of gas
products was detected by gas chromatography (GC), and the
results are shown in Figures 2d and S8, and the volume of gas
products was measured using a graduated syringe, as shown in
Figure S9. There was almost no CH3OH decomposition from
MeOH-230-30, since only a trace of H2 was detected, while
certain amounts of H2 (11.4 mL), CO (4.9 mL), and CH4
(0.49 mL) were produced from MeOH-300-0. The proposed
relevant reactions are provided in eqs 1 and 2.

CH OH CO 2H3 2+ (1)

CO 3H CH H O2 4 2+ + (2)

It was found that neither MeOH-230-30 nor MeOH-300-0
had any detectable CO2, while a significant amount of CO2 was
produced when g-C3N4 participated in the solvothermal
reaction, simultaneously reducing gases (H2, CO) almost
disappeared, resulting in the gas products from CN-230-30 and
CN-300-0 being mainly composed of CO2. Specifically, the
CO2 amounts in the gas phase were 2.7 mL from CN-230-30
and 8.2 mL from CN-300-0, whose proportions were
calculated as 88.0 and 91.8%, respectively. Furthermore, the
composition of liquid products was measured by the
combination of gas chromatography and mass spectrometry
(GC−MS), and the results are shown in Figures 2e and S10.
The GC−MS analysis of CH3OH could be regarded as a
baseline, and the GC−MS analysis of liquid products from
MeOH-230-30 and MeOH-300-0 exhibited similarity with
CH3OH. In contrast, several significant peaks appeared in the
GC−MS signals for the liquid products from CN-230−30 and
CN-300-0, which were identified as a series of triazine-derived
compounds utilizing mass spectrometry. The formation of
these compounds resulted from the reaction between
ScMeOH and the exfoliated heptazine rings, and the formed
short-chain organic compounds were further transformed into
CO2 and NH3 with the help of ScMeOH and reducing gases. It
was also consistent with the result of the appearance of CO2
and the disappearance of H2 in the gas products from CN-230-
30 and CN-300-0. Moreover, the preparation of CN-300-0
produced a greater amount of CO2 in gas products and a
higher concentration of triazine-derived compounds in liquid
products than those of CN-230-30, indicating that ScMeOH
was more effective and efficient for structure tuning of g-C3N4
than SubMeOH. Figure 2f shows the element contents for
samples measured by an elemental analyzer. According to the
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Q-PHI models with different grafted groups and the
corresponding chemical formulas of exfoliated units in Table
S3, the formation of Q-PHI and the grafting of methyl and
hydroxyl groups comprehensively increased the C/N atomic
ratio and also increased the H and O content in modified g-
C3N4.
As shown in Figure 3a, two characteristic peaks at around

12.8 and 27.3°, which were attributed to (100) and (002)
diffraction facets of g-C3N4, were found in CN, CN-230-30,
and CN-300-0. Two new dominant characteristic diffraction
peaks at 7.2 and 7.6°, which were ascribed to the (100)
diffraction facet of the Q-PHI structure, appeared in both CN-
230-30 and CN-300-0 (Figure 3b).46 The in-planar arrange-
ment of Q-PHI was asymmetric due to the introduction of
methyl and hydroxylation groups, thus forming two
independent X-ray diffraction (XRD) characteristic peaks of
the Q-PHI phase. In addition, the overlapping (002) XRD

peak in CN-300-0 could be deconvoluted into three XRD
peaks located at 25.6, 27.1, and 27.3°, and the corresponding
interlayer spacing values were 3.48, 3.29, and 3.26 Å,
respectively (Figure 3c). The grafted methyl and hydroxyl
groups in the Q-PHI component expanded the interlayer
spacing;47 consequently, the three different values mentioned
above represented the interlayer spacings of Q-PHI/Q-PHI, g-
C3N4/Q-PHI, and g-C3N4/g-C3N4, respectively. Interestingly,
when other alcohols including EtOH, NPA, and IPA were
employed as SCFs for the g-C3N4 post-treatment, there was no
Q-PHI component in the optimally modified g-C3N4 according
to the XRD patterns (Figure S11). It was deduced that the
CH3OH molecule was more matching to penetrate the
interlayers of g-C3N4 than longer-chain alcohols due to its
smaller molecular size. Additionally, the free energy barrier of
reaction for Q-PHI formation caused by CH3OH was lower
compared to that of longer-chain alcohols such as C2H5OH

Figure 3. (a) XRD patterns, (b, c) partially magnified details of XRD patterns in (a), (d) FTIR spectra, (e) solid-state 13C NMR spectra, (f−
h) high-resolution XPS of (f) C 1s, (g) N 1s, and (h) O 1s orbitals, (i) TG curves, and (j) dark solid-state EPR spectra for CN, CN-230-30,
and CN-300-0.

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03922/suppl_file/nn4c03922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03922/suppl_file/nn4c03922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03922/suppl_file/nn4c03922_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c03922?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c03922?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c03922?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c03922?fig=fig3&ref=pdf


(Figure S12). Taking IPA-340-0 as an example, the main
structure tuning occurred on the surface of g-C3N4 through
supercritical IPA post-treatment, leading to abundant isopropyl
groups being grafted onto the surface of g-C3N4. The
modification of the surface isopropyl groups contributed to
the enhanced photocatalytic activity, as shown in Figure 1f.
Fourier transform infrared (FTIR) spectra were recorded to

investigate the molecular structure and chemical bonds in the
samples. As shown in Figure 3d, for all three samples, a
sequence of representative absorption peaks that were
attributed to the bending or stretching vibration modes of
C−N heterocyclic rings was found at 1641, 1571, 1410, 1321,
and 1241 cm−1, and the peak at 807 cm−1 was identified as the
breathing modes of s-triazine ring units. On account of both g-
C3N4 and Q-PHI being composed of heptazine rings, CN, CN-
230-30, and CN-300-0 exhibited similar FTIR patterns at the
above-mentioned positions. Furthermore, CN-230-30 and CN-
300-0 displayed a broad band in the range 3350−3650 cm−1,
which was attributed to the mode of vibration of hydroxyl
groups. Distinct peaks including a peak at 2930 cm−1,
corresponding to the stretching mode of C−H, a peak at
1386 cm−1, corresponding to the bending mode of C−H, and a
peak at 1135 cm−1, corresponding to the stretching mode of
C−O, were observed in CN-300-0. The variations of peaks
that were attributed to the O−H, C−H, and C−O bonds
indicated the appearance of more hydroxyl and methyl groups
in the modified g-C3N4 by the ScMeOH post-treatment.
Furthermore, Figure 3e shows the solid-state 13C nuclear
magnetic resonance (NMR) spectra of CN, CN-230-30, and
CN-300-0 that could reveal the chemical state of C atoms.
Two strong peaks at 167.1 and 157.7 ppm were observed for
all samples, which could be attributed to the N2−C−NHx (C1

atoms) and C−N3 (C2 atoms) in the tri-s-triazine ring,
respectively.48 Another new peak with a chemical shift of
approximately 30.4 ppm appeared in the 13C NMR spectrum
of CN-300-0, and a weak peak was observed at the same
location in the spectrum of CN-230-30. It could be ascribed to
the methyl groups grafted into the Q-PHI skeleton.49

X-ray photoelectron spectra (XPS) were measured to
investigate more structural information, and the results are
shown in Figure 3f−h and Table S4. The C 1s XPS of CN
could be fitted into three peaks indexed to standard carbon
(284.8 eV), sp2-hybridized C in C−NHx (286.0 eV), and sp2-
hybridized C in N−C�N (288.2 eV). The N 1s XPS of CN
could be fitted into four peaks indexed to sp2-hybridized N in
C−N�C (398.4 eV), sp3-hybridized in N−(C)3 (398.9 eV),
amino functions (400.5 eV), and charging effect (404.0 eV).
The C 1s and N 1s XPS of CN-230-30 and CN-300-0 could
also be fitted in a similar fitting rule. Compared with CN,
another C 1s peak appeared in CN-230-30 (291.4 eV) and
CN-300-0 (290.2 eV), which could be ascribed to sp2-
hybridization in C−OH, and a new N 1s peak appeared in CN-
300-0 (403.3 eV), which could be ascribed to N species in N−
C−OH. The binding energies of C 1s in N�C−N and N 1s in
C�N−C for all samples were positioned at similar locations
without a significant shift, since the basic heptazine
heterocyclic rings of modified g-C3N4 were not destroyed.
Moreover, the C 1s peak of C−N for CN-300-0 (285.7 eV)
shifted to lower binding energy in comparison with those for
CN (286.0 eV) and CN-230-30 (286.0 eV), while the N 1s
peak of N−(C)3 for CN-300-0 (399.2 eV) shifted to higher
binding energy in comparison with those for CN (398.9 eV)
and CN-230-30 (399.1 eV). It should be attributed to the
breaking of bridge linkages in heptazine rings, leading to the

Figure 4. (a) TEM image, (b) high-resolution TEM image, and (c) magnified image of selected area in (b) for CN-300-0. Scale bar: (a) 1 μm,
(b) 20 nm, and (c) 5 nm. (d) Dynamic light scattering spectra and (inset) the average sizes and (e) N2 adsorption−desorption isotherms for
CN, CN-230-30, and CN-300-0.
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surrounding chemical environment change. In addition, the O
1s spectrum of CN was fitted into two peaks belonging to the
surface-adsorbed hydroxyl group (531.9 eV) and doped O
(533.3 eV). Another O 1s XPS peak of the grafted hydroxyl
(534.5 eV) was detected in CN-300-0. In addition, the survey-
scan XPS of all samples as well as the Ni 2p and Cr 2p high-
resolution XPS of CN-300-0 (Figure S13). There was no XPS
signal attributed to metallic elements (including Ni, Cr, and
Mo) detected in CN-300-0, thereby excluding the impacts of
detached alloy particles in this study.
The thermogravimetric (TG) curves of the samples are

shown in Figure 3i. CN remained stable up to 570 °C and
decomposed completely up to 750 °C, and the TG curve of
CN-230-30 revealed the analogous characteristics as CN.
Different from CN and CN-230-30, CN-300-0 exhibited two
significant decomposition stages. The first stage from 350 to
550 °C represented the decomposition of the Q-PHI
component (∼16.9%,) and the second stage from 550 to
750 °C corresponded to the decomposition of the g-C3N4
component (∼80.2%).50 In the range of 25−350 °C, there was
an obvious weight loss (∼2.9%) in CN-300-0, which was
attributed to the presence of hydroxyl and methyl groups
(Figure S14).51 Figure 3j shows the electron paramagnetic
resonance (EPR) spectra of samples in the dark, where CN,
CN-230-30, and CN-300-0 all exhibited a single Lorentzian
line with a g-factor of 2.004, which originated from the
unpaired electrons on the C atoms in heptazine rings. The
intensity of the EPR signal for CN-300-0 was much higher
than that for CN-230-30 and CN, which was attributed to the
increased delocalization degree of the π-conjugated system

caused by structure tuning.52 It was also found that CN-300-0
exhibited more prominent signals corresponding to Q-PHI and
methyl/hydroxyl groups compared with CN-230-30 in the
aforementioned characterizations, indicating that ScMeOH
was more effective and efficient for structure tuning g-C3N4
than SubMeOH. As discussed above, the modified g-C3N4 by
the ScMeOH post-treatment was a kind of composite
composed of g-C3N4 and Q-PHI, while abundant methyl and
hydroxyl groups were grafted into modified g-C3N4.
The SCFs are commonly applied in nanosheet production

by exfoliation of layered materials, and some phenomena
concerning the exfoliation of aggregated g-C3N4 in ScMeOH
were discovered. CN and CN-230-30 displayed a thick bulk
with the aggregation of 2D sheets (Figure S15a,b), whereas
some 2D thin sheets with wrinkles appeared in CN-300-0
(Figures 4a and S15c). Notably, Figure S15d shows the
energy-dispersive X-ray (EDX) spectrum scanned from the
scanning electron microscopy (SEM) image of CN-300-0 as
well as the corresponding result of elemental content, and the
inexistence of metal elements in modified g-C3N4 was
consistent with the XPS results. Figure 4b,c presents the
high-resolution transmission electron microscopy (TEM)
image of CN-300-0, where only the lattice fringe of
approximately 0.69 nm corresponding to the (100) plane of
g-C3N4 was observed. It revealed the limited distribution range
of the Q-PHI component compared with the g-C3N4
component. Figure 4d shows the size-distribution curves of
all samples, and the average hydrodynamic diameters of CN,
CN-230-30, and CN-300-0 were 1.86, 1.11, and 0.76 μm,
respectively. The larger-size pristine g-C3N4 particles disinte-

Figure 5. (a) UV−vis spectra, (b) steady-state PL spectra, (c) time-resolved PL decay spectra, (d) EIS results, (e) transient photocurrent
curves under chopped light irradiation, and (f) solid-state EPR spectra for CN, CN-230-30, and CN-300-0 in the dark and under light
irradiation. The inset in (d) shows an equivalent circuit. Rs: electrolyte resistance; Rct: charge-transfer resistance from the electrode to the
electrolyte; and CPE: constant phase element.
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grated into smaller-size segments, causing the intensity and
position variations in size-distribution peak curves, and the
ScMeOH displayed enhanced breakage and modification effect
compared with SubMeOH, as repeatedly demonstrated by the
aforementioned various characteristic results. Figure 4e shows
the N2 adsorption−desorption isotherms and the correspond-
ing pore size-distribution curves of CN, CN-230-30, and CN-
300-0. Due to the shearing and exfoliation effects of high-
pressure and high-temperature fluids, the solvothermal post-
treatment enlarged the Brunauer−Emmette−Teller (BET)
surface area and generated more mesopores (Figure S16),
which could increase the reactive sites and enhance the mass
transfer in photocatalytic reaction. However, the BET surface
area of CN-230-30 (24.1 m2·g−1) was larger than that of CN-
300-0 (20.4 m2·g−1), indicating that there are more reasons for
the enhanced photocatalytic activity in addition to the enlarged
specific surface area of modified g-C3N4. The zeta-potential of
the CN aqueous dispersion was negative, −22.5 mV, which
became positive, 16.3 and 29.6 mV, for CN-230-30 and CN-
300-0, respectively (Figure S17). In addition, the CN, CN-
230-30, and CN-300-0 showed water contact angles of 32.3,
47.6, and 44.1°, respectively (Figure S18). The significant
change of zeta potentials and water contact angles resulted
from the appearance of abundant groups on the particle surface
after solvothermal post-treatment. The ScMeOH post-treat-
ment resulted in the exfoliation and phase transformation of g-
C3N4, as well as causing methylation and hydroxylation
reactions within g-C3N4, leading to a g-C3N4/Q-PHI isotype
heterojunction photocatalyst with grafted methyl and hydroxyl
groups.
Mechanism of Enhanced Photocatalytic H2-Evolution

Activity. The ScMeOH post-treatment successfully realized
structure tuning for g-C3N4, and further analysis of optical
properties, band alignment, and photogenerated charge carrier
dynamics for samples could help understand the mechanism
for enhanced photocatalytic H2-evolution activity. Figure 5a
shows the ultraviolet−visible (UV−vis) spectra of CN, CN-
230-30, and CN-300-0. The CN exhibited an intrinsic
absorption band below 450 nm due to a π → π* electron
transition, and the absorption edge of CN-230-30 red shifted
slightly compared with that of CN. Moreover, an obvious new
absorption band formed in the region from 450 to 700 nm in
CN-300-0, which was ascribed to the n → π* electron
transition caused by long pairs of the grafted hydroxyl group in
the Q-PHI component.53,54

Based on the atomic structure models constructed for g-
C3N4 and Q-PHI, density functional theory (DFT) calcu-
lations have provided theoretical evidence that g-C3N4 and Q-
PHI formed a type II alignment (Figures S19 and S20). In
addition, the Q-PHI component was in situ derived from g-
C3N4, thus forming an intimate type II isotype heterojunction
between g-C3N4 and Q-PHI, which led to efficient charge
separation within the modified g-C3N4.

55 As shown in Figure
5b, CN displayed a strong band-to-band emission peak at 463
nm, and the photoluminescence (PL) intensity for CN-230-30
significantly decreased. In contrast, CN-300-0 showed the
weakest PL intensity, with two emission peaks located at 442
and 464 nm, corresponding to Q-PHI and g-C3N4. Figure 5c
shows the time-resolved PL decay spectra and the calculated
average PL lifetime (τave). CN-300-0 had the shortest τave (3.79
ns) compared with CN-230-30 (4.27 ns) and CN (5.64 ns).
Both the decreased steady-state PL intensity and the shortened
PL lifetime demonstrated that the recombination of photo-

generated charge carrier was effectively suppressed.56 In
addition, from the electrochemical impedance spectra (EIS)
results in Figure 5d, CN-300-0 had the smallest arc radius in its
EIS results and CN-230-30 had a smaller arc radius than CN.
These results suggested a lower charge-transfer impedance as
well as a significant improvement in electron−hole separation
and transfer rate of the modified g-C3N4 after the ScMeOH
post-treatment. As seen in Figure 5e, the photocurrent of CN-
300-0 and CN-230-30 were approximate and both were much
higher than that of CN, implying an efficient separation and
migration for the photogenerated charge carrier under light
irradiation. The light irradiation could further enhance the
EPR intensities of the photocatalyst owing to the presence of
photogenerated electrons; the EPR spectra for samples in the
dark and under light irradiation are shown in Figure 5f.
Compared with the EPR signals in the dark, the EPR intensity
enhancements under light irradiation in CN-230-30 and CN-
300-0 were much higher than that of CN, indicating efficient
generation of charge carrier in modified g-C3N4, which largely
contributed to the enhanced photocatalytic activity.57

Based on the above analysis, a mechanism for the enhanced
photocatalytic H2-evolution activity for modified g-C3N4 by
the ScMeOH post-treatment could be proposed and illustrated
in Figure 6. According to the band structures of g-C3N4 and Q-

PHI, a type II isotype heterojunction could be constructed
between g-C3N4 and Q-PHI. The ordered and partial in situ
phase transformation from g-C3N4 to Q-PHI formed a g-
C3N4/Q-PHI composite coupled with chemical bonding,
leading to an intimate heterojunction with a strong interfacial
electric field that could effectively promote the separation and
migration of charge carrier. In addition, the introduced
abundant methyl and hydroxyl groups into the bulk structure
of carbon nitride contributed to enhancing light absorption
capacity, modulating the carrier dynamics, and increasing the
active sites.58 Furthermore, the exfoliation and linkage

Figure 6. Schematic mechanism of the g-C3N4/Q-PHI isotype
heterojunction with abundant grafted groups for photocatalytic H2
evolution.
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breakage effects o f t he S cMeOH p ost-treatment c ould also 
enlarge the surface area, thus enhancing the active sites. As a 
result, the synergistic promotions contributed to the excellent 
photocatalytic H2-evolution activity of modified g -C3N4 by the 
ScMeOH post-treatment.

CONCLUSION
A ScMeOH post-treatment strategy was developed for 
structure tuning of bulk g-C3N4. The structural evolution of 
g-C3N4 and the mechanism of enhanced photocatalytic H2-
evolution activity for modified g -C3N4 were investigated. This 
strategy presented advantages of time-saving (less than 10 
min), high yield (over 80%), and scalability due to the 
enhanced mass transfer and high reactivity of ScMeOH. It was 
found that ScMeOH was much more effective and efficient for 
the structure tuning of g-C3N4 compared w ith SubMeOH. 
During the ScMeOH post-treatment process, CH3OH 
molecules diffused i nto t he i nterlayers o f g -C3N4 and 
underw ent N-methylation and hydroxylation reactions with 
the intralayers, resulting in a partial phase transformation from 
g-C3N4 to Q-PHI with abundant methyl and hydroxyl groups. 
The modified g -C3N4 showed enhanced photocatalytic activity 
w ith an H2-evolution rate 7.2 times that of pristine g-C3N4, 
w hich w as attributed to the synergistic effects o f isotype 
heterojunction construction, group modulation, and surface 
area increase. This work presents a post-treatment strategy for 
structure tuning of bulk g-C3N4 and serves as a practical case to 
demonstrate the unique properties of SCFs, show ing great 
potential for large-scale synthesis of catalysts by SCF-based 
technology.

METHODS AND EXPERIMENTAL
To prepare pristine g-C3N4, melamine (5 g) was added in a covered 
ceramic crucible and calcined in a furnace under an air atmosphere at 
550 °C for 4 h with a ramp rate of 5 °C min−1 from room temperature 
to 550 °C. The obtained powders were ground and denoted as CN.
The solvothermal post-treatment of g-C3N4 was carried out using a 

Hastelloy C276 tube reactor (11 mL). Pristine g-C3N4 (500 mg) was 
dispersed in CH3OH (5 mL) in the reactor and then ultrasonically 
treated for 5 min. Subsequently, the reactor w as tightly sealed. In 
order to replace the internal atmosphere of the reactor, high-pressure 
Ar (around 5 MPa) from a gas cylinder was injected into the reactor 
through an inlet gas valve until the internal pressure reached around 4 
MPa, and then the gas in the reactor was released through an outlet 
gas valve. The internal atmosphere of the reactor was replaced three 
times based on the above operation; at the end, the internal pressure 
was controlled at around 2 MPa for the follow ing reaction to avoid 
solvent vaporization and thus enhance heat transfer. Afterw ard, the 
reactor w as heated in an electric furnace and held at a target 
temperature for a certain time and then removed from the heating 
furnace and quenched in a w ater bath (25 °C). After the gas was 
released in a fume hood, the solid product w as separated from the 
obtained dispersion by vacuum filtration t hrough a  microfiltration 
membrane (Nylon66, 0.2 μm), then washed w ith water three times 
and ethanol one time in sequence, and finally dried at 60 °C for 6  h. 
The obtained modified g -C3N4 powders were designated as CN-T-t, 
where T was the post-treatment temperature and t was the residence 
time at the target post-treatment temperature.
For comparison, a series of control samples were prepared by the 

same procedure except that different alcohols, including EtOH, NPA, 
and IPA, w ere used in the solvothermal post-treatment of g-C3N4. 
The obtained modified g -C3N4 powders were designated a s F−T−t, 
where F was the kind of alcohol, T was the post-treatment 
temperature, and t was the residence time at the target post-treatment 
temperature.
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Experimental section

Chemicals

All reagents were of analytical grade and were used without further purification. 

Melamine (C3H6N6), methanol (MeOH, CH3OH), ethanol (EtOH, C2H5OH), n-

propanol (NPA, C3H7OH), isopropanol (IPA, C3H7OH) and triethanolamine (TEOA, 

C6H15NO3) were purchased from Sinopharm Chemical Reagent Co., Ltd. 

Chloroplatinic acid hexahydrate (H2PtCl6·6H2O) was purchased from Sigma-Aldrich 

Co., Ltd., and was made into aqueous solution with an equivalent Pt content of 0.775 

mg‧mL−1. Argon gas (Ar, 99.999% purity) and Helium gas (He, 99.9999% purity) was 

purchased from Shaanxi Xinghua Group Co., Ltd. Deionized water with a resistivity of 

18.25 MΩ·cm was used in experiments.

Characterizations

X-ray diffraction (XRD) patterns were obtained by a diffractometer (PANalytical, 

X’pert MPD Pro, Netherlands) by a scan rate of 10°‧min−1 in the 2θ range from 5 to 80° 

under Ni-filtered Cu Kα irradiation (λ = 1.5406 Å). Fourier transform infrared (FTIR) 

spectra were recorded by an FTIR spectrophotometer (Bruker, Vertex 70, Germany) 

with using the KBr pellet technique. N2 adsorption–desorption isotherms were recorded 

by an accelerated surface area and porosimetry analyzer (Micromeritics, ASAP 2460, 

USA) for Brunauer–Emmette–Teller (BET) specific surface area and Barrett–Joyner–

Halenda (BJH) porosity analysis, and all materials were degassed in vacuum at 423 K 

for 12 h before N2 adsorption analysis. X-ray photoelectron spectra (XPS) were 

recorded by an X-ray photoelectron spectroscope (Kratos, Axis Ultra DLD, Japan) 

using a monochromatic Al Kα line source (hv = 1486.69 eV), and the adventitious C 1s 

peak at 284.8 eV was applied as reference. Ultraviolet–visible (UV–Vis) spectra were 

collected by an ultraviolet–visible–near-infrared spectrophotometer (Hitachi, U-4100, 

Japan) with BaSO4 reference and diffuse reflectance mode in the range from 300 to 800 

nm. Scanning electron microscopy (SEM) images and energy-dispersive X-ray (EDX) 

spectra were recorded by a field-emission scanning electron microscope (JEOL, JSM-

7800F, Japan). Transmission electron microscopy (TEM) images were obtained from a 



transmission electron microscope (Thermo Scientific, Talos L120C G2, USA) with an 

accelerating voltage of 120 kV. Zeta potentials and dynamic light scattering (DLS) sizes 

were recorded by zeta potentials instrument (Malvern Instruments, Zetasizer Nano ZS, 

England), and the powders were dispersed in pure water (c = 0.5 mg‧mL−1, pH = 7) for 

measurement. Element contents were obtained using an elemental analyzer (EA, Euro 

Vector, EA3000, Italy) with He as carrier gas and O2 as reaction gas. 

Photoluminescence (PL) spectra were obtained from a fluorescence spectrophotometer 

(Edinburg Instruments, FLS1000, England) at room temperature, and the steady-state 

and time-resolved PL signals were obtained under the excitation wavelengths of 370 

and 405 nm, respectively. Thermogravimetric (TG) curves were recorded by a thermal 

analyzer (Mettler Toledo, TGA/DSC3+, Switzerland) in the range from 25 to 800oC. 

Solid-state 13C nuclear magnetic resonance (NMR) spectra were taken on an NMR 

spectrometer JEOL, JNM-ECZ400R/S1, Japan). Electron paramagnetic resonance 

(EPR) test was performed on an EPR spectrometer (Bruker, A300-9.5/12/S/W, 

Germany) at room temperature both in the dark and under light irradiation. The 

measurement of contact angle was performed on a commercial contact angle system 

(Shanghai Zhongchen, SL200B China) with 6 µL of water droplet as the indicator, and 

the samples (50 mg) were prepared as tablets with flat surface by a preforming machine.

Analysis of gas and liquid products from solvothermal posttreatment

The gas products were collected by a gas pocket for further analysis, and the 

compositions of gas products were analyzed by gas chromatography (GC) using a gas 

chromatograph (Agilent, 7890A, USA) equipped with a thermal conductivity detector 

and a C-2000 capillary column, and Ar was used as carrier gas.

The liquid products were filtrated and collected through a filter (0.22 µm) to remove 

the particle photocatalysts. The compositions of liquid products were analyzed by the 

combination of gas chromatograph (GC, Agilent, HP 6980GC, USA)–mass 

spectrometer (MS, Agilent, HP 5973MSD, USA), and He was used as carrier gas. 

Photocatalytic performance measurements

Photocatalytic H2-evolution measurements were carried out in a Pyrex glass reactor 

(105 mL), and an Xe lamp (300 W) was used as the light source to provide visible-light 



irradiation after being equipped with a 400 nm cut-off filter. Photocatalyst (50 mg) was 

dispersed in TEOA aqueous solution (10 vol%, 80 mL), and then H2PtCl6 aqueous 

solution (0.645 mL, corresponding to 0.5 mg Pt) was added into the dispersion. The 

reactor was purged with Ar for 30 min to eliminate O2 before the photocatalytic reaction. 

During the measurement, the solution was maintained at 35°C by circulating water and 

was stirred constantly. The evolved gas was detected by GC using a gas chromatograph 

(North Point, NP-GC-901A, China) with a thermal conductivity detector and a TDX-

01 column, and Ar as carrier gas.

The measurement of apparent quantum yield (AQY) was carried out under the 

irradiation of light with different wavelengths, i.e., 400, 420, 450 475 and 500 nm, 

realized by band-pass filters. The light intensities were recorded by a photoradiometer 

(PerfectLight, PL-MW 2000, China).

The AQY values were obtained as follows.

AQY (%) =  × 100% 
number of evolved hydrogen molecules ×  2

number of incident photons

Photoelectrochemical measurements

Photoelectrochemical measurements were carried out in a three-electrode chemical 

cell, in which the electrolyte, the counter electrode and the reference electrode were 

Na2SO4 aqueous solution (0.5 M), Pt foil and Ag/AgCl, respectively. The working 

electrode was fabricated by dropping the sample dispersion onto a glassy carbon 

electrode (0.2 mg‧cm−2). Transient photocurrent curves were recorded under chopped 

light irradiation at an applied voltage of +0.6 V vs Ag/AgCl. Electrochemical 

impedance spectra (EIS) were measured from 100 kHz to 1 Hz at an applied voltage of 

+0.6 V vs Ag/AgCl.

Computational details

Molecular dynamics simulations, including geometry optimization and transition 

state search, and frequency calculation, were realized with the Dmol3 program in 

Materials Studio using the m-GGA/M06-L method with DND basis.

Density functional theory (DFT) calculations were accomplished by the Vienna ab-

initio Simulation Package (VASP) codes. The core electrons were described by 



projected augmented wave (PAW) pseudo-potentials. The exchange and correlation 

effects of valence electrons were treated by the generalized gradient approximation 

(GGA) using the functional developed by Perdew–Burke–Ernzerhof (PBE). The g-

C3N4 and Q-PHI were fully relaxed by the method of a conjugate-gradient algorithm 

with the criterion of force convergence in 0.02 eV Å-1 and total energy convergence 

within 10-5 eV. The basis sets of plane waves were cut-off by 500 eV, and k-points 

mesh of g-C3N4 and Q-PHI were generated by the Gamma center method for structure 

relaxation. As for the band structure computation, due to the ripple of the g-C3N4 and 

Q-PHI, the k path was changed from G-X-H1-C-H-Y-G of the Q-PHI to the G-X-S-Y-

G of the g-C3N4



Supplementary figures

Figure S1. Temperature (left axis) and pressure (right axis) curves for solvothermal 

posttreatment process.



Figure S2. Optical images for CN-T-t samples. The numbers above the sample images 

represented the values of t (unit: min).



Figure S3. Photocatalytic H2-evolution rates (left axis) and yields (right axis) for 

modified g-C3N4 obtained from ScMeOH solvothermal posttreatment (treatment 

temperature: 300oC, residence time: 0 min) with different dispersion concentrations.



Figure S4. Schematic diagram about the basic structure for (a) ideal g-C3N4 and (b) 

amorphous g-C3N4.



 

Figure S5. Proposed mechanism about the breakage of C–N bonds between NH-

bridged melem monomers through N-methylation and hydroxylation reactions by 

ScMeOH posttreatment.



Figure S6. Schematic diagram about the basic structure for (a) PHI and (b) Q-PHI.



 

Figure S7. Temperature (left axis) and pressure (right axis) curves for the posttreatment 

process of (a) MeOH-230-30, (b) CN-230-30, (c) MeOH-300-0 and (d) CN-300-0. 

MeOH-230-30 and MeOH-300-0 were blank runs in the absence of g-C3N4 while other 

conditions were the same.



Figure S8. Contents of gas products from MeOH-230-30, MeOH-300-0, CN-230-30 

and CN-300-0.



Figure S9. Volume measurement using a graduated syringe.



Figure S10. GC–MS results of the main compounds in liquid products from CN-230-

30 and CN-300-0.



Figure S11. XRD patterns for MeOH-300-0, EtOH-300-0, IPA-340-0 and NPA-320-

0.



 
Figure S12. Gibbs free energies calculated by molecular dynamics simulations for the 

formation pathways of Q-PHI by reactions with MeOH and EtOH.



 

Figure S13. (a) Survey-scan XPS for CN, CN-230-30 and CN-300-0. High-resolution 

XPS of (b) Ni 2p and (c) Cr 2p orbitals for CN-300-0.



Figure S14. TG curves for CN, CN-230-30 and CN-300-0 from 25 to 350oC.



Figure S15. SEM images for (a) CN, (b) CN-230-30, (c) CN-300-0. (d) EDX spectrum 

and (table from the inset) corresponding result of elemental content detected from the 

selected area in (figure from the inset) SEM image for CN-300-0. Scale bar: (a–c) 1 

µm, (d) 10 µm.



Figure S16. BJH pore size distribution from 2–100 nm based on the desorption 

isotherms for CN, CN-230-30 and CN-300-0.



 

Figure S17. Zeta-potential curves for CN, CN-230-30 and CN-300-0.



Figure S18. Photos of water contact measurement (equilibrium time of 9.0 s) for CN, 

CN-230-30 and CN-300-0.



Figure S19. Structure models of (a) g-C3N4 and (b) Q-PHI. Calculated electronic band 

structures and corresponding density of states of (c) g-C3N4 and (d) Q-PHI. The Q-PHI 

model with one methyl and one hydroxyl group is selected for calculation in (b, d).



Figure S20. Electronic band structure alignments of g-C3N4 and Q-PHI.



Supplementary tables

Table S1. Preparation conditions and photocatalytic H2-evolution rates of modified g-

C3N4 by MeOH solvothermal posttreatment.

Run Sample
Temperature

(oC)

Residence 

time

(min)

H2-evolution 

rate

(µmol·h-1)

Run Sample
Temperature

(oC)

Residence 

time

(min)

H2-evolution 

rate

(µmol·h-1)

1 CN-230-5 230 5 9.4 22 CN-260-3 260 3 46.0

2 CN-230-10 230 10 9.2 23 CN-260-4 260 4 26.9

3 CN-230-20 230 20 17.1 24 CN-260-5 260 5 23.0

4 CN-230-30 230 30 18.0 25 CN-260-7 260 7 13.1

5 CN-230-40 230 40 11.4 26 CN-270-0 270 0 23.6

6 CN-240-3 240 3 28.7 27 CN-270-1 270 1 47.4

7 CN-240-5 240 5 36.3 28 CN-270-2 270 2 30.8

8 CN-240-7 240 7 29.5 29 CN-270-3 270 3 13.2

9 CN-240-10 240 10 23.8 30 CN-270-5 270 5 0.0

10 CN-250-0 250 0 12.3 31 CN-280-0 280 0 42.3

11 CN-250-1 250 1 32.5 32 CN-280-1 280 1 40.9

12 CN-250-2 250 2 35.8 33 CN-280-2 280 2 5.7

13 CN-250-3 250 3 24.7 34 CN-280-3 280 3 0.0

14 CN-250-4 250 4 35.8 35 CN-290-0 290 0 37.2

15 CN-250-5 250 5 38.8 36 CN-290-1 290 1 36.8

16 CN-250-6 250 6 34.7 37 CN-290-2 290 2 0.1

17 CN-250-7 250 7 37.3 38 CN-300-0 300 0 50.1

18 CN-250-10 250 10 14.9 39 CN-300-1 300 1 17.1

19 CN-260-0 260 0 8.7 40 CN-320-0 320 0 27.9

20 CN-260-1 260 1 38.9 41 CN-340-0 340 0 0.0

21 CN-260-2 260 2 42.4



Table S2. Comparison of represented solvothermal posttreatment strategies for g-C3N4 

modification towards photocatalytic H2 evolution.

Photocatalyst Amount of g-C3N4 and chemical
Solvothermal 

condition
Multiplea]

Refere

nce

g-C3N4/Q-PHI isotype 

composite
500 mg g-C3N4, 5 mL methanol 300oC, 0 min 7.2

This 

work

Amino-modified g-C3N4 50 mg g-C3N4, 30 mL ethylene glycol, 20 mg urea 160oC, 6 h 5.5 [1]

Fluorine modified g-C3N4 

nanosheets

250 mg g-C3N4 nanosheets, 500 g HF (>40%), 30 

mL ethanol
140oC, 6 h 1.3 [2]

g-C3N4 modified by sugar
400 mg bulk g-C3N4, 40 mg fructose, 60 mL 

water/ethanol (v:v = 1:1)
180oC, 6 h 13 [3]

Monolayer g-C3N4 nanomesh
100 mg porous g-C3N4, 300 mL water/isopropanol 

(v:v = 2:3)
120oC, 24 h 5.5 [4]

1000 mg g-C3N4, 70 mL methyl alcohol 200oC, 6 h 4.9

1000 mg g-C3N4, 70 mL isopropyl alcohol 200oC, 6 h 7.4

1000 mg g-C3N4, 70 mL tetrahydrofuran 200oC, 6 h 13.9
Holey defect g-C3N4

1000 mg g-C3N4, 70 mL N,N-dimethylformamide 200oC, 6 h 5.6

[5]

Fish-scale structured g-C3N4 

nanosheet

200 mg g-C3N4 nanosheet, 30 mL ethylene glycol, a 

certain amount of PVP/CTAB
80oC, 12 h 2.9 [6]

(Na, O)-g-C3N4 500 mg bulk g-C3N4, 500 mg NaOH, 60 mL ethanol 160oC, 10 h 6.9 [7]

a] Multiple =  
Photocatalytic H2 ― evolution activity of modified g ― C3N4
Photocatalytic H2 ― evolution activity of original g ― C3N4



Table S3. Q-PHI models with different grafted groups and corresponding chemical 

formulas of exfoliated units.
Q-PHI model Grafted group Chemical formula of exfoliated unit

Two methyl groups (–CH3)2 (C6N7)(NH2)(OH)2

One methyl group and one hydroxyl group –CH3, –OH (C6N7)(NH2)(OH)(NH)(CH3)

Two hydroxyl groups (–OH)2 (C6N7)NH2(NH)2(CH3)2



Table S4. C 1s, N 1s and O 1s peak-area percentages (%) of different C species, N 

species and O species for CN, CN-230-30 and CN-300-0.

C 1s N 1s O 1s

Sample
C–C C–N N=C–N

C–

OH

C–

N=C
N–(C)3 N–H

N–C–

OH

π 

charging

Adsorbed 

–OH
Doped O C–OH

CN 64.7 25.0 10.2 0 37.5 31.5 23.6 0 7.4 47.6 52.4 0

CN-230-30 42.0 18.8 35.8 3.4 30.3 22.0 35.5 0 14.3 38.2 61.8 0

CN-300-0 27.3 21.0 31.1 20.6 26.0 23.0 21.6 28.4 1.1 30.6 60.7 8.8
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