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[15_TD$DIFF]A B S T R A C T

Polymeric carbon nitride (CN) semiconductor by thermal condensation of N-rich precursors has attracted
much attention for its capability ranging from photocatalytic and photoelectrochemical energy
conversion to biosensing. However, the influence of condensationprocess on thefinal structure [16_TD$DIFF]of CNwas
rarely studied, making the condensation kinetic far from be fully optimized. Herein, we report the
preparation of CN by a simple condensation kinetics modulation using a faster ramping rate during the
polymerization process. The modified condensation recipe was even simpler than the conventional one,
but led to an improved photocatalytic H2 evolution up to 3 times without any additional chemicals or
other complements. Detailed mechanism studies revealed the increase of crystallinity and surface area
due to the rapid condensation played the key roles. This work would offer a more facile and effective way
to prepare bulk CN for large-scale industrial applications of bulk CNwith higher photocatalytic actives for
sustainable energy, environmental and biosensing.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Due to continuing energy crisis and deteriorative environmen-
tal problems from fossil fuel, renewable solar energy is considered
a promising alternative to address these global issues [1,2]. The
exploration of highly efficient and noble metal-free photocatalysts
for the conversion of solar energy to chemical energy has been
widely investigating, especially photocatalytic water splitting to
produce hydrogen, which has a high energy content (120–142
MJ/kg) [3–6]. As a metal-free photocatalyst, polymeric carbon
nitride has attracted much attention for its capability of water
splitting under visible light irradiation which was firstly reported
in 2009 [7]. Moreover, CN exhibits many extraordinary features,
such as environmental friendliness, earth-abundant resource, high
thermal and chemical stability, and interesting optical and
electronic properties [8–12]. However, bulk CN generally suffers
from low specific surface area, low absorbance in visible light, high
charge-carriers recombination rate and low crystallinity, which
limits its potential applications in photocatalytic water splitting
[13–15], photocatalytic CO2 reduction [16–18], organic pollutants
degradation [19,20], and other emerging optical applications, such
as photoluminescent (PL) and electrochemiluminescent (ECL)
),
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biosensing [21–23]. To solve these problems, various strategies
have been developed to improve the photocatalytic performance of
CN, including engineering the chemical, optical or electronic
structure and other properties of CN photocatalysts [24–28]. For
example, it is extensively used that utilization of chemical doping
to tailor the electronic structure of CN [29,30], template-assisting
preparation method to design CN nanostructures and morphology
[31,32], heterojunction construction to promote photogenerated
electron–hole pairs separation [33–36], and precursor preorgani-
zation to make functional group modification [37].

An alternative approach is to improve the crystallinity of CN,
which is supposed to promote the kinetics of charge-carriers
diffusion in both the bulk and the surface in principle, but the
related studies are still in infancy. Only a few examples are
reported in previous work, for instance, Li and co-workers
prepared condensed carbon nitride nanorods with improved
crystallinity by using the confined thermal condensation of
cyanimide inside the channels of anodic aluminum oxide
templates [38]. In another interesting work, Guo [17_TD$DIFF]et al. reported
the synthesis of high crystalline CN with decreased structural
imperfections by judiciously combining the implementation of
melamine–cyanuric acid (MCA) supramolecular aggregates and
microwave-assisted thermal polymerization [39]. We recently
successfully tailored the crystallinity of bulk CN by engineering the
hydrogen-bonding interactions via introducing a simple
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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protonation/deprotonation process during the conventional ther-
mal condensation [40]. However, the high cost or/and the
complicated multiple processes hindered the high synthetic yields
and its large-scale applications.

Herein, we report a highly effective and facile way to directly
regulate the crystallinity of bulk CNmerely by a faster ramping rate
in thermal condensation. It was revealed that the promoted
condensation kinetics had a profound favorable influence on the
crystallinity of the as-prepared bulk CN and the photocatalytic
activities as well. No additional chemicals or other complements
were needed, the modified condensation recipe was even simpler
than the conventional one, but led to an improved photocatalytic
H2 evolution up to 3 times. This work would be promising to
greatly pave the large-scale industrial application of bulk CN in
sustainable energy, environmental and biosensing applications.

CN was generally synthesized from dicyandiamide (DCDA) by
thermal condensation under 550 �C (Fig. 1a) [41]. Previous reports
demonstrated that tuning the condensation temperature would
introduce more defects and improve the photocatalytic activity
[42]. In this study, we argued that the intermediate reactions
during the heating process (Fig. 1b) would also affect the final
structure of the as-obtained CN. To confirm this hypothesis,
different CN was firstly synthesized from DCDA through changing
the ramping rate and then holding at 550 �C for 4 h in air
atmosphere. The ramping time were 4 h, 2 h, 1 h, 20min, in which
the obtained CN are denoted as CN-4 h-4 h, CN-2 h-4 h, CN-1 h-4 h,
and CN-20min-4 h, respectively.

In the first set of experiments, the crystal structure of CN
obtained at the different ramping rates were characterized by X-
ray diffraction (XRD) as shown in Fig. 1c. CN-4 h-4 h gave two
typical diffraction peaks at around 13.2� and 27.4� with a good
agreement with previous reports, which were [18_TD$DIFF]originated from the
in-plane structural packing motif and periodic stacking of layers
along the c-axis, respectively. The CN-20min-4 h synthesized by
high ramping rate exhibited similar XRD patterns, but the
diffraction peak at 27.4� was much sharper and more pronounced.
According to the Debye-Scherrer formula, smaller full-width at
half maximum (FWHM) indicating larger grain size. For further
comparison, the full-width at half maximum (FWHM) and the
relative intensity ratio of (100) and (002) peak for the different CNs
are summarized and listed in Table S1 (Supporting information). It
is noted that by increasing the ramping rate, the resultant CN
[(Fig._1)TD$FIG]

Fig.1. (a) Scheme of general thermal condensation processes for idealized bulk CN and (b
20min-4 h and CN-4 h-4 h.
showed a much narrowed FWHM of (002) peak and increased
relative intensity ratio of peak (002) and peak (100), suggesting an
improved stack along the c-axis. Other ramping rates, namely
increasing temperature from room temperature to 550 �C in 1 h
and 2 h, were also investigated. It was found the trend of the higher
ramping rate the more narrowed FWHM of (002) peak was not
changed (Fig. S1a in Supporting information). Moreover, the
different holding time at 550 �C were also studied. As shown in
Fig. S1b in Supporting information, the FWHM of (002) peak did
not altered as evidently, indicating that compared to engineer the
ramping rate, the holding time at 550 �C during the polymerization
had a less influence on the polymerization kinetics.

To identify the chemical structure of the obtained different
carbon nitrides, Fourier transform infrared (FT-IR) spectra was
undertook (Fig. 1d and Fig. S2 in Supporting information). All
samples showed the sharp peak at 807 cm�1, which belonged to
the breathing mode of tri-s-triazine system; meanwhile the peaks
between 1200 and 1700 cm�1, characteristic of C¼N and C��N
stretching vibration modes, were not changed, which suggested
the pristine conjugated structure of CN was preserved. The
elemental analysis (Table S1) showed that the C/N atomic ratio
and the N content for both CN-4 h-4 h and CN-20min-4 h were
almost same. Besides, the UV–vis spectra of CNs also kept almost
identical (Fig. S3 in Supporting information), which indicates that
the electronic properties and the light absorb ability of these CNs
were similar. Therefore, the different CNs had similar tri-s-
triazine-based chemical structures and electronic structures, but
graphitic crystallinity became higher when increasing the ramping
rate.

As rapid ramping rate may result in a quick gas (e.g., NH3) by-
product release, which was supposed to generate higher porosity,
the N2 adsorption–desorption isotherms of obtained CNs were
further measured. As shown in Table S1 and Fig. S4 (Supporting
information), The Brunauer-Emmett-Teller (BET) surface area of
CN-20min-4 h was calculated to be 17.86 m2/g, which is ca. [19_TD$DIFF]twice
of that of CN-4 h-4 h (8.68 m2/g). It confirmed that CN-20min-4 h
with the high ramping rate exhibited higher surface area. The
scanning electron microscope (SEM) images were also undertaken
to get the morphology information of the CNs [20_TD$DIFF](Fig. 2). It was found
the as-obtained CNs exhibited similar morphology, i.e., lamellar
particles with rough surface, and CN-20min-4 h exhibit slightly
larger particles than that of CN-4 h-4 h from the SEM image.
) typical heating programs for bulk CN. (c) XRD patterns and (d) FT-IR spectra of CN-
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Fig. 2. SEM images of CN-4 h-4 h (a, c) and CN-20min-4 h (b, d).

[(Fig._3)TD$FIG]

Fig. 3. (a) The photocatalytic H2 evolution rate of CN-x-4 h (x = 20min,1 h, 2 h, 4 h),
and (b) the photocatalytic stability test of CN-20min-4 h and CN-4 h-4 h.
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However, the BET surface area of them demonstratedmore evident
changes. To understand the contribution from pores of different
size, the cumulative pore volume was calculated from the
desorption branches of N2 adsorption-desorption isotherms using
Barret-Joyner-Halender (BJH) method. As shown in Fig. S4b, the
pore volume of CN-20min-4 h was higher than CN-4 h-4 h,
demonstrated more pore structure in the material. It could be
presumably due to the quick gas release during the fast ramping
process.
[(Fig._4)TD$FIG]

Fig. 4. (a) I–V curve and (b) the transient current response of CN-x-4 h (x = 20min, 1 h,
(l> 420 nm). (c) The PL spectra of CN-20min-4 h and CN-4 h-4 h under 350 nm excita
The photocatalytic activities of the obtained CNs were also
evaluated by H2 evolution under visible light irradiation
(l> 420 nm) with a Pt nanoparticle co-catalyst as the electron
traps and hydrogen evolution sites. Fig. 3a illustrated that the
average hydrogen evolution rate of the CN-20min-4 h reached
121.0mmol h�1 g�1, which was almost 3 times higher than that of
the CN-4 h-4 h (38.7mmol h�1 g�1). Compared with previous
reported methods for higher crystallinity (Table S2), this work
exhibited a favorable photocatalytic performance, especially no
additional chemicals were needed in synthesis process. It was
noting that the H2 generation capability of CNs increased along
with the raise of ramping rate. Moreover, no noticeable deactiva-
tion was observed even after three [22_TD$DIFF]cycles of hydrogen evolution
tests (Fig. 3b), implying that as-prepared CNs had excellent
photocatalytic stability. Besides, the photocatalytic activities of
CNs synthesized by different holding time at 550 �C were also
explored, but no apparent changes were observed (Fig. S5 in
Supporting information). Therefore, the larger specific surface area
of CN-20min-4 h and the crystallinity improvement from rapid
ramping rate were supposed to be primarily account for the
enhanced photocatalytic performances.

To further understand the mechanism of improved photo-
catalytic activity of CNs, the separation and recombination
behavior of the photogenerated charge carriers were studied by
photoelectrochemical test and photoluminescence (PL) spectra.
The photochemical activities of all as-prepared CN were evaluated
by photocurrent generation in a standard photoelectrochemical
cell (PEC) configuration under visible light irradiation. As shown in
Fig. 4a, CN of higher ramping rate exhibited more evident
photocurrent under all biased potential. It was further confirmed
in Fig. 4b that CN-20min-4 h showed the highest cathode transient
current response (biased at �0.2 V), and was about 2 times larger
than that of conventional CN-4 h-4 h. The photocurrent enhance-
ment indicates the improved separation of photo-induced
electron-hole pairs, which was an essential step for the photo-
catalytic hydrogen evolution process [43]. Moreover, PL spectra of
CNs were obtained with an excitation wavelength of 350 nm at
room temperature. As shown in Fig. 4c, CN-20min-4 h showed a
lower fluorescence intensity than CN-4 h-4 h, implying the
suppressing of energy-wasteful charge recombination and pro-
moting the charge separation, whichmay offer more opportunities
for excited electrons or holes to participate in the photocatalytic
reaction [14]. Thus, different to previous works of improving
photocatalytic performance by modulating the polymerization
temperature, simply engineering of the heating ramping rate
significantly altered the crystallinity and surface area of CNs, which
was beneficial to the separation efficiency of charge carriers,
leading to the tremendously improved photocatalytic activity.

In summary, we have developed a facile method to prepare CN
with improved surface area and crystallinity merely by increasing
the ramping rate. Compared to the general synthesized bulk CN, CN
2 h, 4 h) biased at -0.2 V in 0.1mol/L KCl under irradiation of chopped visible light
tion.
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obtained from fast ramping rate demonstrated higher charge
separation efficiency as a result of higher crystallinity, larger
surface area by quick gas release during the condensation process.
Therefore, the photocurrent and photocatalytic hydrogen produc-
tion were enhanced strikingly. This work by optimization of the
thermal condensation kinetics provide an evenmore facilemethod
with respect to the common condensation recipe to prepare bulk
CN with additional beneficial in boosting the photocatalytic
activities of bulk CN without any use of template and chemical
doping. Therefore, it is highly envisaged that this method could be
easily expanded tomanufacture of bulk CN for potential large-scale
industrial applications with enhanced photocatalytic [23_TD$DIFF]activities in
water splitting, photocatalytic degradation of organic pollutants,
and optical biosensing.
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