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Graphene-like g-C;N, nanosheets show great potential application in varied fields owing to their unique
electronic and optical properties. However, most of the developed methods for preparing g-CsN,
nanosheets still suffered from low-yield and time-consuming shortcomings, which greatly hampered their
further study and application. Herein, a facile dicyandiamide-blowing method with NH,Cl as the gas
template for synergic achievement of large-quantity and high-quality graphene-like g-C;N,4 nanosheets
has been reported. The g-C;N, nanosheets prepared by this one step method possess enhanced specific
area surface, improved electron transport ability and increased lifetime of photoexcited charge carriers,
bringing enhanced photocatalytic H, activities than that of bulk g-C3N,. Our work represents a significant
progress for scalable fabrication of high quality 2D g-C;N, and provides a new pathway for scalable

production of 2D nanomaterials.

Introduction

During past few years, two dimensional (2D) graphene has
gained more and more attention due to its unique 2D confined
structure, bringing about exotic properties such as excellent
electronic, thermal and mechanical properties.'? As the
expansion in the field of graphene, ultrathin 2D nanosheets of
transition metal oxides,*® metal chalcogenides,7‘8 nitride’ and
transition metal phosphates'® have also been widely explored and
show great advantages in energy storage devices,'' sensors,'?
stamp-transferrable electrodes,® electronics' and catalysis."
Typically, various methods mainly including the strategy of
mechanical cleavage,'® liquid exfoliation,'” lithium intercalation-
deintercalation ~ of  layer-structure  materials,'®  oriented
attachment,'® and topochemical transformation strategy” have
been devoted to the synthesis of 2D ultrathin nanosheets.
Graphite carbon nitride (g-C3N,), a typical layered structure,
is well known as a nontoxic metal-free semiconductor,”"> which
has been studied as a perspective material in varied areas, such
as wastewater detoxification,”* CO, reduction,?>* cataly‘[ic,15
hydrogen/oxygen evolution through water splitting.' Motivated
by graphene, great efforts have recently been devoted to
preparing g-C;N, ultrathin nanosheets and researching their novel
properties. For instance, g-C3N, nanosheets can be obtained by a
"green"” liquid exfoliation route from bulk g-C;N, in water and
exhibit as a promising candidate for bioimaging application.”’
What is more, the g-C3N, nanosheets synthesized through simple
liquid-phase exfoliation in various solvent and thermal oxidation
"etching" process of bulk g-C;N,, also show significantly
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enhanced photocatalytic H, activities.?®* Unfortunately, most of
current methods to fabricate g-C;N, nanosheets are usually low-
yield and time-consuming. In view of significance of 2D g-C;N,
nanosheets, new alternative way to obtain g-C;N, nanosheets with
high quality and large quantity is still much necessary.

Herein, we report a facile one step method for synergic
achievements of large-quantity and high-quality few-layer
graphene-like g-C;N4 nanosheets. The raw materials of our
reported simple approach were dicyandiamide and ammonium
chloride. And during the reaction process, the chemically released
gases from ammonium chloride blew dicyandiamide-derived
polymers into numerous large bubbles, with g-CsN, nanosheets
obtained. This method has the merits of low-cost, scalable
production and high efficiency. The g-C;N4 nanosheets with 3.1
nm thickness possess enhanced specific surface area and achieve
improved electron transport ability as well as efficient separation
rate of the electron and hole. As expected, the g-C;N, nanosheets
produced by the facile dicyandiamide-blowing method deliver the
hydrogen evolution rate of 450 p molh™!, which is more than ten
times larger than that of the bulk g-CsN,. The work not only
provides a facile strategy for synthesis of 2D g-C;N,, but also
paves a new way for the scalable production of other 2D
materials.

Experimental

Synthesis of bulk and nanosheets of g-C;N,

Bulk g-C;N, powder was synthesized according to the
previous paper.”’ Typically, 2 g of dicyanodiamide powder was
put into crucible and heated at 550°C for 4h at a rate of 3°C/min.
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The resultant yellow material was milled into powder in a mortar
for further investigations. For preparation of the g-C3N,
nanosheets, 2 g of dicyanodiamide powder and 10 g ammonium
chloride were fully mixed (The "fully mixed "was the key for the

s success of the experiment.) In fact, NH,Cl, acts as supplementary
material, which could provide dynamic gas template, benefiting
to the formation of the ultrathin graphene-like g-CsN,. The
mixture was heated at 550°C for 4h. The resultant materials were
characterized as g-C;N, nanosheets.

10 Materials Characterization

The samples were characterized by X-ray powder diffraction
(XRD) by a Philips X'Pert Pro Super diffractometer equipped
with graphite-monochromatized Cu-Ka radiation (A=1.54178A).
Tapping-mode atomic force microscopy (AFM) images were

15 obtained on DI Innova Multimode SPM platform. Transmission
electron micros-copy (TEM) images were carried out on H-7650
(Hitachi, Japan) operated at an acceleration voltage of 100 kV.
The Fourier transform infrared (FT-IR) experiment was taken on
a Magna-IR750 FT-IR spectrometer in a KBr pellet, scanning

2 from 4000 to 400 cm™. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a VG ESCALAB MK II X-ray
photoelectron spectrometer with an exciting source of Mg Ka =
1253.6 eV. UV-Vis-NIR absorption spectra were recorded on a
Perkin Elmer Lambda 950 UV/Vis-NIR spectrophotometer. The

2s photoluminescence  (PL) spectrum was performed by
FLUOROLOG-3-TAU fluorescence spectrometer equipped
integrating sphere. The ns-level time-resolved PL spectra were
performed by FLS920, Edinburgh Instruments Ltd. The
photocurrent and EIS (electro-chemical impedance spectroscopy)

30 response was measured with three electrodes, of which the
Ag/AgCl and Pt electrodes were used as the counter and
reference electrode, respectively.

Photocatalytic Activity Measurements

Water-splitting reactions were carried out in a top-irradiation
35 vessel connected to a glass closed gas circulation system. 50 mg
of bulk g-CsN, or g-C;N, nanosheet was dispersed in 200 mL
aqueous solution containing 10 vol% triethanolamine scavengers.
The deposition of 3 wt% Pt co-catalyst was conducted by directly
dissolving H,PtCls in the above 200 mL reaction solution. The
40 amount of hydrogen evolution was determined using a gas
chromatograph (Agilent 7890A).

550C

NH:Cl “

g-C3N, nanosheets

Dicyandiamide Bulk g-CsNs

Dicyandiamide

550°C

Figure 1. Schematic illustration of the synthesis process of the bulk and
ultrathin nanosheets of g-C;N,.
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Results and discussion

Figure 2. (A) The SEM image of graphene-like g-CsN4. (B) Low-
resolution TEM image of the graphene-like g-C5N4. (C) High-resolution
TEM image of the graphene-like. (F) AFM image shows the
morphology of the g-C;N4 nanosheet and the highlight step height is
3.10 nm.

As clearly illustrated in Figure 1A, bulk g-C3N, was
prepared by heating dicyandiamide at 550°C for 4h according to

45 previous literatures.”’ Meanwhile, 2D g-C3N, nanosheets were

obtained by heating a mixture of dicyandiamide and ammonium
chloride at 550 °C for 4h. Specially, with the increase of
temperature, dicyandiamide was gradually polymerized whereas
gases (NH; and HCI) released from NH,Cl blew dicyandiamide-
derived polymers into many large bubbles and resulted in crinkly
2D g-C3Ny nanosheets. For better description of the difference
between g-C3N, gained by heating dicyandiamide with and
without NH,Cl, the comparison of dispersion effect was clearly
demonstrated in Figure S3 (A-B). The g-C;N, nanosheets show
much better dispersibility and stability. What is more, the volume
of 2D g-C3N, is much larger than that of bulk g-C;N, with the
same mass and the expansion of volume leads to colour fading as
shown in Figure S3 (C). Obviously, the dynamic gas template
introduced by NH,Cl is high-efficiency and realizes scalable
production of carbon nitride nanosheets with one step reaction
only.

The morphology of as-prepared bulk g-C3N, and 2D g-C;N,
nanosheets were investigated with scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and atomic
force microscopy (AFM), respectively. Compared with bulk g-
C;N, with large particle outlook in Figure S5, the as-prepared 2D
g-C3Ny nanosheets exhibited as a soft and loose material with a
diameter size of several micrometres (Figure 2A and Figure S6).
TEM image of 2D g-C;N, in Figure 2B shows characteristic of
ultrathin nanosheets with crinkly structure. High-magnification
TEM image in Figure 2C demonstrated that the surface of g-C3N,
nanosheets is rough with many hollows. The phenomenon was
easy to understand because of the continuous gases emitting
during the formation of g-C;N; materials. Atomic force
microscopy (AFM) was conducted to gain more information
about the morphology and thickness of nanosheets. Typical AFM
image and the corresponding thickness analyses in Figure 2D
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§ —— Bulk C3Ng _ a\ 399.9 eV (N2) and 404.0 eV (N3), demonstrating three types of N
s ‘ — 8N 3 A i bonding in the samples. The dominant N 1s signal peak at 398.5
N “ £ J L5, . w eV could be attributed to sp® hybridized nitrogen involved in
2 g - p- hy 2
£ £ [c2 e X triazine rings. The peak at a binding energy of about 399.9 eV
> S ¥4l - nanosheet . . . . . .
E E ’,F’ M were commonly assigned to bridging N atoms in tertiary nitrogen
. . J.f ‘\_/c:x¥ (N—(C)3) and terminal amino functions (C—-N—H). The weak peak
\ , . . ; located at 398.5 eV (N3) could be attributed to positive charge
10 20 30 40 50 292 290 288 286 284 282 . . . .
2-Theta / degree Binding energy / eV 45 localization or the charging effects in the cyano-group and hetero
C Dr—un 9CaNa cycles.”®? According to the percentages of C and N determined
3 Bulk-CaNe =—0-C3Ny nanoeheet by XPS analysis, it was found that the surface atomic ratio of C/N
i N3 E had increased from 0.77 (for the bulk g-CsN,) to 0.78 (for the
2 £ graphene-like g-C3Ny4). The C/N ratio in g-C;N, nanosheets is
E | g:CaNg nanosheat /Q‘ g so very close to that in bulk g-C3;N,.
;‘E . wad & - The structural information of the nanosheets were further
* —\/<\ confirmed by the FTIR spectra as shown in Figure 3D. There is
408 406 404 402 40 "398 3% 4500 Joo 2000, 1000 no obvious difference between the characteristic FT-IR spectra of
the as prepared bulk and nanosheets of g-C;N,, showing that the
Figure 3. (A) The XRD patterns of the bulk g-CsN4 and the as- ss g-C3N, nanosheets maintained same chemical structure as that in
prepared g-C;N, nanosheets. (B-C) High-resolution C 1s spectra and bulk g-C;Ny. In detail, the broad peaks between 3600 and 3000
N 1Is spectra of g-CsNs nanosheets and bulk g-C3Ni. (D) FTIR em ' are attributed to N-H stretching, exhibiting the partial
spectra of the bulk g-C;N, and the as-prepared g-C;N4nanosheets. hydrogenation of some N atoms in the 2D g-C;N, nanosheets.

The set of peaks between 1800 and 900 cm ™" are characteristic of
trigonal C-N(-C)—-C and bridging C-NH-C units.** From the
above results, the crystal structure and chemical composition of
the as prepared 2D g-C;N, nanosheets are basically in conformity
with that of the bulk g-C3;Ny.

Furthermore, their optical absorption spectra and
fluorescence emission spectra were measured to study the
electronic band structures of the bulk and nanosheets materials.
The optical absorption of the as-prepared bulk g-C;N, and g-
C;N; nanosheets samples were conducted by a UV-vis
spectrometer and the results are demonstrated in Figure S8.
70 Apparently, an obvious blue shift of the intrinsic absorption edge

was found in UV-visible absorption spectra in the nanosheets

revealed ultrathin nanosheet morphology with uniform thickness
of about 3.1 nm for as-obtained g-C;N,; sample. These
morphologic characterization results clearly demonstrated that
ultrathin g-C3N4 nanosheets were successfully synthesized by a
facile dicyandiamide-blowing approach.

The crystal structure and compositions of the bulk and
graphene-like g-C;N,; were analyzed by their X-ray diffraction
(XRD) patterns, FTIR spectra and X-ray photoelectron spectra
(XPS). As demonstrated in Figure 3A, XRD patterns of
10 graphene-like g-CsN, showed two distinct diffraction peaks,

which were identical with bulk g-C;N,, indicating that the
graphene-analogue g-C;N,4 had the same crystal structure as the
bulk g-C;N,. The strongest XRD peak (002) at about 27.3° is
attributed to inter-planar stacking peak of aromatic systems. The A B
15 low-angle reflection peak at 13.0°, derived from the lattice planes " ::j::: il B
parallel to the c-axis. Compared with the bulk g-C;N,, the peak
(002) in the g-C3N, nanosheets is moved from 27.3° to 27.8°, and
the corresponding value of d changed from 0.325 to 0.319 nm.
This indicates a decreased gallery distance between the layers in 02 2000k
20 the graphene-like carbon nitride, which could demonstrate that 01 l'/' ;
two-dimensional g-C;N, nanosheets were formed during the heat =
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conducted. As shown in Figure S7, there was no obvious binding
energy shift of N 1s and C 1s, exhibiting that the chemical states
of both nitrogen and carbon in the g-C;N4 nanosheets were the
same as in bulk g-C;N,. Specially, as shown in the high-
resolution C 1s XPS spectra in Figure 3B, the peak at 288.4 eV R R A B . - o
(C1) and 287.8 eV (C2) could be assigned to the sp> C atoms Time / ns Time / ns

bonded to N in the samples. The low peak located at 284.6 eV
(C3) was related to carbon contamination. The similar intensity of
the peak at 284.6 eV demonstrated that there was no obvious

Intensity/au
Intensity/au

3

S

Figure 4. (A) The photocurrent density of g-C;N, and g-
C;Nynanosheets measured at 1 V bias voltage versus Ag/AgClin 1 M
Na,SO, aqueous solution under illumination of a 300 W Xe lamp. (B)

change of nitrogen content in g-C;N,4 nanosheets. In addition, The EIS response of g-CsN; and g-CsNjnanosheets electrode. (C-D)
3s Figure 3C showed the high-resolution N 1s XPS spectra of the g- The ns-level time-resolved PL spectra monitored at 435 nm under 340
C;Ny nanosheets and bulk g-C;Ny. It could be seen that N1s could nm excitation for g-C3N4 and g-C3N, nanosheets.

be deconvoluted into three different peaks at 398.5 eV (N1),

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], oo—oo0 |3
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Tablel The fluorescence decay parameters in the bulk g-C;N4 and g-C5Ny
nanosheets

T/ns A T2/MS A (t/ns)
g-CaNy 2.90 0.25 3037 0.75 23.50
2D g-C3Ny 2:75 0.24 31.97 0.76 25.07

relative to bulk g-C;N,. The derived bandgaps from the (Ahv)>
versus photon-energy plots as shown in the Figure S8 are 2.83 eV
and 2.73 eV for the g-C5N, nanosheets and the bulk materials.
The larger bandgap by 0.15 eV of the 2D g-C;N, is further
s confirmed by the blue shift of the PL spectrum spectrum by ~15
nm as shown in Figure S9. The reason for this larger band gap is
ascribed to the quantum confinement effect by shifting the
valence and conduction bandedges in opposite directions.’!
In order to understand the electronic interaction in the bulk
10 g-C3N,4 and g-C3N4 nanosheet, the photocurrent, electro-chemical
impedance spectroscopy were tested. As shown in Figure 4A, the
photocurrents were measured for several on-off cycles under
illumination of a 300 W Xe lamp with bulk g-C;N, and g-C3N,
nanosheets electrode. The photocurrent value decreased to zero
1s when the irradiation of light was off and the photocurrent get
back to a constant value as soon as the light was on, which was
entirely reversible. It is well known that the photocurrent was the
important evidence for demonstrating the charge separation and
migration.’ As clearly demonstrated, the photocurrent of g-C;N,
20 nanosheets electrodes was much larger than that of the bulk g-
C;Ny electrode, demonstrating the improvement of the separation
efficiency of photoinduced electrons and holes in g-C;Ny
nanosheets.*> The electro-chemical impedance spectroscopy,
exhibited in Figure 4B, indicated the decreased electron-transfer
25 resistance in g-C3;N, nanosheets, as the smaller diameter of the
semicircular Nyquist plots.”® To further understand the
photophysical characteristics of photoexcited charge carriers, the
ns-level time-resolved fluorescence decay spectra of g-C;N, and
g-C;N, nanosheets were recorded, as shown in Figure 4 (C-D).
30 The radiative lifetimes with different percentages could be
determined as given in Table 1 by fitting the decay spectra. In

—=—g-C3N4 nanosheet
—— Bulk g-C3Ng

mol
3
3
3
ol

: 1777

@
3
2

H, evolution/ um

HZ evolution/

4
/[ /

0 1 2 3 4 4 8 12
Irradiation time / h

Irradiation time / h

Figure 5. (A-B) A typical time course of hydrogen evolution from a
water/triethanolamine solution.

detail, the short lifetime of 2.90 ns in g-C;N, was decreased to
2.75 ns, with its percentage decreases from 25% to 24%. Both the
long lifetime and percentage of charge carriers increase from
35 30.37 ns and 75% in the bulk to 31.97 ns and 76% in the
nanosheets. As a result the weighted mean lifetime of 25.07 ns in
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g-C3Ny nanosheets was increased beyond 23.50 ns in g-C3N,. The
increased lifetimes of charge carriers may be relevant to electron
transport improvement and/or the changing electronic band
structure arose from the quantum confinement effect in the
nanosheets.?’ Thus, as the realization of graphene-like structure,
the g-C;N4 nanosheets gained higher separation efficiency of
electrons and holes, presenting potential application in
photocatalytic area.

The photocatalytic activity of the g-C;N, nanosheets is
demonstrated in photocatalytic hydrogen evolution in a
water/triethanolamine solution as shown in Figure 5. The average
hydrogen evolution rate of the g-C;N,; nanosheets under
illumination of a 300 W Xe lamp is 450 w molh™', which is more
than ten times larger than that of the bulk g-C;N,. Under
illumination of a 300 W Xe lamp with a 420 nm cut-off filter
(Figure S10), an average hydrogen evolution rate of the g-C3N,
nanosheets also show almost 13 times higher than that in bulk
sample. The high activity of the photocatalyst was reproducible
and the material showed good stability.

The enhancement of photocatalytic activity graphene in g-
C;Ny nanosheets arises from synergistic effects of 2D structural
configuration with ultrathin thickness of 3.1 nm, increased
bandgap with about 0.15 eV, large surface area, improved
electron transport ability and efficient separation rate of the
electron and hole. The specific surface area of the g-CsN,
nanosheets was as high as 52.9 m?g”', which was more than 19
times larger than that of the bulk g-C5N4 (2.9 m’g™"). (The N,
sorption-desorption isotherm was shown in Figure S11). All the
experimental results confirmed that 2D g-C;N, nanosheets are
synthesized successfully with high quality.

Conclusions

In conclusion, g-C3N, nanosheets have been successfully
synthesized by a facile dicyandiamide-blowing approach. NH,Cl
as the dynamic gas template was introduced in the solid-state
reactions to prepare the ultrathin g-C;N4 nanosheets. The as-
obtained nanosheets have synergic advantages of small sheet
thickness, a large surface area, increased band gap and improved
properties of photocatalytic reaction. Our experimental results
represented significant progress in scalable fabrication of 2D g-
C3N, with high yield. The novel strategy presented here paves the
way for bringing the g-C;N, nanosheets to the broad applications
and providing an inspiration for the scalable production of other
2D materials.
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