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Nanosheets of graphitic carbon nitride were prepared through direct heat treatment of guanidinium chloride at 450-600 C in air
atmosphere. The resulting materials had a surface area of 109.9 m*g and their physicochemical properties were closely related to
condensation temperature. Decomposition of rhodamine (RhB) in aqueous solution was selected as the model reaction to investigate the
photocatalytic performance of nanostructured graphitic carbon nitride. The sample with higher surface area exhibited better optical
properties and had enhanced photocatalytic activity. These findings suggest that graphitic carbon nitride prepared from guanidinium
chloride will be promising for use in pollutants degradation and solar energy utilization.

to modify the structure of g-CsN,. Colloidal silica spheres or

1. Introduction mesoporous silica were successfully used as hard templates to
. . . prepare porous g-C3N,.2¢% Surface acidification and sonication-
With the rapid development of modern industry, a large amount promoted insertion technologies were used to fabricate g-CsNg4

(cj)f Lndus;rl_al wEste;wa;er dcontalnlggd_organéc pollut_ant_sf . are with ordered 2D mesoporous hexoagonal framework The largest
ischarged into the land and water bodies and cause significant Saer Of the as-prepared samples was up to 517 m? g™ and they

harm to the ecological environment. Many methods have been had enhanced photocatalytic activity towards hydrogen
employed for the removal of organic pollutants from wastewater, evolution.® In addition, porous g-CsN, materials were

- - - 1' 2 -
s?fc_h_ a blologlcar: trez;tment band :dsorptllc_)n._ E’Ut their I_OV\II synthesized by soft-templating methods.??2* Boron- and fluorine-
€ '?_'6”93’ anph azar IOU_S ¥er_ UCt; "t:"t their pra]ftlc;\ ss enriched mesoporous g-C3N, with narrow pore size distribution
applications. Photocatalytic oxidation has become one of the had been synthesized by using room-temperature ionic liquid as

LnOSt efflcfle_nt teﬁznlques _for thedr_emovalll of organic poIIutar_ns, soft-template. The as-prepared materials exhibited improved
ecause of its mild operating condition, low power consumption photoactivity under visible-light illumination.”® However, the use

and sf[rong ?ecﬁ ntamlnlatlon sb'“t{)‘ Durlnglthedpa_st fIOl:jr_ decadesl, of synthesis templates was not economic and environmentally
a variety of photocatalysts have been explored, including metal friendly. Recently, g-CsN, with Sger of 96.6 m? g was

; 3 4 ; 5 LiteidnoB ; 7 ;
OX'de_s‘ sulfldesi nltrldes_ ar_1d phosphldes. _However, it synthesized from urea, an oxygen-containing precursor without
re_malns a prob_le_m in developing inexpensive, environmentally the assistance of any template. Due to the high Sger, the prepared
friendly ?r?d efficient p_flqtocatalyst. g-C3N, exhibited enhanced photocatalytic activity for RhB
Graphitic carbon nitride (g-CsN,) was reported o produce degradation and hydrogen production.”?" Except for urea, some

. . - - - - 8 -
hydrogen fro_m v;ater undﬁr V'S'b:e'“g:td"rad'zt'oﬂ and th'j es other unconventional precursors were also used to prepare g-CsN,,
organic semiconductor photocatalyst had gradually attracte such as cyanuric acid—melamine complex, % thiourea, -

significant attention because of their promising applications in melamine hydrochloride,® melamine nitrate,* NH,SCN * and

; St 9-12
pollutants degradation and solar energy utilization. Recant trithiocyanuric acid. *® Owing to the peculiar nanostructures, high

novel findings revealed_ _that conjugated  carbon nitride surface area, improved optical and electrical properties, most of
nanostructures were promising catalysts for photoredox and the as-prepared g-CsN, materiasl exhibited higher catalytic

e 13-15 B
hydrogen photosyn_t hesis. _G'C3N4_Was generally synthesized activity than that of the materials synthesized from traditional
by self-condensation of nitrogen-rich precursors, such as precursors
cyanamulj_z, dlcyanak:nlltlj(e or mgle;mlnt_a.hHowever, the resultmg_ g Guanidinium chloride (GndCl), an environmentally benign and
CsN, solids were bulk materials with poor porous properties. widely available precursor, was used for the synthesis of

- 2 _l -
;jr_he"lBIIEE surfﬁcg allreas (SEiET_) werg below 10| m h9 an(élthls mesoporous g-C3;N, under Ar atmosphere via nanocasting method
irectly led to their low catalytic activty. To solve this problem, by using colloid silica as the template.” However, a hazardous

well-d;}sperszled 9-CsNq n(?nopglas;:s_ Ioadled_ In ; SBA-15 reagent (NH,HF,) was used to remove the template. This process
mesochannels were prepared and their catalytic performances was time-consuming and led to heavy pollution. In this work,

; ianifi ; i 16, 17
\ll\lvere |mproved S|gn|;|cantly W'tlh thedlnc(;ea]f? _Of SBE;' . novel nanostructured g-CsN, was easily prepared through GndCl
anocasting was another commonly used and efficient technique . qoi¢ condensation under heat treatment during 450-600 C in air
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Catalysis Science & Technology
atmosphere without the assistance of any template. The resultant are calculated by equation (1) and (2) respectively as follows:
materials had a microstructure of nano-sheet with a high Sggr of Degradation rate = (C; — C)/Cy%100% ()
109.9 m?g. The photocatalytic performances of the resultant g- In(C/Cy) = —kt )

C3N,4 were investigated by rhodamine (RhB) degradation under
light irritation, and compared with that of g-C3N, prepared from
melamine.

o

2. Experimental
2.1. Preparation of catalysts

All the reagents were analytical-grade and used as received.

10 Catalysts were prepared by directly condensation of GndCl in
still air atmosphere. Typically, 5 g of GndCl was put into a
covered crucible, and then heated to a certain temperature in
muffle furnace for 4 h with a heating rate of 10 C min™. The
resultant yellow samples were denoted as CN-x, where x refers to

1s the condensation temperature. For comparison, g-CN was also
prepared from melamine at 600 ‘C using the same heating
program.

2.2. Characterization and methods

The powder X-ray diffraction (XRD) patterns were measured on
20 Rigaku Rotaflex diffractometer equipped with a rotating anode
and a Cu Ka radiation source (40 kV, 200 mA; A= 1.54056 A).
Fourier transform infrared (FT-IR) spectra were recorded on a
Bruker Tensor 27. X-ray photoelectron spectroscopy (XPS) dates
were obtained on a Thermo Scientific ESCALab 250Xi using 200
25 W monochromated Al Ka radiation. The 500 pm X-ray spot was
used for XPS analysis. The base pressure in the analysis chamber
was about 3x10°° mbar. The hydrocarbon Cls line at 284.8 eV
from adventitious carbon is used for energy referencing.
Elemental analysis (EA) results were collected from a Flash EA
30 1112. The nitrogen adsorption and desorption isotherms were
determined at 77.3 K by a Quanta-chrome Autosorb Automated
Gas Sorption System (Quantachrome Corporation) after samples
were dried at 300 C under vacuum for 6 h. The transmission
electron microscopy (TEM) images were obtained on a JEOL
35 JSSM-2100 instrument with an accelerating voltage of 200 kV.
UV-vis diffuse reflectance spectra (DRS) were obtained using a
UV-vis spectrometer (Shimadzu UV-2600) equipped with an
integrating sphere assembly. BaSO, was used as reference.
Photoluminescence spectra (PL) were recorded with a
a0 fluorescence spectrometer (Hitachi F-4500) with excitation at 350
nm at room temperature.

2.3 Photocatalytic actvity test

Degradation of RhB under light irritation was chosen as a model
reaction to investigate the photocatalytic activities of the prepared
45 g-C3N,4. The light was provided by a 500 W xenon lamp with a
jacket filled with flowing water to keep the system cool.
Typically, 50 mg of catalyst was stirred in 100 ml of RhB
aqueous solution (10 mg L™) in the dark for 1h. When the
adsorption-desorption equilibrium was achieved, the light was
s0 turned on to start the photocatalytic reaction. At 10 min intervals,
about 4 mL of suspension was collected and centrifuged at 12
000 rpm for 10 min to remove the catalysts. The upper clear
liquid was analyzed by UV-vis absorption spectra. The maximum
absorption was recorded at 553 nm and used for evaluating the
ss concentration of RhB. The degradation rate and rate constant k

Where, C, is the adsorption-desorption equilibrium concentration
e of RhB and C is the concentration of RhB at reaction time of t.

3. Results and discussion

3.1 The development of g-C3;N, nano-sheets

65

70
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Fig. 1 TEM images of g-CN (a), CN-450 (b) and CN-600 (c) - (d).
85

The morphological structures of the samples are characterized
by TEM measurements. G-C;N, prepared from melamine
exhibits agglomeration of large particles (Fig. 1a). Thermal self-
condensation of GndCl leads to the development of flaky

90 Structures. Fig. 1b shows microstructures of the sample prepared
at 450 C and the incipient formtion of sheet-like structures can
be revealed. With the increase of treatment temperature, well-
dispersed nanosheets of g-C3N, are prepared at 600 C (Fig. 1c).
Fig. 1d clearly shows the edge of a single nanosheet of CN-600.

s Rolling up of the edge may reduce the surface energy of the
nanosheet and improve its stability.

The development of nanosheets of g-CsN, under different
treatment temperature was characterized by powder XRD. The
sample treated at 400 ‘C shows a complicated XRD pattern that

w0 indicates the low polymerization degree (Fig. 2a). When the
condensation temperature increased to 450 “C, two characteristic
diffraction peaks at 13.3° and 27.3° are detected, which suggest
the incipient formation of g-C3N,. With the increase of treatment
temperatute, the diffraction peaks become sharper and stronger.

10s This indicates more ordered graphitic-like layered structure and
higher crystallinity are gradually developed. The increase of
treatment temperature gradually causes shift of the typical (002)
interlayer-stacking peak from 27.3° to 27.6° (Fig. 2b). This
indicates that the interlayer distance of g-C3N, decreases with the
1o increasing condensation temperature.?
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a 3.2 The chemical compositions and porous structures of g-
25 C3N,4 nanosheets
CN-600
5 a Nis
3
= CN-550
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Fig. 2 a) Powder XRD patterns of g-C3N, prepared from self-

condesation of GndCl under different treatment temperature. b)
Shift of (002) interlayer-stacking peak with the increase of
s treatment temperature.

The formation of g-C3N, is further confirmed by FT-IR C
patterns in Fig. 3. The result is similar to that of XRD
characterization. FT-IR pattern of CN-400 shows typical

290 289 288 287 286 285 284 283
Binding Energy (eV)

288.1 eV, 67%

stretching modes of C-N heterocycles in the 1200-1650 cm * :
10 region, although it is not remarkable. Additionally, the breathing & 284.9 eV, 33%
mode of triazine units at 810 cm * is also appeared. This indicates g
the incomplete condensation of GndCl at 400 °C . When g
increasing the condensation temperature to 450 ‘C, the typical
FT-IR pattern of g-C3N, appeare and suggests the formation of g-
15 C3N4. With further increase in treatment temperature, the FT-IR
bands become stronger and sharper, which is attributed to the 200 289 288 287 286 285 284 283
higher degree of polymerization. Binding Energy (eV)
d 288.1 eV, 54%
284.9 eV, 46%
CN-400 , 810cm’ -
\ 1240 cm’ =
CN-450 N84 CM 1515 om’ £
- 5 £
2 [ en-s00 E
E E
‘Z | CN-550
5
E
290 289 288 287 286 285 284 283
Binding Energy (eV)
T T r T T T T T E 25
2100 1800 1500 1200 200 600 w0 Fig. 4 a) XPS survey spectrum of CN-600. b) C1s XPS peaks of

Wavenum ber{cm")

g-C3N, from melamine (g-CN). ¢) C1s XPS peaks of g-C3N,

» Fig. 3 FT-IR patterns of the g-C3N, prepared from self- from self-condesation of GndCl at 450 ‘C (CN-450). d) C1s XPS
condesation of GndCl under different treatment temperature. peaks of g-CsN,4 from self-condesation of GndCl at 600 ‘C (CN-

600).
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Fig. 4 shows the XPS spectra of g-CN, CN-450 and CN-600.
As shown in XPS survey spectrum of CN-600 (Fig. 4a), the main
elements on the surface of are C, N. There is a small amount of
oxygen, which is mainly attributed to the adsorbed water and
s carbon dioxide. The XPS survey spectra of other samples are
similar to that of CN-600. Table 1 summarizes the surface and
bulk C/N atomic ratio measured by XPS and element analysis
respectively. Bulk C/N atomic ratios for all the samples are about
0.67. Chemical compositions of g-C3N, prepared from GndCl are
10 similar to the g-C3N4 prepared from melamine. However, the
surface C/N atomic ratio of g-CN is 0.92, which is higher than
bulk C/N atomic ratio. The higher surface C/N atomic ratio
implies a certain amount of surface nitrogen was burned during
condensation in air atmosphere.38 In addition, the surface C/N
15 atomic ratio of CN-450 is increased to 1.07, and further increased
to 1.46 for CN-600. This increasing trend indicates that the effect
of precursor and condensation temperature on the surface
chemical composition of the obtained samples is remarkable. The
high-resolution XPS spectra of Cls were selected to further
2 investigate the surface chemical compositions of different
samples. As revealed in Fig. 4b, ¢ and d, the XPS spectra of Cls
for all the three samples can be fitted into two peaks. The peak at
binding energy of 288.1 eV is attributed to tri-s-triazine in lattice,
and the peak at 284.9 eV is attributed to pure carbon such as
25 graphite or amorphous carbon.'® No obvious binding energy shift
indicates that the chemical states of carbon in CN-x are similar to
that of g-CN. However, the content of pure carbon for different
samples is different. It increased from 21% for g-CN to 33% for
CN-450, and further increased to 46% for CN-600, implying that
30 the surface carbon content of CN-x is higher than that of g-CN
with the trend of the increasing condensation temperature, which
is in accordance with the results depicted above.
The Sger of CN-x obtained at different temperature are shown
in Fig. 5a. The values increase markedly with the increase of
35 condensation temperature. The Sger of CN-450 is 22.9 m? g%,
and it increases to 109.9 m? g’ for CN-600. It should be note that
the Sger of g-CN prepared from melamine at 600 °C is 19.8 m* g
1 which is much lower than that of CN-600. The high Sget of g-
C3N, obtained from GndCl may be mainly due to the release of
w0 HCI and NHj during condensation.®" ** Additionally, thermal
oxidation etching in air atmosphere is another reason for the high
Sger. Fig. 5b shows the N, adsorption and desorption isotherms
of g-CN and CN-600. CN-600 possesses a typical type III
isotherm with H3 hysteresis loop at 0.50 < P/P0 < 1.00, which is
45 attributed to the aggregation of plate-like particles giving rise to
slit-shaped pores.®* %

Table 1 C/N atomic ratio of different samples

g-CN CN-450 CN-600 CN-6002
Surface 0.92 1.07 1.46 1.64
Bulk 0.67 0.66 0.67 0.67

2 after reaction.

120

o

T T T
500 550 600
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800 4 —e— CN-600
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400 4

3
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2004

0] e -~
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Relative pressure (P/Pu)
50
Fig. 5 a)The relationship between Sger and the condensation
temperatures. b) N, adsorption—desorption isotherms of g-CN and

CN-600.

55 3.3 The optical properties of g-C3Ny

:CN-600
I CN-550
: g-CN

, CN-500
| CN-450

Adsorbance (a.u.)

T T L)
450 500 550
Wavelength (nm)
Fig. 6 UV-vis spectra of different g-C3N, samples.

Ll
350 400 600

Fig. 6 is the UV-vis spectra of CN-x obtained at different
0 condensation temperatures, and compared with the spectrum of g-
CN. All samples exhibit strong UV absorption. Due to the
quantum confinement effect of the less layer thickness, the
absorption edge of CN-450 is blue shifted from 460 nm for g-CN

4 | Journal Name, [year], [vol], 00-00
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to 440 nm. *® “° As verified by TEM measurements, the layer
thickness of CN-x is decreased with the increasing condensation
temperature. However, the absorption edge of CN-x is red-shifted
with the trend of increasing condensation temperature in despite

s of the quantum confinement effect. The absorption edge of CN-
600 is 510 nm, which is 50 nm red-shifted compared with that of
g-CN. The enhanced optical absorption may be caused by the
different surface chemical compositions of the samples. As
depicted above, with the increase of condensation temperature,

w0 the surface carbon content of CN-x is increased gradually.
Theoretic computation ** and experimental investigation 22 2
revealed that modification of g-C3N, with a small amount of
carbon resulted in strong electronic coupling at the interface of
the two substances.

15

: CN-450
) CN-500
I g-CN

| CN-550
| CN-600

Intensity (a.u.)

|

400 450 500 550 600
Wavelength (nm)
Fig. 7 PL spectra of different g-C3N, samples.

PL spectra are further employed for evaluating the optical and
electronic properties of the prepared g-CsN,. As shown in Fig. 7,
CN-450 exhibits the highest PL intensity. However, the PL
intensities decrease gradually with the increasing condensation
temperatures because of the quantum confinement effect and the
increased surface carbon content.”> *® The PL intensity of g-CN is
similar to that of CN-500, but is much higher than that of CN-550
and CN-600. The lower PL intensity of CN-550 and CN-600
means the higher efficiency in the migration, transfer and
separation of the photogenerated charge carriers, >* ** which are
beneficial for their photocatalytic performance.

S

a

0 3.4 The photocatalytic activities and stabilities of g-C;3N,
nanosheets

Degradation of RhB under light irritation is used to evaluate
the photocatalytic activities of the catalysts. The light is provided
by a 500 W xenon lamp. The amount of RhB adsorbed to the g-
C3N, is increased with the increase of Sggr and the proportions
are all less than 15%. As shown in Fig. 8a, RhB can be degraded
over all the tested catalysts under light irradiation, but it is
obvious that the photocatalytic activities for all the CN-x obtained
from GndCl are higher than that of g-CN obtained from
40 melamine. For g-CN, the degradation rate of RhB is 24%. When

CN-600 was used as catalyst, the degradation rate is increased to

nearly 100%, more than four times higher than that of g-CN. In

order to quantitatively investigate the reaction kinetic, the rate
constants of the reaction over different catalysts were also

&

45 calculated and presented in Fig. 8b. It can be seen that the rate

constant for g-CN is 0.0046 min™, and it increased largely to
0.051 min™ for CN-600. The enhanced activity of CN-600 is
mainly due to the high Sger. The high Sggr could not only
provide more catalytic active sites, but also benefit for the

so adsorption and diffusion of reactants, thus speeding up the

reaction rate. For the same reason, the catalytic activity of CN-x
is increased with the increasing condensation temperature as
demonstrated in Fig. 8a and b. In addition to Sgey, optical
properties of the catalyst also influence its catalytic activity.

ss Compared with g-CN, the optical absorption and charge transfer

of CN-x have been enhanced with the increase of condensation
temperature, which also helpful to improve their photocatalytic
performances.

1.0 a

0.8

- 0.6+

crc,

04 L on

—e— CN-450
0.24 —a— CN-500
—»— CN-550
0.04 — CN-600

T T L) T L] L) T
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s Fig. 8 a) Photocatalytic activities of various g-C3N, samples. b)

Calculated rate constants of g-C3N, samples for the degradation
of RhB. c) Five-run recycling test of CN-600.
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Generally, g-CsN, materials have excellent thermal and
chemical stability.'> * To examine the stability of g-CsN,
nanosheets from GndCl, the recyclability of the as-prepared
catalyst was investigated in a five-run recycling test of catalytic

s RhB degradation. The test was carried out over CN-600, which
exhibits the best photocatalytic performance. As revealed in Fig.
8c, the degradation rate of RhB has not been decreased
significantly within five runs. It dropped slightly from 99% for
the first run to 91% for the fifth run. This indicates that the

10 catalysts obtained from GndCl have excellent photocatalytic
stability.

a
=
g Befi
E elore
w
=
&
=
o
After
5 10 15 20 25 30 35 40 45
2 0 (degree)
Before
)
&
iE’ After
w)
=
2
=
L] L] ] ]
2100 1800 1500 1200 900 600
Wavenumber(cm )
c Before
- 46%
=
g
z
a After
=
=
= 49%
290 288 286 284

Binding Energy (eV)

Fig. 9 The XRD (a) FT-IR (b) and XPS (c) patterns of CN-600
15 before and after the five-run recycling test.
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To further investigate the stability of CN-x, the used CN-600
was characterized by XRD, FT-IR and XPS spectra, and
compared with those of fresh CN-600 catalyst. It is clearly
showed in Fig. 9a and b that the XRD and FT-IR patterns of the
used CN-600 have not been changed remarkably. This suggests
that the crystal and chemical structures of CN-x are stable during
the reactions. However, the surface C/N atomic ratio of CN-600
is increased slightly from 1.46 to 1.64 after the reaction (Table 1).
This is in accordance with the results of Fig. 9c. The content of
pure carbon at binding energy of 284.9 eV is increased from 46%
to 49%. The increased surface carbon is probably ascribed to the
adsorbed RhB and its degradation products, which is responsible
for the slightly decreased catalytic activity.

4, Conclusions

In summary, g-C3N,; nanosheets have been successfully
synthesized from GndCl in air between 450 and 600 ‘C. The
release of HCI and NH; and thermal oxidation etching during
condensation give the samples with high Sggr. In addition, the
condensation temperature has great effect on the properties of the
obtained g-C3;N,. Both crystallinity and Sger increase as the
condensation temperature increasing. Furthermore, the surface
carbon contents of CN-x also increase when elevating
condensation temperature, and thus improving their optical
properties. The as-prepared g-C3N, nanosheets exhibit much
higher catalytic activities for photo-degradation of RhB than that
of g-C3N, prepared from melamine. The high Sger and optimized
optical properties are contributed to the enhanced photocatalytic
activity. Considering the excellent photocatalytic performance,
the facile synthesis process and the economic advantages of the
precursor, g-CsN, nanosheet from GndCl self-condesation is a
promising candidate for pollutants degradation and solar energy
utilization.
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