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ABSTRACT: Two-dimensional nanosheets have attracted
tremendous attention because of their promising practical
application and theoretical values. The atomic-thick
nanosheets are able to not only enhance the intrinsic
properties of their bulk counterparts but also give birth to
new promising properties. Herein, we highlight an
available pathway to prepare the ultrathin graphitic-phase
C;N, (g-C;N,) nanosheets by a “green” liquid exfoliation
route from bulk g-C;N, in water for the first time. The as-
obtained ultrathin g-C;N, nanosheet solution is very stable
in both the acidic and alkaline environment and shows pH-
dependent photoluminenscence (PL). Compared to the
bulk g-C;N,, ultrathin g-C;N, nanosheets show enhanced
intrinsic photoabsorption and photoresponse, which
induce their extremely high PL quantum yield up to
19.6%. Thus, benefiting from the inherent blue light PL
with high quantum yields and high stability, good
biocompatibility, and nontoxicity, the water-soluble ultra-
thin g-C;N, nanosheet is a brand-new but promising
candidate for bioimaging application.

Itrathin two-dimensional (2D) nanosheets have attracted

extensive attention from scientists for their exceptional
electronic, optical, and biocompatible properties with respect to
the bulk materials and are suitable for practical applications in
effectively connecting microscopic and macroscopic processes.
Since the discovery of graphene, great efforts have been
undertaken to synthesize atomic-thick nanosheets of both the
intrinsically layered structural and nonlayered structural
materials and explore their abundant properties.2 For example,
graphene and graphene oxide (GO) nanosheets have been
applied in transparent conducting electrodes, supercapacitors,
bioimaging and biomedical applications, and so on.> In recent
decades, the traditional luminescent semiconductors due to their
high photoluminescence (PL) quantum yields and size-depend-
ent emission have long been applied in bioimaging and
biomedical areas.* However, the heavy-metal containing
materials with perceptive toxicity definitely hampered further
in vivo and in vitro applications.” For the absence of any metal
elements, graphene based materials possessing relatively high
biocompatibility are considered as promising alternatives to
traditional luminescent semiconductors for bioimaging and
biomedical applications. However, the graphene based materials
still exhibit low photoresponse in aqueous solution and are often
functionalized by biocompatible molecules to improve their
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biocompatibility;**® in that case, exploring new metal-free

materials with high photoresponsivity and biocompatibility is
urgently needed.

Recently reported metal-free graphitic-phase C;N, (g-C;N,)
with high PL intensity provided inspiration as a potential
candidate for bioimaging and biomedical applications.” The g-
C;N, possesses a graphite-like structure, with weak van der Waals
force between C—N layers, and a layer distance of about 3.3
nm.** Since first reported, g-C;N, has been applied in many
areas, but most are limited in regards to photocurrent,
photoreactivity, and electrocatalysis based on its proper band
gap of about 2.7 eV.” Though possessing high PL intensity, the
bulk g-C;N, is not suitable for bioimaging and biomedical
applications, due to its low photoresponsivity and the macro-
scopic size.

Atomically thick 2D nanosheets can promote the photo-
response with respect to bulk materials, which has been
demonstrated in many cases.'”'" Bearing this fact in mind, we
propose here that reducing the macroscopic 3D g-C;N, into a
microscopic 2D structure, as in the case of the graphite to
graphene based materials, should result in enhanced photo-
responsivity, which may be suitable for bioimaging and
biomedical applications in the case of proper size distribution.
Therefore, we carried out first-principle density-functional
(DFT) calculations to study the electronic structure of the
bulk and single-layered nanosheet of g-C;N,, respectively. As
shown in Figure la, the calculated density of states (DOS) of
single-layered g-C;N, nanosheets shows an obvious increase of
DOS at the conduction band edge with respect to the bulk
counterpart, indicating the atomically thick g-C;N, nanosheets
possess more charge carriers. In that case, one can anticipate that
the 2D ultrathin g-C;N, nanosheets will show improved
photoresponsivity.'>'* Figure 1b,d shows the wave functions
of the valence bands of bulk and single-layered g-C;N,,
respectively, which are mainly derived from the p orbital of
nitrogen. However, the corresponding wave functions of the
conduction bands (Figure lce) are derived from the
combination of the p orbitals of carbon and nitrogen. Compared
with bulk g-C;N,, the wave functions of the valence band and
corresponding conduction band of single-layered g-CsN, show
enhanced p orbital hybridization of carbon and nitrogen,
especially of the conduction band. So, it can be deduced from
just the enhanced orbital hybridization that the DOS of single-
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Figure 1. (a) Calculated density of states (DOS) of the single-layered g-
C;N, nanosheet and bulk g-C;N,. The shadow part clearly indicates the
increase of DOS at the conduction band edge of the g-C;N, nanosheet.
(b and ¢) The Kohn—Sham orbitals for the valence band and
corresponding conduction band of bulk g-C;N,, respectively. (d and
e) The Kohn—Sham orbitals for the valence band and corresponding
conduction band of single-layered g-C;N,, respectively.

layered g-C;N, shows an obvious increase in the conduction
band edge with respect to the bulk counterpart.

The recently developed liquid exfoliation process is considered
to be an effective pathway to prepare the ultrathin 2D nanosheets
of intrinsically layered structural materials with high quality."
Accordingly, the layered structure g-C3N, is expected to be easily
exfoliated into ultrathin nanosheets. The exfoliation efficiency of
the liquid-exfoliation process can be estimated by the enthalpy of
mixing (AH,,,), which would be minimized when the surface
energies of the solvent and bulk g-C;N, match each other. The
relationship between the surface energy and mixing enthalpy can
be described in the following equation:"*"

AH .
. —(5G sol)z¢
Vini Tk

mix

where ¢ is the square root of the component surface energy, T,
is the average thickness of the bulk, and ¢ is the volume fraction
of g-C;N,. To handle this issue, we theoretically calculated the
surface energy of g-C;N, by the Grimme parametrized DFT-D2
method.'* The calculated surface energy is about 115 mJ/ m?,
which matches well with the surface energy of H,O (~102 m]/
m?), indicating water with the remarkable dispersing efficiency of
g-C3N, nanosheets. Also, structural analysis showed that,
different from graphite, there are dangling hydrogens in the
C—N layers of g-C3;N,, which are usually derivated from thermal
polycondensation of cyanamide or related Dicyandiamide,
melamine molecules during the preparation process.” In that
case, the polarity solvents will be effective for swelling and then
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exfoliating the bulk g-C;N, into ultrathin nanosheets. Herein, we
highlight an available pathway for the large-scale synthesis of
ultrathin g-C;N, nanosheets by a “green” liquid exfoliation route
from bulk g-C;N, in water. We carried out the exfoliation
experiments by several solvents with different polarity, in which
only HyO can effectively exfoliate the g-C;N, into ultrathin
nanosheets, benefiting from the highest polarity among the used
solvents and its matching of surface energy with bulk g-C;N,
(Table S1, Figure S6). As illustrated in Figure 2a,b, the yellow g-
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Figure 2. (a) Schematic illustration of liquid-exfoliation process from
bulk g-C;N, to ultrathin nanosheets. (b) Photograph of bulk g-C;N, and
suspension of ultrathin g-C;N, nanosheets. (c) A theoretically perfect
crystal structure of the g-C;N, projected along the z-axis.

C;N, bulk materials can be swelled and then exfoliated into the
nearly transparent ultrathin nanosheets by water with the
concentration estimated to be about 0.15 mg/mL. The dispersed
ultrathin g-C;N, nanosheets were negatively charged, with a zeta
potential of about —30.3 mV (Figure SS). Benefiting from the
highly negative surface charge, the solution of ultrathin g-C;N,
nanosheets is very stable, without aggregating upon standing for
more than several months. Furthermore, the aqueous solution of
ultrathin g-C;N, nanosheets can be stable under an acidic or
alkaline environment with pH values ranging from 3 to 11
(Figure S7). For the absence of any high temperature treatment
or oxidation process, the exfoliated nanosheets will retain the
same crystal structure and chemical stoichiometric ratio of bulk
materials, which will reflect the intrinsic properties of g-C;N,.
Figure 3a is the transmission electron microscopy (TEM)
image of the exfoliated product, showing free-standing nano-
sheets with a diameter of ~120 nm. Also, the nearly transparent
feature of the nanosheets indicates its ultrathin thickness. The
well-defined Tyndall effect of the g-C3N, nanosheet solution as
displayed in the inset of Figure 3a indicates the presence of highly
monodisperse ultrathin nanosheets in water. The X-ray
diffraction (XRD) pattern of the g-C;N, nanosheet films by
vacuum filtration shows only one peak of (002) of the g-C;N,
crystal (Figure S10), indicating that the nanosheet films
assembled by the exfoliated nanosheets displaying the xy-plane
are in a good z-orientation compared with the bulk g-C;N,
powders. The size distribution of as-prepared g-C;N, nanosheets
was evaluated from the tapping mode atomic force microscopy
(AFM) image (Figure S9) by measuring the diameter of ~100
nanosheets. As can be seen from Figure 3b, the diameter of the
nanosheets ranges from 70 to 160 nm; as they are mainly in the
100 nm region, the likelihood of in vivo or in vitro bioimaging
application is increased. As shown in Figure 3c,d, the randomly
measured nanosheets are nearly the same thickness (~2.5 nm),
indicating the exfoliated nanosheets are comprised of only about
seven C—N layers. In addition, the ultrathin g-C;N, nanosheets
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Figure 3. (a) TEM image of the ultrathin g-C;N, nanosheet; inset of (a)
is the Tyndall effect of the ultrathin g-C;N, nanosheet dispersed in
water. (b) Size distribution of as-prepared g-C;N, nanosheets evaluated
from the AFM image of Figure S9. (c) AFM image of the synthetic g-
C;N, nanosheets. (d) The corresponding height image of two random
nanosheets.

can be facilely assembled into large-area films with tunable
thickness, structural integrity, and flexibility for further practical
applications (Figure S11).

The electronic structure of as-prepared ultrathin g-C;N,
nanosheets was studied by the combined analysis of their optical
absorption and PL spectra. As shown in Figure 4a, the intrinsic
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Figure 4. (a) UV-—visible absorption spectra. (b) Normalized
photoluminescence spectra of bulk g-C;N, and ultrathin g-C;N,
nanosheets; inset of (b) is the color change of ultrathin g-C;N,
nanosheets solution before and under UV light illumination. (c)
Dependence of PL intensity on UV-light illumination time for ultrathin
g-C3N, nanosheet solution. (d) The pH-dependent PL behavior of

ultrathin g-C;N, nanosheet aqueous solution.

absorption edge of ultrathin g-C;N, nanosheets shows a slight
blue shift in comparison with the bulk g-C;N,, and the band gap
of bulk g-C;N, of ~2.64 eV increased to 2.70 eV for ultrathin g-
C;N, nanosheets. At the same time, the absorption spectra of
ultrathin g-C;N, nanosheets extend to the whole visible light
region and even the infrared region, enhancing the absorbance of
light.16 In that case, the ultrathin g-C;N, nanosheets will show
enhanced photoresponsivity with respect to the bulk g-C;N,, in
accordance with the above theoretical prediction results. As
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illustrated in Figure S12, the ultrathin g-C;N, nanosheets show
enhanced intrinsic photocurrent and photocatalytic activity
compared with the bulk sample, because of the improved
photoabsorption and photoresponsivity. Furthermore, the
photoluminescence (PL) spectra of ultrathin g-C;N, nanosheets
show a blue shift of ~20 nm compared with the bulk g-C;N,
(Figure 4b). The blue shift of both the band gap and PL spectra
can be ascribed to the quantum confinement effect with the
conduction and valence band shifting in opposite directions. As
shown in the inset of Figure 4b, under UV-light the ultrathin g-
C;N, nanosheets emit blue PL, and the PL intensity of ultrathin
g-C3N, nanosheets is very stable with no obvious photobleaching
loss after irradiation with a Hg-lamp for even 10 h (Figure 4c).
Interestingly, the ultrathin g-C;N, nanosheets show pH-
dependent PL behavior, in which the PL intensity decreases
with increasing pH. As illustrated in Figure 4d, the g-C3N,
nanosheet solution shows higher PL intensity under acidic
conditions but drops intensively when under alkaline conditions,
with both showing a slight blue shift with respect to the PL
spectra under pH = 7. This pH-dependent PL behavior of
ultrathin g-C;N, nanosheets can be partially ascribed to the
presence of free zigzag sites just as the previously reported
graphene quantum dots (GQD) for a similar structure between
g-C;N, and graphene.'” It is worth noting that, benefiting from
the enhanced photoresponsivity, the ultrathin g-C;N, nano-
sheets show an extremely high PL quantum yield of about 19.6%,
much higher than the value for bulk g-C;N, (4.8%) and the well-
known water-soluble GQD.® The high PL quantum yield and PL
stability of the water-soluble ultrathin g-C;N, nanosheets endow
them as a promising candidate for bioimaging application.

The biocompatibility of the ultrathin g-C;N, nanosheets was
evaluated by the viability of HeLa cells after incubation with the
nanosheets for 48 h by an MTT (3-(4,5-dimethylthiazol-2-yl)-
3,5-diphenyltetrazolium bromide) assay. As can be seen from
Figure Sa, no apparent loss of cell viability was observed even
with the concentration of incubated g-C;N, nanosheets as high
as 600 pug/mL, indicating the excellent biocompatibility and
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Figure 5. (a) Viability of HeLa cells after 48 h of incubation with
different concentrations of ultrathin g-C;N, nanosheets. (b) Confocal
fluorescence image and (c) overlay image of bright field and confocal
fluorescence image of the HeLa cells incubated with ultrathin g-C;N,,
nanosheets for about 1 h.
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nontoxicity of the ultrathin g-C;N, nanosheets. It is worth noting
that the concentration of incubated ultrathin g-C;N, nanosheets
of ~600 pig/mL is extremely high, and the concentration used in
practical bioimaging experimental testing is only ~150 pug/mL,
which is much lower than this value.

Utilizing the good biocompatibility of the water-soluble
ultrathin g-C;N, nanosheets, we carried out the bioimaging
test by confocal fluorescence microscopy with excitation
wavelength 4 = 405 nm, as shown in Figure Sb,c. The HeLa
cells incubated with the ultrathin g-C;N, nanosheets do not
weaken the cell activity and maintain their normal morphology.
From Figure 5b,c, one can clearly see that the bright blue dots
mainly adhere on the cell's membranes forming continuous
circles as the morphology of the HeLa cells, indicating that the
ultrathin g-C;N, nanosheets can be used as a promising
biomarker for the labeling of the cell's membranes, which was
further confirmed by the confocal fluorescence image of the
HeLa cells labeled with ultrathin g-C;N, nanosheets and
costained with 1,1'-dioctadecyl-3,3,3’,3’-tetramethylindocarbo-
cyanine perchlorate (Dil, 1 yg/mL) (Figure S13). Those results
indicate that the as-exfoliated ultrathin g-CsN, nanosheets with
good biocompatibility and nontoxicity can be used in bioimaging
and further biomedical applications.

In summary, the ultrathin g-C;N, nanosheets have been
successfully prepared by a “green” liquid exfoliation route from
bulk g-C;N, in water for the first time. The ultrathin nanosheets
show a size distribution ranging from 70 to 160 nm and a height
of ~2.5 nm which is about seven C—N layers. Compared with
bulk g-C;N,, the ultrathin nanosheets show enhanced photo-
absorption and photoresponse, which not only enhance the
intrinsical photocurrent and photocatalytic activity but also
induce the extremely high PL quantum yield for ultrathin g-C;N,,
nanosheets up to 19.6%. Further study confirms that the water-
soluble ultrathin g-C;N, nanosheets show excellent biocompat-
ibility and nontoxicity. Benefiting from the inherent blue light PL
with high quantum yields and high stability, good biocompat-
ibility, and nontoxicity, the water-soluble ultrathin g-C;N,
nanosheet is a brand-new but promising candidate for
bioimaging application and may be further extended to
biolabeling and biomedical applications.
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