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[26_TD$DIFF]A B S T R A C T

As an emerging 2D conjugated material, graphitic carbon nitride (CN) has attracted great research
attention as important catalytic medium for transforming solar energy. Nanostructure modulation of CN
is an effective way to improve catalytic activities and has been extensively investigated, but remains
challenging due to complex processes, time consuming or low yield. Here, taking advantage of recent
discovered good solvents for CN, a nanoprecipitation approach using poor solvents is proposed for
preparation of CN nanoparticles (CN NPs). With simple processes of CN dissolution and precipitation, we
can quickly synthesize CN NPs (�40 nm) with a yield of up to 50%, the highest one to the best of our
knowledge. As an example of potential applications, the as-prepared CN NPs were applied to
photocatalytic degradation of dyes with an evident boosted performance up to 2.5 times. This work
would open a new way for batch preparation of nanostructured CN and pave its large-scale industrial
applications.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
As a promising 2D polymer material, graphite carbon nitride
(CN) has been widely studied in the fields of solar energy
conversion [1–3], environmental remediation [4–7] and optoelec-
tronic biosensing [8–10]. This is ascribed to its appealing
properties, such as tunable electronic band structure, excellent
physicochemical stability and facile synthesis from inexpensive
and abundant raw materials [11–15]. Engineering of micro/nano
structure of bulk CN [27_TD$DIFF]has been generally utilized to improve the
performance. For instance, several pioneering works regarding
convert bulk CN into different nanostructures have been reported
by template methods [16–20], supramolecular preorganization
approach [21–23], liquid exfoliation [8,24,25] and other chemical
tailoring methods [26–28]. These strategies well controlled the
structural properties and interlayer interactions of CN, thus
effectively improving specific surface area, prolonging lifetime
of charge carriers, enhancing electron transport and separation
efficiency. As a result, the photocatalytic and optoelectronic
performances of CN in end-applications were greatly boosted.

Nevertheless, there are still some limitations that need to be
addressed before the large-scale industrial applications of CN
ang).
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[29,30]. For example, the hard template method for preparing
mesoporous CN and CN nanoparticles (NPs) suffers from the use of
hazardous etchants including NH4HF2/HF, and is often time-
consuming. The soft template method often leads to the residual
carbon impurities that may act as carrier recombination centers
and lower catalytic activity. The liquid exfoliation strategy usually
requires a long time of sonication treatment (typically 10–16 h) in
organic solvent or water, and the as-obtained suspensions of CN
nanosheets has a relatively low concentration (0.15mg/mL) [8,24].
Therefore, seeking a simple and efficient method for nanostruc-
tured CN with high yield would be fascinating for the subsequent
research of CN in large-scale industrial applications.

Here, we report the preparation of CN NPs by a nano-
precipitation approach [31]. The CN NPs could be facilely prepared
by simple dissolution of CN in methanesulfonic acid (MSA) and
precipitation using poor solvents (Fig. 1 [30_TD$DIFF]), with a yield as high as
50%, the highest one to the best of our knowledge. Moreover, the
as-prepared CN NPs were successfully applied to photocatalytic
degradation of dyeswith an evident boosted performance up to 2.5
times with respect to the pristine bulk CN.

Nanoprecipitation technique has been widely used for the
polymer nanoparticles preparation in the arena of pharmaceutical,
agricultural, food and cosmetic [32–34,31]. This technique is
mainly based on dissolution and precipitation mechanism. It has
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. [19_TD$DIFF]Illustration of CN NPs preparation.

514 Z. Gan et al. / Chinese Chemical Letters 31 (2020) 513–516
the advantages of simplicity, low cost and energy input, easy to
scale-up, satisfying reproducibility and obtaining of micro/nano
particle sizes with narrow size distribution. The pre-requirements
for the successful nanoprecipitation largely rely on the distinct
solubility of the solute (i.e., the bulk precursor) between good and
poor solvents. However, bulk CN is almost insoluble in most
solvents, which greatly hinder this intriguing approach for
engineering the nanostructure of CN. Our group recently discov-
ered that the sulfonic group containing solvents such as
concentrated sulfuric acid and methanesulfonic acid (MSA) are
two good solvents for dissolution of CN [31_TD$DIFF]via sophisticated
protonation and intercalation [35,36]. Compared to concentrated
sulfuric acid, MSA is much less oxidative, thus commonly used as a
green solvent for many organic reactions. Therefore, it is highly
feasible that MSA may be used as a good solvent to drive the
nanoprecipitation process in preparation of nanostructure CN.

In general, some factors should be considered in choosing poor
solvent for the proposed nanoprecipitation. An ideal poor solvent
is the one, which is miscible with MSA but cannot dissolve CN and
does not initiate any side reactions among itself, MSA and CN. In
these regards, in the first set of experiments, bulk CNwas dissolved
in MSA to form a CN-MSA solution, and then precipitated by using
acetonitrile as poor solvent. The precipitation process mainly
consists of the following steps: generation of supersaturation,
nucleation, growth by condensation, and coagulation [31,32].
Supersaturation occurs when the solubility of CN decreased with
the addition of poor solvent such that the concentration of
dissolved CN in the solution exceeded the equilibrium saturation
value. Subsequently, nucleation was induced when the supersatu-
ration concentration of the system reached a certain critical level. [32_TD$DIFF]
When CN concentration decreased below the critical supersatura-
tion concentration, nucleation stopped while the formed nuclei
continued to grow by condensation and coagulation. Condensation
and coagulation are two different driving forces for CN growth. The
mechanism of condensation is the addition of single molecules to
the particle surface while the coagulation is mainly the collision of
particles and then adhere to each other. In these regards, the
ultrasonic treatment was often used as a disturbance to accelerate
nano-precipitation process, inhibit the coagulation and prevent
[(Fig._2)TD$FIG]

Fig. 2. SEM images of (a) pristine bulk CN and (b) CNNPs. (c) TEM image of CNNPs. (d) DL
NPs (N = 100, right panel) calculated by using the SEM data in (b).
the formation of large CN aggregates [33,34]. Moreover, it was
observed that the raw CN NPs tended to agglomerate due to the
high surface energy, as once the ultrasound was stopped, the
resulting dispersed CN quickly flocculated. Nevertheless, after a
through washing with water, the stable dispersion of CN would
form again,which demonstrated that thewell dispersion of CNwas
strongly depended on the acid strength and ion concentration [37].
The zeta potential of the CN dispersed was about 38.6mV, which
might be ascribing to the protonation effect by MSA [38,35,36].
Benefiting from the highly positive charged surface, the CN
dispersion could keep stable without evident aggregation after
standing for several weeks. Moreover, the aqueous solutions of CN
NPs can also be stable in different pH ranges (Fig. S1 in Supporting
information). In addition, the concentration of the CN dispersion
by this method could reach up to 3mg/mL, which was one order of
magnitude higher than the previously reported concentration of
stable CN dispersion in water or organic solvents (typically
0.15mg/mL) [8].

To characterize the morphology and size of the as-prepared CN
nanostructures, the measurements of scanning electron micros-
copy (SEM), transmission electronmicroscopy (TEM), and dynamic
light scattering (DLS) measurements were conducted. The SEM
image in Fig. 2a showed bulk CN randomly consisted of large size
particles of several micrometers with lamellar texture. In contrast,
after nanoprecipitation, it turned into uniform nanoparticles and
dramatically decreased to several ten nanometers (Fig. 2b). The
TEM image of CN NPs in higher magnification further demonstrat-
ed that these CN NPs was thin, reminiscent of stacked layer
structure of pristine bulk CN (Fig. 2c). The average size of CN NPs
was estimated to be ca. 36 nm by using SEM images of CN particles
(Fig. 2d, right panel). In addition, DLS measurement showed that
the lateral size of CN NPs was around 37 nm (Fig. 2d, left panel),
consisted with the statistical results of SEM observation. Notably,
the morphology of CN NPs obtained in this study was not a perfect
circular shape, whichmight be attributed to the ultrasonic assisted
synthesis approach used for the CN NPs preparation.

To gain insight into the texture properties of CN NPs, the crystal
structure of bulk CN and CN NPs were studied by X-ray diffraction
(XRD) method. In general, the XRD pattern in Fig. 3a show that the
CN NPs gave similar two consistent diffraction peaks with bulk CN:
one was the peak (002) at about 27.4�, originating from the
graphitic interlayer structure and the other was the peak (100) at
about 13.1�, deriving from in-planar repeated structure units
[8,39,40]. It verified that the basic lamellar CN crystal structure
was largely retained. Noticeably, nevertheless, in contrast to bulk
CN, the intensity of these two peaks for CN NPs both sharply
decreased, mainly ascribing to the decreased planar size of the CN
layers and the reduced periodic interlayer stacking. Moreover, it
was noted that the full-width at half maximum (FWHM) of CN
nanoparticles (1.55�) from the most prominent peak (002)
increased with respected to that of bulk CN (1.26�), another
S size distribution of the CNNPs dispersion (left panel) and size distribution of the CN
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Fig. 3. (a) XRD pattern, (b) FT-IR, high resolution (c) XPS C 1 [20_TD$DIFF]s and (d) N 1s spectra,
(e) UV–vis, and (f) Normalized PL spectra of bulk CN and CN NPs powders.
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Fig. 4. (a) [21_TD$DIFF]C/C0 of MB concentration as a function of time during the photocatalytic
degradation and (b) [22_TD$DIFF]plot of ln (C0/C) as a function of irradiation time for the
degradation of MB using bulk CN and CN NPs photocatalysts.
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evidence of the deceased crystalline size. These phenomena well
supported the fact of successful preparation of CN NPs after
nanoprecipitation processes, which was also consistent well with
the results in TEM and SEM observation.

The chemical structure of CN NPs was characterized by using
Fourier transform infrared (FT-IR) spectra. Fig. 3b showed that the
spectrum of CN NPs was similar to that of bulk CN, both of which
had the sharp breathing mode peak of the tri-s-triazine units at
�801 cm�1. Besides, the typical stretching modes bands of
aromatic CN heterocycles at 1200–1650 cm�1 and the N��H
stretching vibration peak at 3000–3500 cm-1 were observed
[41]. Therefore, the chemical structure of bulk CN was mostly
retained after the transformation to CN NPs. At the same time,
some minor changes in the CN NPs spectrum was also observed.
For example, the N��H stretching vibration peak became much
broader, and some of the characteristic peaks shifted slightly to the
low wavelength region. Moreover, the relative intensity change of
CN heterocycles absorption peaks was also noticed. These
phenomena were observed in previous studies and could be
explained by the protonation by MSA [38,35,36]. To gain insight
into the more detailed bonding characteristics of CN NPs, the X-ray
photoelectron spectra (XPS) were measured. The C 1 s XPS spectra
of CN NPs and bulk CN (Fig. 3c) both showed two similar main
peaks. The predominant C1 peak at 288 eV originated from
N��C =N in the typical aromatic ring [39,42,43], suggesting that
the CN NPs had the same backbone as the pristine bulk sample.
Meanwhile, the spectrum of N 1[33_TD$DIFF]s for bulk CN (Fig. 3d) could be
deconvoluted into four peaks at 398.4, 399.3, 400.7 and 404.0 eV,
which were attributed to C¼N��C (tri-s-triazine rings), N��(C)3
(bridging N atoms), C��N��H (bonded with H atoms) and the
charge effect, respectively [36,44]. This phenomenon was also
observed for CN NPs, further verifying the similar C��N bonding
characteristics of these two compounds. Besides, the O 1s and S 2p
XPS spectra (Figs. S2a and b in Supporting information) of CN NPs
demonstrated changes, compared to that of bulk CN, which could
be due to the traces of methanesulfonic acid on the surface [34_TD$DIFF]via
protonation interaction [35,36,38].

The electronic structure and optical properties of as-prepared
CN NPs were further studied by UV–vis diffuse reflectance and
photoluminescence (PL) spectra. In contrast to bulk CN, the UV–vis
absorption spectrum (Fig. 3e) of CN NPs showed a slight blue shift
and the band gap increased from [35_TD$DIFF]�2.71 eV to 2.89 eV. Additionally,
the larger bandgap of the CNNPswas confirmed by the blue shift of
the PL spectrum (Fig. 3f and Fig. S3 in Supporting information). The
slight blue shifts in the spectra of CN NPs in comparison with bulk
CN should be mainly ascribed to the quantum confinement effect
of decreased size of CN NPs and the protonation byMSA, leading to
the valence band and conduction band position move in opposite
directions [9,35,36,38].

The photocatalytic performance of CN NPs was investigated by
degradation of MB under full light irradiation (Fig. 4a and Fig. S4 in
Supporting information). After irradiation for 150min, MB was
photocatalytically degradated more than 40%, much faster than by
pristine bulk CN. In contrast, MBmolecules were stable and almost
no significant degradation occurred under the identical illumina-
tion conditions, indicating that the catalytic activity was derived
from the photocatalysts. Moreover, the first-order constant (k) for
photocatalytic MB degradation of bulk CN and CN NPs was
calculated by ln(C0/Ct) = kt. The time-course variation of ln(C0/Ct) is
shown in Fig. 4b. The kinetic constants of bulk CN and CNNPswere
0.0015min�1 and 0.0037min�1, respectively. The result showed
that the as-prepared CN NPs demonstrated an boosted photo-
catalytic activity up to 2.5 times in degradation of MB dye.

It should be noted that the proposed nano-precipitation
strategy was also applicable by using other poor solvents for bulk
CN. For instance, methanol was also selected and investigated in
preparation of CN nanoparticles, which demonstrated similar
results (Figs. S5-S11 in Supporting information). Nevertheless,
more studies are still needed to explore the detailed nano-
precipitation kinetics for CN NPs using different solvents and other
control conditions aswell to furthermodulate themorphology and
surface properties of the as-obtained CN nanoparticles.

In summary, we reported a simple and fast method for CN NPs
preparation [36_TD$DIFF]via a nanoprecipitation process based on the recent
discovery of good solvents for bulk CN. This method, which mainly
consisted of CN dissolution and precipitation, could efficiently
obtain highly dispersed CN NPs (�40 nm) with a yield of up to 50%,
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the highest one compared to previous top-down methods for
nanostructured CN preparation to our knowledge, such as liquid-
state exfoliation. Moreover, the as-prepared CN NPs showed the
improved photocatalytic degradation of dye activity due to its
smaller sizes. These results revealed the potential of cost-effective
batch preparation of nanostructured CN and would expand the
large-scale industrial applications of CN. Besides, the power of
ultrasonic bath would be an important factor to further modulate
the size of CN NPs and if the size of CN NPs was effective
engineered, it is highly expected to further measure the intriguing
quantum confine effect [45,46]. Work focused this speculation is
ongoing.
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