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Rapid and high-yield production of graphitic carbon nitride (g-C;N,)
nanosheets was realized by simply adding water into H,SO,
suspension of bulk g-C;N,, and as-prepared nanosheets exhibit
enhanced photocatalytic H, evolution. Notably, the degree of
exfoliation can be controlled by the amount of water to facilitate
diverse application of nano-sized g-C;N,.

Graphitic crbon nitride (g-GNi), a metal-free polymer
semiconductor with a typical layered structure, has been studied as
a prospective material in varied areas such as heterogeneous
catalysis,l'3 fuel cells,® ° photocatalytic water splitﬁngs’ 7 and
photodegradation of poIIutan‘rs,8 owing to its abundance, stability
and chemical tunability9. Analogue to 2D atom-thick graphene,
which presents many intriguing properties different from bulk
graphite and potential in diverse application, the ultrathin g-C3N,
nanosheets can be obtained by the delamination of their bulk
layered counterparts, and these resulting g-C3sN4 nanosheets exhibit
exotic electronic property and high surface area accompanied by
greatlyenhanced host capabilities due to its high 2D anisotropyand
quantum confinement effects, which have triggered a wide range of

induding  anomalous piezoelectricity,10
125 and memory device™. In view of the

new applications

bioi maging,11 sensing
significance of g-C3N4 nanosheets, great efforts have recently been
devoted to preparing g-CsN, ultrathin nanosheets and exploring
their novel properties. For instance, g-CsN, nanosheets can be
synthesized by opening the stacked layers of bulk through either
thermal oxidation etching orliquid exfoliation in polar solvents.™"
15,16 However, these methods always give an extremely low vyield
and the liquid exfoliation strategy also needs a long time of
sonication treatment (>10 h). Although the ultrasonic e xfoliation
time can be shortened by the use of strong add through prior
intercalation or protonation,lz' Y the overall fabrication processes
still suffer from complexity and low exfoliation efficiency. We have
lately proposed a moderate exfoliation approach using diluted
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H,S0, as an “efficent knife” to produce large-aspect-ratio g-C;
nanosheets with high final yield (60%). But the inwlvwed add
treatment and ultrasonic process are still cumbersome and ti.c
obtained nanosheets show limited dispersion stability and tend to
reunite after a few days.18 On the other hand, several pioneering
works revealed thatbulk g-C;N, could be high-efficdently exfoliated
and dissolved in addic solvents under strong oxdizing adds anu
heat treatment,w'21 nevertheless the extent of chemical exfoliatior
was difficult to control and hence it is prone to cause excessive
disintegration and destroy the crystalline structure of g-GN,
Therefore, more fadle and effective methods for preparing well-
dispersed ultrathin g-C3N4 nanosheets with high quality and large
guantityare highlydesirable.

Herein, we demonstrate our recent finding that g-C3N, could be
rapidly disintegrated and exfoliated in concentrated H,SO, when
water was dropwise added. Thus, for the first time, we obtained _
C3N4 nanosheetsin a veryshort time (less than 30min). Remarkably,
the final yield of the nanosheets after removing unexfoliated
residual was up to 70%. This fadle exfoliation method is readily
scalable and leads to g-C3N, nanosheets with uniformly distributed
size (80 nm), which show significantly enhanced photocatalytic
activityforvisible light driven H, evolution from water.

The g-C3N4znanosheets were prepared by directly adding certain
amount of water dropwise into the mixture of bulk g-CsN, anc
concentrated H,SO, under ambient conditions. By controlling the
water dropping speed to maintain the temperature at 60 °C, the
yellow bulk g-C3N4 was quickly disintegrated and exfoliated into
white g-C3N4 nanosheets with the final yield of 70% (see ESI for
details). As illustrated in Fig. 1a, the obtained g-C3N; nanosheets
could be easily redispersed in water and the aqueous dispersior
was highly stable withoutaggregation upon standing for more than
2 months. Furthermore, the well-defined Tyndall effect in t’
dispersion revealed the presence of highly monodisperse ultrathin
g-C3N, nanosheets in water."" The mormhology of as-prepared g-
C3N4 nanosheets was observed via AFM, SEM and TEM. In the AF /I
image (Fig. 1b), the randomly measured nanosheets have almo.
the same thickness (2.5 nm), indicating the bulk g-C3N; w
successfully exfoliated into ultrathin nanosheets. The presence oi
few nanosheets with a thickness of 5.0 nm presumably corresponr'-
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Fig. 1 (a) Photos of bulk g-CsNs, g-GNs nanosheets and the aqueous
dispersion of the nanosheets. (b) AFM image of g-GsNs nanosheets and the
corresponding height profiles of four randomly chosen sections. (c) SEM
image and (d) TEM image of g-CsNs nanosheets.

to the overapping of the nanosheets or folds and wrinkles on the
nanosheets.”” 2 The size distribution of as-prepared g-CN,
nanosheets was evwaluated by measuring the diameter of 100
nanosheets from the AFM image. As displayed in Fig. S17, the
diameter of the nanosheets ranges from 30 to 190 nm and the
awerage diameter is 80 nm. The SEM image (Fig. 1c) further
confirms that the lateral size of the g-C;Nsnanosheets is about 100
nm, which is much smaller than that of bulk g-CsN, (Fig. S2at). The
representative  TEM image in Fig. 1d illustrates the almost
transparent feature of the two individual nanosheets with a
diameter of ~80 nm, indicating the ultrathin thickness of the

nanosheets compared with the opaque bulk counterpart (Fig. S2bT).

As a result of the fully exfoliation, g-CsN, nanosheets hawe larger
specificsurface area (86.29 ng'l) thanbulkg-C3N,(13.82 ng'l).
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Fig. 2 (a) XRD pattems, (b) FT IR spectra, (c) UV-Vis DRS spectra and (d)
PL spectraof bulk g-CsN4 and g-C3N4 nanosheets.
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From the XRD patterns (Fig. 2a), typical diffraction peaks of bulk
g-C3N, can be observed in g-C3N, nanosheets, implying the basic |
C5N4 atomic structure are largely retained. The strong XRD peak at
27.7°, originated from the (002) interdayer diffraction of graphite:
like structures, sharply decrease for g-C3N, nanosheets 'r
comparison with that of bulk g-CsN,4, suggesting the few-layereco
mormhology after successful exfoliation.™® Coupled with the AFM
analysis (2.5 nm in thickness), the g-C5N, nanosheets are calculatea
to be composed of 7atomic monolayers.“The low-angle diffraction
peak at 12.8°, derived from in-planar repeated tri-s-triazine units,
also become less pronounced for the nanosheets, mainly due to
simultaneously decreased planarsize of the g-CsN,layers during the
exfoliation prooess.lG‘ Y The characteristic FTIR spectrum of the g
C5N4 nanosheets is similar to that of the bulk material (Fig. 2b), both
having peaks at 810 ecm™ (tri-s-tiazine ring), 900-1800 an’
(aromatic CN heterocydes containing either trigonal N(-C); or
bridging C-NH-C units) and 3000-3500 cm™ (uncondensed termir..’
amino groups). Nevertheless, the intensityand position of vibratic -
peaks in the range of 900-1800 em™ for the nanosheets are slightly
changed with respect to those of bulk g-CN4, which may resi'*
from the protonation and disintegration of g-C3N4.21’ % The
structural resemblance between nanosheets and bulk g-C3Ng is
further confired by XPS (Fig S3a1). The weak Osingals in the XPS
survey spectra can be ascribed to the absorbed oxygen spedies ¢ -
sample surface, and the slightly higher O peak for nanosheets may
be due to their high specific surface area and protonation by
H2504.11' 2 The C 1s spectra (Fig. S3bt) show one predominant C1
peak at 288.0 eV for both nanosheets and bulk g-C3N,,
corresponding to the spz—bonded arbon in g-C3N4 network. The C2
peak at 284.6 eV is related to carbon contamination.” Meanwhile,
four deconvoluted N 1s peaks (N1-N4) assigning to C=N-C, N(-C);, C
N-H and charging effect respectively, are observed for both
nanosheets and bulk g-C;N, (Fig S3cT). The slightly increas .
intensity of N4 and N3 for the nanosheets may result from the
protonation of nanosheets with H,SO, and dissodation of bridging
bond -NH- between tri-s-triazine units.'> %% Besides, a new S 2¢
component located at 168.4 eV is observed for g-C;N, nanosheets,
which falls within the range of energies characteristic of S0,” (Fig
S3d ), also proving protonation of the nanosheets.”* The
protonation process is further evidenced by zeta-potentiai
measurement of the g-C;N4 nanosheets dispersion in water, which
is shifted to +4.96 mV compared with -22.2 mV of bulk g-C;N, (Fig
S47).

It was observed from the UV-Vis diffuse reflectance spectra (DRS)
that the intrinsic absorption edge of g-CsN4 nanosheets exhibits
blue-shift from 453 nm to 423 nm with the bandgap increasing from
2.74 eV of bulk g-GN,; to 2.93 eV of nanosheets (Fig. 2c)
Correspondingly, the emission peak of the nanosheets shifts from
464 to 433 nm relative to bulk g-GN; as illustrated in thei-
photoluminescence (PL) spectra (Fig. 2d). The larger bandgap ana
blue-shift of fluorescence can be attributed to the quantum
confinement effect with the conduction and valence band shiftir
in opposite directions.”

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Schematic illustration of the exfoliation process of g-CsNa.

To eluddate the formation mechanism of g-C3N, nanosheets, we
monitored the exfoliation process of bulk g-CsN, with adding
different amount of waterinto the suspension consisted of bulk g-
C3N, and concentrated H,SO,. As seen in Fig. S5T, adding the first 5
mL water turned the colour of suspension from yellow to white and
consequently g-C3N, nanosheets were obtained at this stage. When
further add the second 5 mL water, the suspension became almost
transparent, butstill showed the obvious Tyndall effect, suggesting
that smallersized g-GN, fragments were formed in the second
stage. Generally, the luminescence property of the carbon nitride
materials is considered mainly effected by the size of the sp2 C-N
clusters and the lone-pair (LP) electrons of the nitride.” % This
transparent suspension was found to have two PLemission peaks at
410 nm and 464 nm (Fig. S61), which could be attributed to the
o*->LP transition and ©*->LP transition respectively, indicating the
spliting probably caused by
disintegrating g-C3N, framework into smaller-sized sp2 C-N dusters
during further water adding process.zs'28 Moreower, these smaller-
sized g-C3N4 fragments could be further separated according to the

appearance of energy-band

degree of exfoliation by successively predpitating the transparent
suspension (Fig. S5cT) using different poor solvents such as water
and ethanol. As described in section S3 in ESI, the predpitate
obtained from water (P1) has a lower degree of exfoliation
compared to the successive predpitate from ethanol (P2). The FTIR
spectra were conducted to reveal how the chemical structure varies
throughout the whole exfoliation process (Fig. S71). Compared to
bulk g-C3N,;, there are some band changes in the spectra of
nanosheets and predipitates: the blue-shift of N-H signals (3000-
3500 cm'l) and emergence of new signals assigned to -NH, group
(3336, 613 and 457 cm'l) suggest the dissodation of hydrogen-
bonds between polymeric triss-tiazine units with NH/NH,
groups,zg' * the decrease of signal intensities in low-wavenumber
fingerprint region related to bridging C-NH-C units (1205, 1236 and
1313 cm'l) and the concomitantincrease of signal intensities linked
to oxygen-containing groups (1712, 1088 and 972 cm™) indicate the
cleavage of bridging bond -NH- between tri-s-triazine units due to
24,27,31 It

has been known that the polymeric g-CsN, generally possesses

the hydrolysis/oxidation during in the exfoliation process.

some structural defects such as primary or secondaryamino groups
due to incomplete condensation of tris-s-triazine units,24’ % and as-
obtained g-C;N; might be broken up from these defects by

protonation or ox dation%3% % (Fig. S8T). Furthermore, these FTIR

This journal is © The Royal Society of Chemistry 20xx
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band changes become more evident with adding more water,
revealing that g-CG3N, is exfoliated stepwise during adding watc
process. This is also supported by DRS results (Fig. S971), which show
the sequentially blue-shifted absorption edges from bulk g-C3N, tc
nanosheets and predpitates, suggesting gradually decreased '
conjugated structure. According to the above analysis, a possible
exfoliation mechanism of g-C3N, is proposed in Fig. 3. First, the bulk
g-C3N, could be partial intercalated and protonated when it was
mixed with concentrated H,SO,. When adding water into this
mixture, the rapid exothermic effectled to partial delamination and
grain disintegration of g-C3N, by the dissodation of weak hydrogen-
bonds bridging, which in turn accelerated the intercalation of H,SO,
into the interdayer space of g-GN, and subsequently the -NH
linking group was deaved and underwent oxidation under the
continuous heating from furtheradding water, and then g-C3N, was
further exfoliated into smaller-sized fragments. Thus, by controlling
the amount of water added, the concentration of H,SO, (oxidizi.._
strength) and heating effect can be manipulated, and hen
excessive exfoliation could be awided and g-C;N4 nanosheets were
obtained.
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Fig. 4 (a) Photocurrent response of bulk g-C3Ns and g-GsNs nanosheets undei
chopped visible light illumination (chopping frequency: 0.25 Hz, scan rate: 5
mV/s). (b) EIS plotsof bulk g-CsN4 and g-CsNs nanoshegts in dark and unde!
visible light. (c) Photocatalytic H, evolution over bulk g-CsNs and g-CsN4
nanosheets under visible-light irradition (reaction conditions: 20 mg catalys
loaded with 3 wt% of Pt co-catalyst; 100 mL of H,O containing 10 vol%
triethanolamine; 210 W Xe lampwith a 400 nm cut-off filter).
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In order to understand the photogenerated charge separation
and transfer in as-prepared g-C3N, nanosheets, which is a crudal
factor for photocatalytic process, photocurrentand electrochemic'
impedance spectroscopy (EIS) were performed under visible light.
As shown in Fig. 4a, the photocurrent generation of g-CN,
nanosheets is remarkably higher than that of bulk g-C3N,, especia. -
when a negative bias potential was applied, reflecting the effident
separation and transport of photoinduced electrons and holes in
the g-GiN,4 nanosheets.”> Moreower, the negative photocurre 1t
indicated that holes dominated the charge transport.34 Fig. 4u
shows the EIS Nyquist plots of the g-CsN, nanosheets and bulk -
C3N, electrodes in the dark or under \sible-ight irradiatio.. .
Genenally, the radius of the arcon the EIS plots reflects the reactic ..
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rate occurs on the surface of the electrode. It is found that the arc
radius of g-C3N4 nanosheets electrode is much smaller than that of
bulk g-C5N, electrode both in dark and under visible light, indicating
that more effective separation of photogenerated electron-hole
pairs and faster interfadal charge transfer had occurred in the g-
CNy na nosheets.”Thus,with the realization of ultrathin nanosheet
structure which could reduce the bulk recombination probability of
charge carriers, the as-prepared g-C3N, nanosheets gained higher
separation effidency of electron-hole pairs, presenting potential
applicationinthe photocatalytic field.

The superiority of as-obtained g-GN,
photocatalysis application was demonstrated by the photocatalytic

nanosheets for
H, ewolution from water under visible-lightirradiation (A > 400 nm).
As presented in Fig. 4c, the average hydrogen evolution rate of the
g-C3N4 nanosheets was 840 pmol g'1 h™, which was more than 10
times higher than that of bulk g-C3N, (82 umol g'1 h'l). Moreover,
under the similar testing conditions, the photocatalytic activity of
as-prepared g-C3;N, nanosheets not only outperforms the large-
aspect-ratio g-C;N4 nanosheets fabricated in our previous work,™®
butalsois superior to the single-layer g-C;N4 nanosheets prepared
by strong add treatment’” and the g-C3N,4 nanosheets synthesized
by thermal oxdation exfoliation™.  The greatly enhanced
photocatalyticactivity of the g-CsN, nanosheets could be explained
as the synergistic effects of large spedfic surface area, good
dispersability, increased bandgap,15 obvious defects effect’ and
improved photogenerated charge separation and transfer.

In summary, a rapid and effident chemical exfoliation method by
adding water into concentrated H,SO, suspension of bulk g-CsN,
has been developed for the high-yield production of g-C3N,
nanosheets. This modified acid exfoliation method has the merits of
low energy, low cost and facile control of exfoliation degree, and
thus would be important in the large-scale production and
extensive application of nano-sized g-C3N4;. Compared with bulk g-
C3N,, the as-prepared g-CsN, nanosheets show great superiority in
photogenerated charge separation and transfer, and consequently

exhibit signifiantly enhanced photocatalytic activity in
photocatalytic H, evolution from water under \isible-ight
irradiation.

This work was finandally supported by the National Natural
Science Foundation of China (No. 21374106).
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