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Exfoliation of graphitic carbon nitride g-C3N4 by means of ultra-
sound (US) treatment at varying input power is investigated.
Exfoliation of g-C3N4 displays a strong dependence of US input
power, with a slightly enhanced bandgap (2.8 eV), but most of
all increased lifetime of photogenerated electrons, as observed
through diffuse reflectance spectroscopy (DRS) and spectrofluo-
rimetry data. Among all applied power (varied between 30 and
120 W), 120 W sufficiently exfoliated and tuned physicochemical
properties of g-C3N4. Compared to bulk as prepared sam-
ple, exfoliated g-C3N4 exhibited improvement in photo-induced
charge carrier transfer and separation, resulting in higher pho-

tocatalytic efficiencies. FE-SEM and TEM images of both bulk
and exfoliated g-C3N4 show the effect of the exfoliation power
on the nanosheet, pseudo-lamellar structure. A change in US
input power correlates well with amonotonous variation of the
bandgap, of the charges lifetime of the materials and, most
importantly, of the catalytic performance determined through
an innovative high-pressure reactor in solid–liquid–gas phase.
The catalytic results demonstrate this material as an efficient
photocatalyst to obtain high yield of formic acid with net pro-
ductivities ranging from ∼5100 to ∼8200 mmol/kgcat h at 80 °C
in water, which is among the highest reported in the literature.

1. Introduction

Climate change due to anthropogenic CO2 emission from fossil
fuel consumption and increased chemical demands with rising
population has called for an alternative solution to alleviate the
energy crisis and mitigate CO2 input into the environment.[1] To
address such issues, extensive CO2 valorization and net zero-
CO2 technologies are crucial. In this context, solar-driven CO2
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reduction to valuable chemicals and fuels has inspired grow-
ing interests[2] because of (i) abundance of inexpensive sunlight,
(ii) possible utilization of anthropogenic CO2, and (iii) conceiv-
able renewable products such as methane, methanol, formalde-
hyde, formic acid (FA), and hydrogen. Owing to hydrogen
storage ability, ease of transportation, and possible transforma-
tion/derivatization into various products, FA production is one
of the most attracting.[3–6] As its current production is relying
on nonrenewable fossil-derived CO,[7] a renewable source with
advancement in technology is highly desirable. Moreover, global
annual production of formic acid (0.74 million tons in 2021)[8] is
comparatively lower than the demand, even far less than the cur-
rent CO2 emission scale (36.3 billion tons in 2021).[9] With an aim
to develop technology from clean, renewable, and cheap energy
source, Avantium initiated formic acid production from CO2.

[10]

According to 2021 report by Lux research, more than 80 firms are
operational in developing new approaches for CO2 utilization,
which accounts less than $1 billion current global market.[11,12]

Instead, it is expected to reach $70 billion market value by 2030
that will increase further to $550 billion by next 10 years in 2040.
Thus, it would be helpful to develop a simple, sustainable, and
scalable process of making FA from CO2.

Nevertheless, reduction of CO2 to formic acid is challenging
due to chemical inertness (C─O bond energy of 799 kJ/mole),
high thermodynamic stability (�Hf° = −393.5 kJ/mol at 25
°C), large kinetic barriers, and low selectivity to FA. Success
can be achieved through tuning temperature, pressure, reac-
tant/product concentrations, and catalysts applied.
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In this regard, use of semiconducting materials plus irradia-
tion is promising. Introduction of a base can further shift ther-
modynamic equilibrium toward product side or at least increase
the amount of CO2 absorbed in the reaction medium.[13,14] Con-
sequently, significant FA productivity with TONs > 8 × 104 and
TOFs 2 × 1 104[15] has been reported in basic ionic liquid mediated
reaction using Ru-based organometallic catalyst. An inorganic
photocatalyst-enzyme system produced 16.75 103 μM formic acid
in 9 h under 2 bar solution pressure.[16] To minimize waste
generation from base and reduce production cost (e.g., ionic
liquid and noble metals), CO2 hydrogenation under UV irradia-
tion in varying solvents resulted in 8.8 μmol FA with 141 TON
and ∼17 μmol FA in presence of Ru catalyst.[17,18] Furthermore,
Mo─Bi─Cd exhibited 72% faradic efficiency with 208 μmol/g h FA
in presence of ionic liquid.[19] An improvement to 725 μmol/g FA
in 24 h was noticed, whereas Fe-based metal–organic framework
catalyst was applied in a mixture of DMF and triethanolamine.[20]

More recently, 2D porphyrin based covalent organic framework
(COF) thin film was prepared by interfacial synthesis and tested
to form 334.1 μmol FA.[21]

To make the process economic and environmentally friendly,
there is a need to replace high boiling organic solvents with
greener alternatives like water and to design a low-cost cat-
alyst (preferably metals-free) in a simpler way with enhanced
photocatalytic properties. Furthermore, the use of heteroge-
neous semiconductors is mandatory for scale up and continuous
operation.

CO2 photoreduction takes place when the bottom of con-
duction band of a photocatalyst is more negative than the CO2

reduction potentials and the top of valence band must locate
at more positive potential than the hole scavenger (HS) oxi-
dation potential. In this regard, semiconducting materials are
promising. Ability to harvest visible light and adsorb CO2 make
a material even more desirable, albeit activity of such materi-
als is dependent on the dynamic behavior of charge carriers
such as their trapping, recombination, and transfer.[2] This in turn
depends on structure, size, and interface of the nanomaterials,[22]

possibly leading to inefficient photoconversion and low prod-
ucts selectivity. Recent literature on photocatalytic applications
is dominated by TiO2.[23] However, the relatively wide bandgap
(∼3.2 eV) and low quantum efficiency with low visible light uti-
lization (∼4% of total light, i.e., UV light) limits its application.
Besides, separation efficiency of photogenerated electron-hole
pairs is insufficiently low, causing only a few of them to reach
the catalyst–liquid interface to participate in photocatalytic
reaction.[24,25]

Interestingly, g-C3N4 possesses moderate bandgap of 2.7 eV
with high conduction band potential, which can facilitate CO2

activation in a wide spectral range of sunlight (∼43% of solar
spectrum or visible light). Low cost, metal free composition,
simple preparation, high thermal stability (600 °C), and many
promising properties (unique structural, optoelectronic, and
physicochemical properties) of g-C3N4.[26–29] made it a superior
choice with respect to titania, which is only active under UV radi-
ation. A stimulating study by Gao et al. also observed reduced
barrier while impregnating Pt/Pd on g-C3N4.[30]

Unfortunately, the photocatalytic activity of g-C3N4 is unsat-
isfactory due to rapid charge recombination caused by stacking
of the layers, that is, short lifetime of photogenerated electrons
and holes,[31] and the low surface area limits the adsorption of
reactants. Luckily, the typical structure of g-C3N4 facilitates the
development of various effective approaches to address these
inadequacies. Specifically, weak van der Waals interaction within
layers allows exfoliation to reduce thickness and increase surface
area for enhanced charge separation and transportation.[32,33]

Therefore, different exfoliation methods may be applied to
improve properties and performance of these materials. An
overview of the different exfoliation methods to synthetize
g-C3N4 for photoreduction, with a focus on advantages and
potential limitations of the methods, is reported in Table 1.

In this paper, we have investigated an innovative US-assisted
treatment for the exfoliation of g-C3N4 and, in turn, evalu-
ate the effect of US exfoliation on the properties and overall
quality of the final material (exfoliated g-C3N4). Furthermore,
we demonstrated improved optoelectronic properties of g-
C3N4 when increasing the input power of ultrasonic treatment
from 30 to 120 W. The photocatalytic efficiency directly cor-
relates with the resulting materials properties and with input
power in ultrasound-induced exfoliation. Although this study is
restricted to this specific material and application, this exfolia-
tion technique can be extended to other 2D-layered materials
for obtaining high quality finely-layered materials and to tune
their properties for wide range of applications. An overview of
the ultrasonic methods applied to exfoliate different 2D mate-
rials, highlighting their potential advantages and limitations, is
reported in Table 2. The photocatalytic performance of the pre-
pared materials is reported under nonconventional conditions
(up to 20 bar and up to 80 °C), anticipating one of the highest
productivities reported for the photoreduction of CO2 to FA (ca.
10 mol/kgcat h).

2. Experimental Section

2.1. Catalysts Preparation

Formic acid, melamine, and sodium sulfite were purchased from
Sigma-Aldrich. Unless stated differently, all the materials were used
without further treatment.

The g-C3N4 bulk catalyst was prepared in a tubular furnace by
thermal condensation of melamine over the continuous flow of air
(30 mL/min) at desired temperature (>525 °C) for 4 h. In a typical
procedure, 5 g melamine was weighed into a quartz cuvette. The
cuvette was then placed in a tubular furnace (Carbolite, UK) con-
nected with the pure air line (30 mL/min), and it was allowed to
heat at a rate of 1 °C/min to the target temperature (550 or 600
°C) and then kept for 4 h. After cooling down the furnace to ambi-
ent temperature (1 °C/min), the sample was removed and crushed
to powder. The resulting yellowish powder (g-C3N4 bulk) was then
exfoliated by US treatment at different input power for a fixed time
of 3 h (5 h with 3 s on and 2 s off). It is to note that the instrument
does not directly allow to adjust power or time of treatment. Hence,
energy was first set and then power was accordingly calculated. In
our experiments, we have applied energy in the range of 0.32–1.3 MJ,
which corresponds (at fixed time) to an input power of 30–120 W, by
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Table 1. Comprehensive summary of different exfoliation methods for g-C3N4 for photoreduction with advantages and potential limitations of the methods.

Entry Exfoliation Technique Key Process Details Photoreduction
Performance

Advantages Limitations Reference

1 Thermal exfoliation High temperature
calcination (600 °C)
at ambient air for 2 h

-Increased surface
area
-Enhanced charge
separation

-Relatively simple and
effective
-Can produce porous
structure, resulting in
increased surface area
-Promotes exfoliation of the
material due to
simultaneous layer-by-layer
thermal oxidation and layer
splitting
-Introduced structural and
chemical defects (oxygen
functionalities in g-C3N4,
changing electronic
properties of materials

-Requires high energy
input
-May lead to structural
damage due to
uncontrolled heating
-Difficult to control layer
thickness
-Reduced effect on the
bandgap energy of the
prepared photocatalyst

[34–36]

2 Chemical exfoliation Acid treatment
(H2SO4/HNO3 24 h)

Overoxidation
leads to structural
defects; reduced
charge efficiency

-Acids or bases, disrupts van
der Waals forces, yielding
high surface area with
increased active sites
-Introduces oxygenated
functional groups
-Widen up the already large
bandgap and improves
visible light absorption

-Use of chemicals can
generate hazardous waste
-Can be complex and
expensive
-Possible structural
damage, requires
postwashing

[37–40]

3 Ultrasonic exfoliation Sonication in water Good visible light
harvesting

-Can be scaled
-Less harsh method
compared to chemical
exfoliation, minimizing
potential damage to the
g-C3N4 structure
-It can be performed in
different solvents, allowing
for flexibility in processing
and subsequent applications
-Allows for the potential to
tailor the surface properties
of the resulting g-C3N4 by
using various solvents

-Requires prolonged
sonication time
-Although milder than
chemical exfoliation,
prolonged or
high-intensity sonication
can still introduce defects
into the g-C3N4 structure

[41]

4 Mechanical exfoliation Ball milling or shear
force grinding
(dry/wet)

Oxygen
functionalities in
g-C3N4, changing
electronic
properties of
materials, leading
improved
photoreactivity

-Minimal chemical waste
-Preserves crystallinity
-Introduced structural and
chemical defects
-Widen up the already large
bandgap

-The high shear forces
involved can introduce
structural defects and
damage the g-C3N4 lattice
-It is challenging to
control the size and
uniformity of the
exfoliated nanosheets
-Possibility of impurities
from the milling
equipment being
introduced into the final
product

[42]

keeping 3 h sonication time constant. Materials calcined at 550 and
600 °C with sonication power 120 W are labelled as GC550-120 W and
GC600-120 W, respectively. Similar notations were followed for other
samples exfoliated at variable power.

2.2. Photocatalytic Tests of g-C3N4 for Photoreduction of CO2

Photocatalytic studies were performed according to our previous
reports,[45–47] in a specially designed stainless steel high-pressure

photoreactor surrounded by a jacket for circulating water with 1.3 L
available internal volume. The reactor is equipped with a pressure
transducer, a double-walled thermostatic system, a thermocouple
(to measure internal temperature), and a long quartz candle con-
taining the light source, that is, a 125 W medium pressure Hg-vapor
lamp (wavelength 254–364 nm). A scheme is reported in Figure S0.

In our typical testing procedure, g-C3N4 (0.031 g/L) along with
1.3 L sodium sulfite solution (1.66 g/L, as a hole scavenger, HS) in
distilled water was loaded, and a magnetic bar was placed for con-
tinuous stirring of the mixture. Then, the reactor was closed and the
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Table 2. Literature examples of ultrasonic methods applied to exfoliate different 2D materials, summarizing their potential advantages and limitations.

Entry Material Process Details Advantages Limitations Performance/Outcome Reference

1 Graphene Sonication in ethanol at
37–80 kHz, low power

Produces monolayer/few
layers graphene flakes
-Cost effective
-Low defect density

-Requires precise
frequency control
-Limited scalability

77% of flakes with <3 layers; lateral
size ∼13 μm

[41]

2 TiB2 Probe sonication in
water

-Green, single step
process
-Scalable
-High aspect ratio
nanosheets

-Prolonged treatment
reduces lateral
dimensions
-Requires centrifugation

Thickness reduced to 21 nm; lateral
dimensions up to 5 μm (input
power dependent)

[43]

3 h-BN Probe sonication in DI
water at 60 °C

-Eco-friendly
-Stable dispersion

-Requires centrifugation
-Limited lateral size

Few layer h-BN nanosheets with
stable dispersion for > one month

[44]

4 MoS2 Bath sonication in DI
water at 60°C

-Surfactant free
-High stability

Requires long processing
time

Few-layer MoS2 nanosheets with
stable dispersions

[44]

solution was then outgassed with CO2 at a constant flow of 15 mL
min−1 at 13 bar pressure with the objective to remove all residual
oxygen from the reactor. The solution was saturated with CO2 by
applying a static pressure of 7–20 bar at ambient temperature and
left overnight to assure saturation. Prior starting the reaction, the
resulting pressure was measured and noted as reference. The reac-
tor was allowed to heat at the desired reaction temperature under
continuous stirring. Formic acid was measured through HPLC (Jasco,
composed of HPLC pump mod. PU-4180, UV–vis detector mod. 4070
and RI detector mod. 4030), whereas the gaseous molecules were
analyzed in GC (Agilent, mod. 7890). The consumption of the sulfite
hole scavenger was done by iodometric titration.

2.3. Catalyst Characterization

X-ray diffraction (XRD) analyses were performed with Rigaku
Miniflex-600 horizontal-scan powder diffractometer (Tokyo, Japan)
using Cu Kα radiation with a graphite monochromator on the
diffracted beam. Crystallite size was calculated according to the
Scherrer Equation (1):

D = Kλ

βcosθ
(1)

where D is the crystal size, λ is the X-ray wavelength (0.154 nm with
Cu Kα generator), K is the shape factor (0.9), β is the width at half-
maximum of the peak (i.e., FWHM), and θ is the Bragg angle.

Surface area and porosity were determined by collecting N2

adsorption–desorption data at −196 °C. The isotherms were col-
lected using a Micromeritics ASAP 2020 instrument. Before the
analysis, pretreatment of the sample was performed under vac-
uum at 150 °C for 4 h to remove any contaminants or traces of
water present in the catalysts. The data obtained were processed fol-
lowing the Brunauer–Emmett–Teller (BET), Barrett–Joyner–Halenda
(BJH), and t plot analysis methods.[48]

Elemental analysis has been performed with a PerkinElmer 2400
Series II CHNS/O elemental analysis instrument.

Scanning electron microscopy (SEM) images and energy-
dispersive X-ray analysis (EDX) were obtained using a JSM-7900F
Schottky field emission scanning electron microscope (JEOL, Tokyo,
Japan), operating at an accelerating potential of 20 kV. The 3D
analysis of the surface has been elaborated by using the Image J
software.

Transmission electron microscopy (TEM) images and energy-
dispersive X-ray analysis (EDS) were collected using a FEI Tecnai G2

F20 transmission electron microscope operating at an accelerating
potential of 200 kV.

2.4. Optical Characterization

Diffuse reflectance (DR) UV–vis spectra of samples were recorded
on a Shimadzu UV-3600 Plus (Kyoto, Japan), using an integrat-
ing sphere and BaSO4 as reference standard. Measurements were
recorded between 190 and 700 nm with 1 nm intervals and spectral
bandwidth of 20 nm. The results were processed according to the
Kubelka–Munk elaboration and with Equations (2) and (3), using the
reflectance spectra as input data.

(F (R) hv)
1
n = B

(
hv − Eg

)
(2)

where h represents the Planck constant, ν the light frequency, n
is a coefficient that is considered equal to 1

2 when referring to
the direct transition and equal to 2 when referred to the indirect
transition,[49,50] Eg is the bandgap expressed in eV, and B represents
the absorption constant corrected for a proportional factor between
F(R) and the molar extinction coefficient.

F (R∞ ) = (1 − R∞ )2

2R∞
(3)

Tauc plot method was applied to evaluate bandgap energy (Eg)
of the samples. The calculated (F(R)hν)1/r values (with r = 2 or 1

2 for
direct and indirect bandgap) were plotted against hν to obtain the
bandgap of each sample.[51] Due to the strong absorption of the
materials, the g-C3N4 was mixed with BaSO4 (50 wt%) with a mor-
tar and pestle prior to recording the spectra to prevent saturation in
the case of samples absorbing strongly. Therefore, the shape of the
curves was not affected by the blending, but the absolute value of
reflectance cannot be compared.

The photoluminescence measurements of the powder samples
were studied at room temperature. Absolute photoluminescence
quantum yield, �, was determined through a C11347 Quantaurus
spectrometer (Hamamatsu Photonics K.K) equipped with a 150 W
Xenon lamp, an integrating sphere, and a multichannel detector.

Steady state and time-resolved fluorescence data were obtained
using a FLS980 spectrofluorometer (Edinburgh Instrument Ltd).
Emission spectra were corrected for background intensity and
quantum efficiency of the photomultiplier tube, whereas excita-
tion spectra were corrected for intensity fluctuations of a 450 W
Xenon lamp. Time-resolved fluorescence decay measurements were
performed by time-correlated single photon counting technique
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Figure 1. XRD patterns of g-C3N4 synthesized at 550 and 600 °C, including
bulk and exfoliated samples at US-power 120 W, with corresponding ICDD
data.

using an Edinburgh picosecond pulsed laser (emitted wavelength
374 nm).

3. Results and Discussion

3.1. Materials Characterization

Carbon nitride is an important material that can harvest sunlight
in the visible range and has demonstrated activity to produce
important products from CO2. A change in catalyst preparation
methods such as types of precursors, synthesis temperature, and
exfoliation approaches can influence catalytic properties. Indeed,
variation in thermal condensation of precursor molecules is cru-
cial in adjusting electronic and optical properties of g-C3N4.[28]

An increase in US power can lead to better material homoge-
nization and reduction in particle size, which can improve the
surface, optical, and electrical properties. However, if the US
power is too high, it may damage the material and results
in deterioration of such properties. Considering this, we have
determined to tune the US power to optimize its effect on the
properties of the material.

Another possible reason for enhanced properties in US-
exfoliated g-C3N4 is ascribed to the force induced by ultrasound
and the interaction with solvent molecules. Previous studies on
exfoliation of layered g-C3N4 has focused on role of solvents,[32]

sonication duration, frequency, and type of materials. However,
studies on input US power for exfoliation are missing and this
study aims to fill this gap.

With this in mind, starting from previous protocols,[52] we
have modified g-C3N4 preparation method by thermal con-
densation of melamine at two different temperatures, 550 and
600 °C, under air flow. The XRD patterns of powder g-C3N4 are
portrayed in Figure 1. It illustrates the characteristic interlayer
stacking reflections of conjugated aromatic system at ∼27.7°
and ∼13.1°, which correspond to (002) and (100) crystal planes,

Table 3. Textural properties of bulk and exfoliated samples.

Sample BET Surface Area
(m2/g)

Total Pore Volume
(cm3/g)

BJH Adsorption
Pore Width (nm)

GC550 9.0 0.032 47.1

GC600 6.1 0.027 32.2

GC550-120W 27.7 0.166 29.3

GC600-120W 19.8 0.083 15.7

respectively.[53,54] The observed low intensity peak at 13.1° was
attributed to the in-plane structural packing motif. As illustrated
in Figure 1, there is a significant decrement in the intensity of
(002) peak after exfoliation, which is remarkable to demonstrate
successful exfoliation of layered carbon nitride.[54] Moreover, the
two consistent reflections with exfoliated g-C3N4 suggest that
the nanosheets essentially have the same crystal structure as
their parent bulk counterpart, that is, the layers of g-C3N4 phase.
Such diffraction peaks were observed with all the samples, irre-
spective of the calcination temperature, which only affected the
intensity of the reflection. They have become less pronounced,
but most of all widened, in the nanosheets (exfoliated samples
at 120 W power) mainly due to concurrently reduced plane size
of the layers following the exfoliation treatment.[55]

As photocatalytic activity is mainly dependent on absorp-
tion spectrum (range of wavelength it can absorb), bandgap
energy (ability to generate electron-hole pairs upon light absorp-
tion with energy higher than bandgap), photoluminescence
(efficiency of charge separation and transfer in photocatalytic
reactions), and surface area, these properties were measured
for both bulk and exfoliated materials. Indeed, when a sample
undergoes US treatment, the high-power ultrasonic waves can
cause changes in the density, pressure, and temperature distri-
bution within the material, which affect both textural and optical
properties.

To determine the surface area available for reactants adsorp-
tion, N2 adsorption–desorption technique was applied to assess
the textural properties. All the samples returned a type IV
isotherm, which corresponds to mesoporous materials. Adsorp-
tion and desorption isotherms of all the materials are reported
in Supporting Information. Brunauer–Emmett–Teller (BET) elab-
oration for specific surface area resulted in ca. 15 m2/g for
the as-synthesized g-C3N4 and ca. double values for the exfoli-
ated samples at the highest US power tested. The BET surface
area and BJH pore size have been detailed in Table 3. The as-
prepared samples treated at 550 °C had 50% higher surface area
than the one prepared at 600 °C. Thermal annealing at higher
temperature provoked more extensive polymerization and con-
densation processes, leading to a more compact and less porous
structure.[56] This reduces the overall surface area. Furthermore,
prolonged exposure to high temperatures can lead to partial
thermal decomposition of the material, which can further reduce
the surface area.[57]

US input power showed a direct correlation with the surface
area of the materials. Increasing the probe ultrasound power led
to an increase of specific surface area, indicating more accessible
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Figure 2. FE-SEM images of exfoliated g-C3N4: a) and b) GC550-120 W and c) and d) GC600-120 W.

layers structure with reduced thickness with respect to the bulk
precursor. Furthermore, separation efficiency of photogenerated
electrons and holes can be improved upon exfoliation, limiting
recombination phenomena between stacked layers and favoring
the interaction of charge carriers with more abundant adsorbed
reactants rather than with recombination sites.

The sample GC550-120 W had higher surface area and pore
size with respect to GC600-120 W, which correlates well with
the XRD pattern (broader and less intense reflections for the
sample calcined at lower temperature, i.e., smaller crystallites).
The higher surface and porosity provide more active site for
adsorption of the reactant; as a result, higher performance is
expected. It should be highlighted here that usually high surface
area is not considered of paramount importance for photocat-
alytic applications If this may be strictly true, it is out of doubt
that increasing the availability of adsorption sites for the reac-
tants allows improved probability of productive events with the
photogenerated charges rather than dissipative recombination
ones.

The FE-SEM images depict a morphology with an overlap of
multiple nanosheets (Figure 2a,b), which demonstrate exfoliation
of the material into thin pseudo-lamellar form. The 3D analysis of
the surface has been elaborated by using the Image J software
(Figure 3). The sample GC550-120 W showed a slit-shaped surface,
with 30 nm deep valleys, whereas the sample GC600-120 W evi-
denced a rougher surface with ca. 30% lower valley depth (ca.
20 nm). We observed a few layers thin sheet-like morphology in
Figures 2 and 3.[58]

Transmission electron microscopic analyses were performed
on the GC550 and GC550-120 W samples. The TEM images show
accordance with the FE-SEM images, depicting an overlap of

multiple nanosheet and the formation of curled thinner pseudo-
lamellar structures in the GC5520-120 W compared to the GC550
(Figures 4, S1, and S2).

Among the numerous diffraction pattern registered on the
GC550-120 W, many of them presented an elongated diffrac-
tion ring pattern (Figures 4(3b) and S3). This kind of diffraction
pattern is typical of overlapping leaflets but with preferential
orientations. Exfoliation affects the deformation of nanosheets,
leading them to a preferential orientation. From a qualita-
tive point of view, the bulk GC550 showed higher crystallinity
compared to the exfoliated GC550-120 W, and this is con-
firmed by XRD analysis. It is worth pointing out that the thin
sheet of the sample showed a tendency to transform into
amorphous material under the electron beam (accelerated at
200 kV).

The d spacings have been measured both for GC-550 and GC-
550–120 W, reported in Figure 4(2a) and (2b), respectively. The
nonexfoliated sample (GC-550) shows a d spacing of ∼0.70 nm,
whereas the exfoliated sample (GC-550–120 W) has a measured d
spacing of ∼0.36 nm. These results are confirmed by XRD analy-
sis. The 0.70 nm d spacing is associated with in-plane d spacing
and corresponds to the (100) plane, as seen from the XRD reflec-
tion at 13°. The 0.35 nm d spacing observed in Figure 4(2b) is
due to (002) plane, which reflects the interlayer stacking of con-
jugated aromatic segments, responsible for the peak at ∼27.7°.
The values obtained are compatible with those reported in liter-
ature for mesoporous g-C3N4,[59] which are ∼0.68 and ∼0.32 nm,
respectively, although the measured interlayer d spacing shows
slightly higher values. In any case, the effect of exfoliation is evi-
dent in the decrease of the extension of the ordered stacked
layers. More TEM images and diffraction pattern of both the bulk
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Figure 3. 3D analysis of a) GC550-120 W and b) GC600-120 W.

C3N4 and the exfoliated GC550-120 W are reported in Supporting
Information (Figures S1–S3).

While performing EDS analysis on the exfoliated sample
GC550-120 W, the measured nitrogen content showed a decrease
with time, highlighting a strong compositional instability of the
exfoliated sample under the electronic beam.

To confirm the theoretical composition elemental analysis
was then performed on both GC550 and GC550-120 W sam-
ples. CHN tests returned the values expected, showing a slight
decrease, if any, in nitrogen content in the case of GC550-
120 W compared to GC550 (59.6% versus 60.3% w/w) and a
small increase in carbon, hydrogen, and oxygen in the exfo-
liated sample, possibly due to surface interaction with water.
The results of the elemental analysis have been detailed in
Table 4.

Optical properties such as bandgap and photoluminescence
were investigated by diffuse reflectance spectroscopy and pho-
toluminescence experiments (Table 5; Figures 5 and S4–S11).

The bandgap energy (energy gap between the nearest occu-
pied and unoccupied energy levels) of a photocatalyst is related
to its ability to generate electron-hole pairs upon absorption
of a radiation with appropriate wavelength. Thus, the bandgap
energy (Eg) was measured by DRS and by adopting the Tauc plot

method for data elaboration (see Figures S4–S10 and details for
elaboration in Supporting Information).[51]

The absorption edge of thin sheet (exfoliated few layers)[51]

materials displays a notable blueshift from 473 to 425 nm
(Figure 5), which corresponds to increased bandgap from 2.65
to 2.78 with respect to the bulk GC550 (Table 5).[38] This larger
bandgap is compatible with the quantum confinement effect of
2D monolayers[38] that are produced as a result of the increase
in exfoliation power.

It is worth noticing that all samples have a bandgap and
band energy levels that are sufficiently large to overcome the
endergonic character for the CO2 reduction.

The photophysical properties have been investigated for
both GC550 and GC600 samples and their US-exfoliated deriva-
tives. A summary of the results is reported in Figures 5 and
S11–S18 and Tables 5 and S1.

An important parameter used in estimating the efficiency
of photocatalytic activity is photoluminescence quantum yield
(�). Generally, the stronger the photoluminescence quantum
yield, the superior the ability of recombination of the pho-
toexcited electron-hole pairs and thus the lower the photocat-
alytic activity of the photocatalyst. As presented in Figures 5b
and S11b, all the samples display a � that depends on the
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Figure 4. TEM images and diffraction patterns of a) GC550 and b) GC550-120 W.

Table 4. Elemental analysis of bulk and exfoliated samples.

Sample C (Carbon) (%) H (Hydrogen) (%) N (Nitrogen) (%) O (Oxygen) (%)a)

GC550 34.80 1.90 60.32 2.98

GC550-120W 34.90 2.03 59.56 3.51

a) O has been calculated as difference.

ChemCatChem 2026, 18, e02142 (8 of 18) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Table 5. Optical and photophysical properties of the as-synthesized graphitic carbon nitride and US-exfoliated samples at different US power.

Sample Bandgap (eV) λmax
a) (nm) � (%) Ex 290 nm � (%) Ex 360 nm τ λex = 374 nm→ λem = λmax

1 GC550 2.65 466 4.4 6.6 τ 1 = 8.11 ns (55.69%)
τ 2 = 49.91 ns (44.31%)

2 GC600 2.66 463 4.1 5.3 τ 1 = 7.94 ns (53.12%)
τ 2 = 63.86 ns (46.88%)

3 GC550-30W 2.73 461 6.3 7.9 τ 1 = 4.77 ns (50.09%)
τ 2 = 19.73 ns (31.40%)
τ 3 = 142.06 ns (18.51%)

4 GC550-60W 2.76 460 5.7 7.3 τ 1 = 5.19 ns (44.28%)
τ 2 = 23.24 ns (34.44%)
τ 3 = 148.10 ns (21.28%)

5 GC550-90W 2.77 447 5.3 7.2 τ 1 = 4.60 ns (41.38%)
τ 2 = 18.05 ns (38.65%)
τ 3 = 153.66 ns (19.97%)

6 GC550-120W 2.78 439 4.7 6.7 τ 1 = 5.07 ns (46.76%)
τ 2 = 20.34 ns (33.28%)
τ 3 = 158.48 ns (19.96%)

7 GC600-120W 2.69 444 3.1 3.9 τ 1 = 5.06 ns (45.49%)
τ 2 = 21.49 ns (35.53%)
τ 3 = 156.97 ns (18.98%)

Ex, excitation wavelength; �, quantum yield; τ , lifetimes.
a) Wavelength of the maximum peak of the emission spectrum exciting at 360 nm.

Figure 5. Results obtained from g-C3N4 calcined at 550 °C: a) normalized Kubelka–Munk function, b) photoluminescence quantum yield (�), c) normalized
emission spectra (excitation wavelength at 360 nm), and d) normalized excitation spectra of the as-synthesized g-C3N4 and exfoliated samples. Arrow
marks in (a) and (d) represent a systematic blueshift with increasing exfoliation power.

ChemCatChem 2026, 18, e02142 (9 of 18) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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excitation wavelength; in particular, from 280 to 300 nm, the �

was always lower than in the 310–410 nm, indicating increased
radiative transitions in the lowest energy excitation region. More-
over, the as-synthesized GC550 sample exposed � lower than
the exfoliated samples for all excitation wavelengths, whereas
the sample exfoliated at 30 W returned the highest value, fol-
lowed by 60, 90, and 120 W (in Table 5, the � value is shown
for two representative excitations at 290 and 360 nm). Interest-
ingly, both the as-synthesized g-C3N4 and the exfoliated sample
at 120 W have comparable � values. Normalized emission spec-
tra of the as-synthesized g-C3N4 and exfoliated samples are
shown in Figures 5c and S11c. The emission spectrum of the as-
synthesized g-C3N4 has a maximum peak around 466 nm, which
is in line with results for powders obtained by thermal conden-
sation process of melamine at 550 °C.[60] In contrast, exfoliated
samples were slightly blueshifted to 461, 460, 447, and 439 nm
with increasing exfoliation power to 30, 60, 90, and 120 W, respec-
tively. A blueshift was further observed in case of normalized
excitation spectra monitored at the emission peak wavelength
of each sample (Figures 5d and S11d). The excitation spectrum of
the as-synthesized g-C3N4 calcined at 550 °C exhibited a broad
band covering from 250 to 455 nm, which was slightly shifted
at higher energy as the exfoliation power was increased. The
observed blueshifts in the excitation and emission spectra of the
exfoliated samples are a further confirmation of the bandgap
expansion due to the quantum confinement effect following the
exfoliation process, as already noted in the absorption spectra
(Figures 5a and S11a). It is believed that high input power ultra-
sound is likely to facilitate lifetime of photogenerated electrons
by creating nanostructures within the material for the photogen-
erated electrons to traverse, which can increase their lifetime by
delaying recombination with holes.

Time-resolved fluorescence decay measurements of the sam-
ples are displayed in Figures S12–S18 with the relative fit. For
the as-synthesized GC550, a biexponential decay was used with
two lifetimes of 8.11 and 49.91 ns. On the contrary, for the exfo-
liated samples a triexponential decay was necessary to provide
the best match between the measured data and the calcu-
lated decay. Table 5 details the lifetime values for the samples
calcined at 550 and 600 °C, as-synthesized and subsequently
US-exfoliated. The first two lifetimes were of the same order of
magnitude with respect to those obtained for the as-synthesized
g-C3N4, whereas the third lifetime was significantly longer. This
latter value was absent in the nonexfoliated material, whereas
it increased progressively to 142.06, 148.10, 153.66, and 158.48 ns
as the exfoliation power was increased stepwise from 30 to
120 W. Similar lifetimes were observed for the as-prepared GC550
and GC600 samples and, accordingly, also for the counterparts
exfoliated at 120 W power. Only slightly lower lifetime was
observed for τ 3 in the exfoliated samples calcined at the highest
temperature.

Such behavior was consistent with the presence of two emis-
sive species involved during the fluorescence decay. Specifically,
the two shorter lifetimes can be correlated to the recombination
of the photogenerated electron-hole pairs in the bulk g-C3N4

structure, whereas the third lifetime to the recombination of the
photogenerated electron-hole pairs along the plane of the exfo-

Figure 6. CO2 photoreduction on g-C3N4 catalysts, T = 80 °C, P = 8 bar,
HS = 1.66 g/L, catalyst loading = 0.031 g/L, reaction time 24 h.
Comparative test with sample GC550-120 W at 20 bar.

liated 2D monolayers.[61,62] As the US power is increased, the
exfoliation process becomes more efficient, producing increas-
ingly thinner layers (exfoliated few layers). Consequently, the
third lifetime increases, approaching the theoretically predicted
value of 260 ns for an exciton radiative lifetime of a single
2D monolayer.[47] By suppressing electron-hole recombination,
longer exciton lifetimes can be produced, thus, increasing the
chances of exciton usage in photocatalytic reactivity.

3.2. Photoreduction of CO2 Activity Data

Photoreduction of CO2 may lead to a series of liquid and gaseous
products such as CO, H2, CH4, HCHO, HCOOH, and CH3OH. For-
mation of these products is dependent on catalysts and reaction
conditions (e.g., pH, pressure, time, catalyst mass, and hole
scavenger). For instance, neutral pH favors methanol formation,
whereas basic pH allows formic acid as the major product with
very high selectivity and productivity.[46] A scheme with the
proposed mechanism is reported in Scheme S1, based on an
extensive description reported elsewhere.[63] Briefly, when oper-
ating at basic pH, the only product resulted HCOOH, at least
until the full consumption of the hole scavenger, after which the
formed HCOOH started to act as scavenger itself producing also
H2 and CO through photoreforming.

Applying the fabricated catalysts in our specially designed
reactor, CO2 photoreduction reaction was performed under light
irradiation at 365 nm maximum wavelength, at 80 °C, and 8 bar
pressure (Figure 6 and Table 6). Table 6 lists the performance of
all the materials, which produced formic acid as a major product
with some smaller portions of CO and H2.

Blank reaction was carried out either without irradiation or
without photocatalyst or without sodium sulfite as hole scav-
enger. The results demonstrated in every case a negligible
productivity for any product.

ChemCatChem 2026, 18, e02142 (10 of 18) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Table 6. Summary of the hole scavenger conversion and productivity to various products catalyzed by as synthesized and exfoliated samples. Testing
conditions T = 80 °C, P = 8 or 20 bar, HS = 1.66 g/L and catalyst loading = 0.031 g/L, reaction time 24 h.

Entry Sample Formic Acid (mmol/kgcat h) Carbon Monoxide (mmol/kgcat h) Hydrogen (mmol/kgcat h) HS Conv. (After 24 h)

1 GC550 5121 43 1587 90.34

2 GC600 5527 52 1254 89.21

3 GC550-30 W 5722 20 1917 90.93

4 GC550-60 W 5898 41 2132 90.31

5 GC550-90 W 7732 12 2292 89.98

6 GC550-120 W 7930 62 3513 93.12

7 GC600-120 W 8203 28 1243 90.41

8 GC550-120 W
20 bar

10,005 16 365 94

The as-synthesized materials prepared at 550 and 600 °C
returned 5121 and 5527 mmol/kgcat/h FA, respectively. A fur-
ther improvement to 5722 and 5898 mmol/kgcat/h was noticed
in reactions catalyzed with exfoliated sample at 30 W and
60 W power US, respectively. Among all exfoliated cata-
lysts tested, GC600-120 W showed highest productivity of FA
(8203 mmol/kgcat/h), which is slightly higher but still com-
parable to the result achieved with catalyst GC550-120 W
(7930 mmol/kgcat/h) (Table 6).

The increasing trends of formic acid productivity with
increasing input power correlates well with the BET surface
area increase reported in Table 3 and in general with the XRD
evidence of progressively higher exfoliation with increasing US
power.

By increasing pressure from 8 to 20 bar, the productivity of
formic acid boosted up further to 10,005 mmol/kgcat/h for sample
GC550-120 W, that is, ca. 20%–25% productivity increase (Figure 6
and Table 6).

Lower productivity of gaseous products with increasing pres-
sure is also observed, in line with improvement in FA produc-
tivity (Table 6), which is in agreement with the Le Chatelier
principle and previous results at variable pressure.[46] The gas
phase products were mainly H2 and some CO (plus excess CO2,
not quantified) and syngas formation was attributed to the sub-
sequent photoreforming of the organic products formed by
photoreduction of CO2 once the hole scavenger (HS) was con-
sumed. Indeed, the reaction was carried out in presence of
sodium sulfite as HS and H2 was indeed becoming visible only
after the consumption of most of the inorganic HS, added at the
beginning of the reaction (>80% HS conversion).[47,64]

The hole scavenger plays a crucial role: when absent, a negli-
gible productivity is achieved, and among different compounds,
a substantially higher reactivity than for organic compounds
(alcohols, amines) has been achieved with Na2SO3.[46,64] The
increase of hole-scavenger concentration also resulted in higher
formic acid productivity (at basic pH) at the expenses of gaseous
products. The results showed that doubling the hole-scavenger
concentration led to four times higher formic acid productivity
with ca. halved hydrogen productivity.

After 24 h-long activity test, practically full conversion of
the HS was observed for every sample and GC550 showed

higher productivity toward H2 and CO with respect to sam-
ple GC600. Correspondingly, the FA productivity of GC600 was
slightly higher than that of the GC550 catalyst. As said, FA is
the starting reagent for the chain reaction of CO2 photoreduc-
tion and consecutive photoreforming of FA to form syngas; thus,
it may be concluded that the sample GC550 was overall more
active than GC600 as it not only accumulated until consumption
of the HS, but also significantly favored the consecutive photore-
forming reaction. Accordingly, sample GC550-120 W produced
higher amount of CO and H2 than GC600-120 W when tested
for 24 h reaction time (Table 6), which testifies an overall higher
activity of the GC550 sample. Indeed, the sample GC550-120 W
had higher surface area with respect to GC600-120 W, which can
provide higher number of active sites for the reactants (Table 3).

As evidenced in Table 5, GC550-120 W provided a low quan-
tum yield (i.e., low efficiency of dissipative charge recombination
events) and the longest τ 3, which is attributed to longer lifetime
for photogenerated charges against dissipative recombination.

In order to better compare the efficiency of the photoreduc-
tion reaction when different products are obtained and to have
a quantitative assessment of the utilization of the input radia-
tion, we have calculated the energy stored in the products (from
the productivity and the higher or lower heating value, HHV or
LHV, of each compound) with respect i) to the energy consumed
by the lamp during the irradiation time or ii) to the effective
irradiance hitting the sample during the test. Tables 7 and 8
summarize the calculated efficiency of fabricated samples.

According to the data, the samples GC600-120 W and GC550-
120 W achieved 0.020% and 0.024% efficiency, respectively, when
calculated based on lamp consumption (Case i). Thus, we can
confirm that the sample GC550-120 W has higher activity com-
pared to the sample calcined at 600 °C and exfoliated at the
same US power.

Exfoliated 2D graphene-like structures provide higher sur-
face area with respect to the bulk g-C3N4. Plus, the generated
charge carriers (electron-hole) can reach faster the surface for
performing a reduction reaction due to the shorter length com-
pared with the bulk structures. Applying ultrasound waves to the
solution results in the generation of nanometric-bubbles, which
when collapsed, produce higher amounts of energy and pres-
sure. The collapsed bubbles can overcome the van der Waals

ChemCatChem 2026, 18, e02142 (11 of 18) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Table 7. Efficiency of photoreduction process of fabricated samples based on energy stored in the major products calculated based on higher heating
value (HHV).

Energy Stored Based on HHV

Sample H2 HCOOH Total Efficiency (%)a) Efficiency (%)b)

GC550 318 1250 1568 0.014 0.180

GC600 403 1158 1561 0.014 0.179

GC550-30 W 487 1305 1792 0.016 0.206

GC550-60W 541 1333 1875 0.017 0.216

GC550-90W 582 1748 2330 0.021 0.268

GC550-120W 893 1793 2686 0.025 0.309

GC600-120W 316 1855 2170 0.020 0.250

GC550-120 W 20 bar 219 2262 2481 0.023 0.285

a) Efficiency calculated based on energy consumed by the UV lamp.
b) Efficiency based on measured irradiance and average irradiated surface in the reactor.

Table 8. The efficiency of photoreduction process of fabricated samples based on energy stored in the major products calculated based on Lower Heating
Value (LHV).

Energy Stored Based on LHV

Sample H2 (kJ/mol) CHOOH (kJ/mol) Total Efficiency (%)a) Efficiency (%)b)

GC550 269 1030 1299 0.012 0.149

GC600 341 954 1295 0.012 0.149

GC550-30 W 411 1075 1487 0.014 0.171

GC550-60W 458 1099 1556 0.014 0.179

GC550-90 W 492 1440 1932 0.018 0.222

GC550-120 W 755 1477 2232 0.021 0.257

GC600-120 W 267 1528 1795 0.017 0.206

GC550-120 W 20 bar 185 1864 2049 0.019 0.236

a) Efficiency calculated based on energy consumed by the UV lamp.
b) Efficiency based on measured irradiance and average irradiated surface in the reactor.

forces between layers of g-C3N4. Moreover, the power of ultra-
sound has a great impact on the rate of generated bubbles
and collapse energy (different nanometric bubbles’ sizes). Thus,
varying the power of a probe-ultrasound can lead to differ-
ently exfoliated samples. XRD analysis qualitatively showed the
effects of power on the exfoliation efficiency, that is, the sample
with lower reflections intensity and wider peak broadening was
characterized by looser interplane interaction (more exfoliated).

As the bandgap of GC550-120 W, as measured by DRS, was
slightly higher than for other samples, we can conclude that a
reasonably small blueshift of the absorption edge of the sample
does not penalize much the activity, provided that the irradiation
is performed with higher energy than the bandgap.

Much more significantly, the reason of higher activity is,
on one hand, correlated to the low quantum efficiency, simi-
lar for GC550-120 W to the nonexfoliated GC550 material. This
means lower efficiency in emissive relaxation and thus higher
availability of the photogenerated charges for the proposed sur-
face reactions. However, in addition, all the exfoliated samples
showed a third characteristic time in fluorescence spectra, which
was attributed to the increased lifetime of the photogenerated

charges due to limited recombination through the stacking lay-
ers. Such time was significant only for exfoliated materials and
increased progressively with the US-exfoliation power, indicat-
ing progressively longer lifetime with increasing exfoliation. This
explains the higher activity of GC550-120 W with respect to the
nonexfoliated bulk equivalent.

Besides the reaction at 8 bar, the most reactive sample was
tested at higher-pressure (20 bar) to further boost the formic
acid productivity. As expected, ca. 10 mol FA/kgcat h (Table 6
and Figure 6), corresponding to 0.46 kg FA/kgcat h, was obtained,
which is one of the highest productivities reported until now.
The efficiency resulted comparable to that achieved with the
same sample at 8 bar due to different products distribution.
Indeed, higher pressure disfavors photoreforming and prod-
ucts evolution in the gas phase, so it is possible to tune both
efficiency and products selectivity by playing with conditions
(pressure and pH), besides catalyst formulation.

It may be questioned if the C comes really from CO2 or
maybe from the catalyst. The answer comes from the compar-
ison of the amount of C in the product obtained and in the
catalyst used. Imagining all the C contained in the catalyst put
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Figure 7. Kinetic test of CO2 photoreduction on GC550-120 W. Absolute
productivity reported for FA.

in the photoreactor should convert to HCOOH, and this is not
supported by the evidence that solid catalyst remains suspended
in water after the test and its activity remains unaltered with
recycling, this would correspond to ca. 1.2 mmol of HCOOH. This
value should be compared with ca. 9 mmol HCOOH formed in
a conventional test. The reactor does not contain other carbon
sources, so the contribution of CO2 reduction is demonstrated.

3.3. Effect of Reaction Time on Hole Scavenger Consumption
and Products Distribution

Tests were also performed to study CO2 photoreduction on the
best performing exfoliated g-C3N4 (GC550-120 W) at variable
reaction time. Every 2 h, 20 mL of the solution was with-
drawn and analyzed. Withdrawing the gaseous samples led to
a decrease of pressure, and for this reason, the reactor was
pressurized again to 8 bar after each sampling. The performed
test confirmed that formic acid was the dominant product till
hole-scavenger conversion was almost complete. As shown in
Figure 7, the formic acid production significantly increased until
>70% of the hole-scavenger was consumed. Then, after ∼ca. 6
h, the concentration of formic acid started decreasing as the
formic acid worked as a hole-scavenger itself when the concen-
tration of Na2SO3 was no more sufficient to close the circuit of
the photogenerated charges consumption. Products such as car-
bon dioxide, carbon monoxide, and hydrogen were produced
consequently. Their absolute value should be considered only
qualitatively for this specific test due to some dilution upon
pressurization with CO2, which was needed, as said, after each
sampling. Nevertheless, despite this progressive dilution their
increase of concentration was significant.

It is also worthy to note that during the first 6 h of the reac-
tion, no gaseous products were detected, which is in line with
the findings of our previous studies.

3.4. Role of Input Energy (Power) in Exfoliation for Properties
Enhancement

US input power can bring changes in structure, morphology
(nanoparticles or agglomerates), crystallinity, and chemistry of
g-C3N4. The mechanical stress and cavitation due to high US
power can result in formation of cracks and defects on the

surface of g-C3N4. The defects may act as an additional active
site for the reaction or possibly as recombination centers. Weak
van der Waals interaction within layers allows exfoliation of
carbon nitride to reduce thickness and increase surface area
for enhanced surface adsorption, light exposure, and charge
separation/transportation.[32,33] Similarly, the interlayer pattern of
the melon units, joined through H bonds, can be cleaved selec-
tively to induce desirable properties such as absorption of wide
range of light for improved photocatalytic activity. Moreover,
g-C3N4 can be easily prepared by thermal polymerization of
carbon- and nitrogen-rich precursors (such as urea, melamine,
cyanuric acid, thiocyanuric acid, cyanuric chloride, dicyanamide,
urea, and triazinetrihydrazine).

The polymeric structure can further allow modification dur-
ing synthesis or post-treatment processes without damaging
the g-C3N4 framework. Eventually, attempts with thermal,[65]

mechanical,[66] chemical,[38,67,68] mechanochemical,[69] and
ultrasound[41] induced exfoliation of g-C3N4 have been pro-
posed. This resulted in improved catalytic efficiency by
promoting charge transfer, mobility, and separation through
significant increase in accessible surface area. Among the possi-
ble treatments, exfoliation by liquid phase–assisted ultrasound
is particularly attractive as it does not cause structure or com-
position changes along with fast, easy, and comparatively less
hazardous features. The activity of our water-mediated exfoli-
ated materials (GC550-120 W and GC600-120 W) displayed among
the highest in the literature with ∼8.2 mol/kgcat/h for formic acid
production. This value further increased to ca ∼10 mol/kgcat/h
when increasing pressure to 20 bar.

Cai et al. studied sonication time and input power to exfo-
liate graphite into graphene nanoplates and found that higher
input power and extended time led to high optical density.[70] It
is likely that GC550-120 W and GC600-120 W (materials exfoliated
at high input power) obey to the same feature that could facili-
tate their light harvesting properties. Similar observation to thin
layer materials was also achieved tuning different parameters,
including input power, frequency, and time.[71,72] More recently,
high ultrasonic frequency is reported to lead larger and multi-
layered 2D materials into fewer layer flakes.[41] Nonetheless, use
of expensive and toxic solvents with high boiling points are
critical challenges, which stresses careful handling and storage.
Possible agglomeration during slow evaporation of solvents is
another issue during flake deposition onto the substrate. More-
over, majority of literature suggests use of strong acids, polymer,
or surfactants as stabilizers to enhance exfoliation process of
g-C3N4, necessitating postprocessing removal of residuals. This
may reduce performance or stability of materials. Thus, it is
necessary to maintain quality and properties of the particles
by investigating exfoliation techniques of low-cost, eco-friendly,
and low boiling solvents without additional surfactants or sta-
bilizers. Some of the most relevant reports concerning CO2

photoreduction to formic acid over g-C3N4-based catalysts are
summarized and reported in Table 9.

Despite several attempts to advance the field, the effect and
role of input power in sonication are poorly understood and
scarcely discussed in the literature, resulting in low exfoliation
efficiency. The power of the sonication determines the intensity
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Table 9. Comparison of literature studies on photoreduction of CO2 using g-C3N4-based catalysts.

Entry Catalyst Catalyst Preparation
Method

Catalytic Test Operating
Conditions

Main Product(s) Reference

1 Bulk g-C3N4 (2.77 eV bandgap) Thermal condensation of
dicyanadimide (550 °C for
4 h in static air)

20 mg catalyst, 0.06Mpa,
pressure, 300 W Xe lamp; UV
and visible range (>400 nm)

CH3CHO (∼0.4 μ mol in 5 h
under UV, and ∼0.24 μ mol
in 5 h under visible light

[78]

2 g-C3N4 nanosheets (2.97 eV
bandgap)

Thermal oxidation etching
of bulk g-C3N4 (550 °C for
2 h)

20 mg catalyst, 0.06Mpa,
pressure, 300 W Xe lamp; UV
and visible range (>400 nm)

CH4 (∼0.1 and ∼0.024 μmol
h−1 under UV and visible
light, respectively)

[78]

3 Porous g-C3N4 (2.83 eV
bandgap)

Thermal polymerization of
melamine hydrochloride at
500 °C for 2 h with a
heating rate of 20 °C min
1, followed by a further
heat treatment at 520 °C
for 2 h

CO2: 1 atm, catalyst:100 mg,
glass reactor with area of 4.2
cm2, light 300 W Xe lamp,
volume of reaction mixture:
230 mL, DI water: 0.4 mL,
visible light (>420 nm)

CO (0.41 mM h−1) [79]

4 Bulk g-C3N4 (2.70 eV bandgap) Thermal polymerization of
melamine at 500 °C for
2 h with a heating rate of
20 °C min 1, followed by a
further heat treatment at
520 °C for 2 h

CO2: 1 atm, catalyst:100 mg,
glass reactor with area of 4.2
cm2, light 300 W Xe lamp,
volume of reaction mixture:
230 mL, DI water: 0.4 mL,
visible light (> 420 nm)

CO (0.41 mM h−1)
CO (1.9 mM h−1)

[79]

5 Red phosphor/g-C3N4 hybrids Thermal polymerization of
urea at 550 °C for 4 h in
Ar atmosphere, followed
by annealing with red
phosphor

0.5 wt% Pt loaded PCN-x
hybrids (20 mg); 500-W xenon
arc lamp, 0.2 ml ultrapure water

295 μmol h−1g−1 [80]

6 Ru/mpg-C3N4 Ru on mpg-C3N4 (8.0 mg);
mixture of
acetonitrile–triethanolamine
(4:1v/v) 4 mL; reaction vessel,
Pyrex test tube light: 450 W Xe
lamp with a NaNO2 solution
filter

Formic acid 19.345 μmol/5 h [81]

7 Indirect Z-scheme BiOI/g-C3N4 BiOI/g-C3N4 is synthesized
by deposition method
using Bi(NO3)3·5H2O and
g-C3N4 and glycol

CO2/H2O, stainless steel
cylindrical vessel, light: 300 W
Xe arc lamp with a UV cutoff
filter (λ > 400 nm), catalyst:
100 mg dispersed on glass dish
equipped with a quartz
window for passing irradiation

CO (17.23 μmol) [82]

8 Pt-loaded g-C3N4 Bulk g-C3N4 was prepared
by the thermal
polycondensation of urea.
Pt/CN photocatalyst was
synthesized via a polyol
process by ultrasonicating
bulk g-C3N4 in ethylene
glycol followed by slow
addition of H2PtCl6·6H2O

CO2: 5 mL/min, ambient
temperature and pressure,
visible light source: 15 W
energy saving day light bulb

CH4 (13.02 μmol gcat−1) [83]

9 2% Pt/g-C3N4 Thermolysis of thiourea at
550 °C and
postimpregnation for Pt
incorporation.
Ultrasonication for 1 h

Pyrex reactor at ambient
temperature and atmospheric
pressure. 100 mg of the sample
was put into the glass reactor
and 10 mL of deionized water
was added. CO2 and H2O vapor
were in situ generated by the
reaction of NaHCO3 (0.12 g,
introduced into the reactor
before seal) and HCl aqueous
solution (0.25 mL, 4 M) which
was introduced into the reactor
using a syringe

CH4 (∼0.12 μmol) and
CH3OH (∼ 0.10 μmol)

[84]
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Table 9. (Continued)

Entry Catalyst Catalyst Preparation
Method

Catalytic Test Operating
Conditions

Main Product(s) Reference

10 g-C3N4/ZnO Calcination method
utilizing urea and zinc
nitrate hexahydrate

300 W Xe Arc lamp. CH3OH 0.6 μmol h−1 gcat−1 [85]

11 Z-scheme SnO2-x/g-C3N4

composite
Calcination method
utilizing melamine at 520
°C for 4 h

Stainless steel reactor with a
quartz window, catalyst: 20 mg,
water: 4 mL, CO2: 0.3 MPa,
temp: 80 °C for 4 h, 500 W Xe
lamp

CO (∼18 μmol h−1gcat−1) [86]

12 C3N4 modified ruthenium(II)
complex

G-L/400W high-pressure Hg
lamp λ > 400 nm/MeCN/TEOA

HCOOH (TON 175) [87]

13 RuP/C3N4 Ru-complex (7.8 mmol per
gram of C3N4)/C3N4 (8.0 mg)
in a mixture of DMA and TEOA
(4:1, v/v; 4 mL). A Pyrex test
tube with a septum (11 mL
capacity) was used as the
reaction vessel and a 400 W
high-pressure Hg lamp with a
NaNO2 solution filter as the
light source

HCOOH (TON ∼ 1100) and
AQY (5.7% at 400 nm)
values

[17]

14 g-C3N4 / 3% (Cu/TiO2)
composite

Thermal treatment of
melamine at 550 °C for 3 h
to g-C3N4 followed by wet
impregnation

CO2: 20 mL/min; catalyst: 0.1 g
and 200 mL of 1.0 M NaOH
solution; Double-jacketed Pyrex
glass vessel; 500 W, 22 cm long
arc Xe-lamp; UV or visible light
irradiation, time: 2 h

CH3OH (2574 mmol gcat−1)
and HCOOH (5069 mmol
gcat−1) under visible light.
CH3OH (614 mmol gcat−1)
and HCOOH (6709 mmol
gcat−1) under UV light
irradiation

[88]

15 NS-P
g-C3N4-Ni

Calcined polymerization of
monomeric dicyanadimide
and
perylendicyanadiamide
followed by sonication in
IPA to exfoliate into single
layer P-g-C3N4 nanosheet.
Then metallization to NS-
P g-C3N4-Ni

Under visible-light irradiation
(300 W Xe lamp) in 0.5 m
KHCO3 aqueous solution
without any sacrificial agent

72.3 μmol L−1 of formate [89]

16 NH2-UiO-66/g-C3N4/CdTe Visible light irradiation
(≥400 nm), 300 W Xe lamp

HCOOH (24.6 μmol g−1h−1) [90]

17 g-C3N4@CeO2 (CeO2 49.7wt %) SiO2 template is
synthesized for core-shell
g-C3N4. Then coupled with
CeO2 gave g-C3N4@CeO2

after NH4HF2 washing and
heating. Finally, hollow
g-C3N4@CeO2 with oxygen
vacancies was reduced by
H2 at 500 °C for 6 h.
Ultrasound wave for 30
min

300 W Xe lamp (λ > 420 nm) CH4 (3.5 μmol g−1), CH3OH
(5.2 μmol g−1), and CO
(16.8 μmol g−1)

[91]

18 LaPO4/g-C3N4 Melamine was dissolved,
acidified, and thermally
treated at 550 °C to form
tubular g-C3N4 (tCN)
Core-shell nanocomposites
were then prepared by
sonicating tCN with
lanthanum nitrate and
(NH4)2HPO4 solution

Airtight reactor with optical
quartz window, 30 mg of the
sample, 80 kPa CO2 (99.99%)
gas, 300 W Xenon-arc lamp

CO (14.43 μmol g−1 h−1) on
average, which is about
10.36 and 8.07 times as
much as those on pure
LaPO4 and tCN, respectively

[92]

19 WO3-x/g-C3N4 Hydrothermal and
deposition precipitation
method. Ultrasonication;
40 kHz for 3 h

500 W Xe lamp (full spectrum) CO (6.46 μmol g−1 h−1) [93]
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Table 9. (Continued)

Entry Catalyst Catalyst Preparation
Method

Catalytic Test Operating
Conditions

Main Product(s) Reference

20 40 wt% g-C3N4/ZnIn2S4 Hydrothermal method,
calcination. Thermal
exfoliation

300 W Xe lamp (full spectrum) CO (82.26 μmol g−1 h−1),
which is 10.1 and 2.8 times
as high as those of the
g-C3N4 and
ZnIn2S4 monomers,
respectively

[34]

of the cavitation, which directly affects the extent of the delami-
nation process. High sonication power can reduce the thickness
of layered materials through a process called cavitation. During
sonication, high-intensity sound waves generate microbubbles
in the liquid surrounding the material. When the microbubbles
reach a critical size, they rapidly collapse, creating high-energy
shock waves that can weaken and disrupt the material’s surface.
This repeated action of bubble formation and collapse can cause
mechanical abrasion, leading to the thinning of the layered
material and structural changes. Conventionally, these processes
are attributed to the force generated by microjets and microbub-
bles collapse near the surface of materials. It is believed that
g-C3N4 exfoliation proceeds via cavitation process, where static
pressure of liquid reduces to below the vapor pressure of liquid,
forming small cavities. After subjecting to high pressure, these
cavities can be turned into the bubbles, a phenomenon which
is dependent on solvent environment, container’s size, energy
input, quantity of raw materials, and even position of the sample
in the sonication bath.

As far as US-assisted properties improvements are con-
cerned, the layered materials like carbon nitride may undergo
two probable structural modifications during the sonication: (i)
exfoliation, where reduction in thickness takes place, and (ii)
fragmentation, where reduction in lateral dimension happens.
To understand these phenomena, the samples were allowed for
sonication in water at different input energy of power, that is, 30,
60, 90, and 120 W while keeping the treatment time constant.

A low input power is expected to achieve limited cavita-
tion and poor exfoliation, whereas on increasing input power to
120 W, the surface area was greatly improved and XRD spectra
consistently broadened, as demonstrated in Table 3 and Figure 1.
This change happens due to enhancement in cavitation and thus
of exfoliation, but it had an additional result of slightly widen-
ing the bandgap of as-synthesized g-C3N4 from 2.65 to 2.78 eV
(Table 5). Similar observation of high input power in increasing
surface area and thickness reduction can be noticed in graphene
exfoliation.[71]

In addition, there are several other factors that influence the
rate of exfoliation and fragmentation. Unlike graphene, a good
interaction of solvent with bulk particles of carbon nitride is
considered essential for the exfoliation.[73] It is known that stack-
ing of single g-C3N4 flakes is mechanically weak, shearing of
stacks may happen before fragmentation, and exfoliation to pro-
ceed during sonication. Similar phenomenon has been observed
in exfoliation for an analogous molecule.[74] Structurally, g-C3N4

contains edge plane and base plane active sites.[75] The pref-

erence of exfoliation or fragmentation can presumably be also
dependent on the ratio between edge plane (EE) and basal
plane (ES) and the ratio of in-plane and out-of-plane mechanical
properties.[76,77]

Therefore, the exfoliation at progressively higher power
induces, on one hand, a higher surface area due to increas-
ing minimization of the stacking between adjacent layers and
rupture of the layers themselves. More interestingly, these phe-
nomena contribute to a decrease of the recombination rate
of the photogenerated charges, visible in lower quantum yield
and in the appearance of a third relaxation time during pho-
tophysical experiments. On the contrary, this slightly increased
the bandgap due to the decrease in size of the primary par-
ticles. However, this effect was not affecting the capacity of
the material to harvest visible light. Overall, this resulted in
significantly increased productivity of HCOOH with increasing
exfoliation power.

4. Conclusions

Utilization of CO2 by photoreduction into formic acid is one
of the promising routes to convert this greenhouse gas into
a valuable fuel and chemical. Significant productivity has been
achieved for this product (up to ca. 10 mol/kgcat h at the pres-
sure of 20 bar and ca. 8.2 mol/kgcat h at 8 bar), which makes it a
viable candidate for further optimization and scale up.

g-C3N4 revealed a good photocatalyst with tunable physical–
chemical properties when obtained by amazingly simple cal-
cination of melamine as inexpensive precursor. Multilayered
structures of g-C3N4 resulted in poor surface area and relatively
limited FA productivity. The approach proposed here allowed to
obtain exfoliated g-C3N4 by US treatment in water. By controlling
the sonication power and parameters, it was possible to opti-
mize the nanostructure formation and to increase the lifetime of
photogenerated electrons in the material. Input power of 120 W
was found sufficient for obtaining delaminated sheets, resulting
in doubled surface area than the bulk material, but a bit wider
bandgap (2.78 eV).

The present activity results suggest that increasing the exfo-
liation US power can directly improve the photocatalytic perfor-
mance for CO2 photoreduction due to enhanced surface area
and improved lifetime of charge carriers, with limited recom-
bination between detached stacking layers. Nevertheless, the
recovered material was separable and recyclable, irrespectively
of the US power applied. We hypothesize that US power can
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alter catalytic properties of g-C3N4 possibly due to modification
in structure (due to mechanical stress and cavitation), morphol-
ogy (nanoparticles), and crystallinity (ordered structure causing
enhanced separation of electron-hole pairs). Regardless of exten-
sive interests in the field, the details about enhancement of
material properties for photoreduction of CO2 into high yield
of formic acid could be interesting for both academic as well
as industrial research for different materials, as exemplified in
Table 2.
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