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Abstract

The graphitic carbon nitride (g-C3N4) samples were prepared by the three different methods: (i) heating of
melamine at 600 °C (bulk g-C3Na4), (ii) exfoliation of bulk g-C3sN4 by heating at 500 °C (Ex500) and (iii) exfoliation
of bulk g-C3sN4 by ultrasonication in an aqueous dispersion (ExUltra). The exfoliation was performed to obtain
g-CsN4 nanosheets or other nanostructures. The samples characterization was performed by UV-Vis diffuse
reflectance (DRS UV-Vis), photoluminescence (PL) spectroscopy and photoelectrochemical (PEC)
measurement. The smallest transition energies E;was evaluated for bulk g-CsN4 (E;= 2.84 eV). The exfoliation
by heating and ultrasonication caused both increase of transition energies E; at 3.07 eV and blue-shift and
intensity increase of PL emission bands. The exfoliation by heating at 500 °C increased photocurrent in
comparison with the bulk g-CsNs and ultrasonicated samples. This indicates the beneficial effect of the
exfoliation by heating for various photocatalytic applications due to the higher mobility and separation efficiency
of photo-induced carriers.
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1. INTRODUCTION

Lately, the graphitic carbon nitride has drawn scientific interest due to its promising role as a visible-light-
response photocatalyst (2.7 eV bandgap) for many photocatalytic reactions [1-3]. The energy position of
conduction (CB) and valence band (VB) is at -1.1 and 1.6 eV vs normal hydrogen electrode (NHE),
respectively [3]. Graphitic carbon nitride, a typical metal-free photocatalyst is thermally and chemically stable.
Besides, it is very stable under light irradiation in solutions with pH of 0-14 due to the strong covalent bonds
between carbon and nitride atoms [4, 5].

Unlike the metal-containing photocatalysts that need expensive metal salts for their preparation, g-CsNa
photocatalyst can be facilely prepared by thermally polycondensing of the cheap N-rich precursors, such as
dicyanamide, cyanamide, melamine, and urea [3, 6, 7].

These superior properties imply that the metal-free g-CsN4 would be an ideal candidate for the design of
efficient visible-light-driven photocatalyst such as water splitting, CO2 photoreduction, organic contaminants
purification, catalytic organic synthesis, and fuel cells [1-3, 6-9]. There have been several excellent reviews on
g-C3N4 preparation and applications in the last 5 years, and readers can refer to these review articles
[2, 3, 8, 10] However, pure g-CsN4 is far from successful use as an effective photocatalyst due to its lower UV
response than pure TiO2, and its separation efficiency of photoinduced electron-hole pairs still need to be
improved [5, 11, 12].

The aim of this work was investigation of optical and photoelectrochemical properties of bulk g-CsNs and g-
CsN4 nanosheets or other nanostructures prepared by exfoliation of bulk g-CsN4 by heating in air and
ultrasonication of bulk g-CsN4 in the aqueous dispersion.
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2. EXPERIMENTAL

2.1. Preparation of graphitic carbon nitride g-C3sNa

For the study of optical and electrochemical properties three type of graphitic carbon nitride were prepared.
The first sample of bulk g-CsN4 was prepared through the direct calcination of melamine at 600 °C for 2 hours.
The second sample (Ex500) was prepared by thermal exfoliation of bulk g-CsN4 by heating at 500 °C for 4
hours. The last sample (ExUltra) was prepared by ultrasonic exfoliation of bulk g-CsNa4 in ultrasonic bath for 1
hour and sequentially filtrated and dried at 100 °C [13].

2.2. UV-Vis diffuse reflectance

UV-Vis diffuse reflectance spectra were recorded with a Shimadzu UV-2600 (IRS-2600Plus)
spectrophotometer at room temperature in the range from 220 nm to 1400 nm. The reflectance was re-
calculated to the absorption using the Schuster-Kubelka-Munk equation as follows

2
1- R
F(RA)z%’ (1)

where R is the diffuse reflectance from a semi-infinite layer. The obtained DRS spectra were transformed to
the dependencies of (F(R=) hv)? on hv in order to obtain transmission energies.

2.3. Photoluminiscence

Photoluminescence spectra were measured by a spectrometer FLS920 (Edinburgh Instrument Ltd, UK). The
spectrometer was equipped with a 450 W Xenon lamp (Xe900). The excitation wavelength was 280 nm. The
width of excitation and emission slits was 3 nm.

2.4. Photoelectrochemical measurement

Photoelectrochemical experiments (pulsed photocurrent spectroscopy) were performed using a photoelectric
spectrometer equipped with the 150 W Xe lamp and coupled with the SP-300 potentiostat. Photocurrent
responses were recorded using a classical three electrode setup. The platinum and Ag/AgCl electrodes were
used as the auxiliary and reference electrodes, respectively. The working electrode was prepared as follows:
TiO2 powder was deposited onto indium-tin oxide (ITO) coated by polyethylene terephthalate foil. The
electrolyte solution was 0.1 M KNOs. The photocurrent action spectra of the photoelectrode were recorded
using pulsed illumination (within the range of 250 - 500 nm with the step of 50 nm) at potentiostatic conditions
for different value of applied potentials (from - 0.1 to 0.5 V, step 0.25 V).

3. RESULTS AND DISCUSSION

3.1. UV-Vis diffuse reflectance of prepared materials

For the characterization of prepared materials UV-Vis DRS spectra were recorded in the range from 220 nm
to 1400 nm and were evaluated according equation (1). The obtained DRS spectra were transformed to the
dependencies of (F(R-)"hv)? on hv in order to obtain transmission energies (Figure 1). The magnitudes of
transition energy were evaluated at 2.84 eV, 3.07 eV and 3.07 eV for the bulk g-C3N4, Ex500 and ExUltra,
respectively. The smallest transition energy of bulk g-CaN4 (E;= 2.84 eV) indicates that the exfoliation of bulk
g-CsN4 caused the shift of absorption edges by 0.23 eV as a result of the formation of g-CsN4 nanosheets [14].
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Figure 1 UV-Vis diffuse reflectance spectra of prepared g-CsN4 samples
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3.2. Photoluminescence analysis of prepared materials

Photoluminescence spectra were recorded in order to characterize the g-CsNs4 samples as well. Figure 2
shows emission bands of the bulk g-C3sN4, Ex500 and ExUltra. The smaller blue-shift of emission bands from
480 nm for bulk g-CsN4 to 474 nm for ExUltra and to 463 nm for Ex500 with modification procedure was
observed. This result is in agreement with the increasing magnitudes of transition energies. Interrupted parts
of the spectra were not measured due to the 2n order reflection effect of excitation irradiation. The increase
of PL intensity of the exfoliated samples was likely caused by cracking of large g-CsN4 planes into smaller
nanosheets [14].

463 nm

1050000
Ex500

900000 —

750000 —

600000 -
J ExUltra

450000 —

PL Intensity (a.u.)

300000 - bulk g-C,N,

4 480 nm
150000 4 /\
0 T T T T T T T T T T T T T 1
350 400 450 500 550 600 650 700

Wavelength (nm})
Figure 2 Photoluminescence spectra of prepared g-CsN4 samples

3.3. Photoelectrochemical measurement of prepared materials

Photoelectrochemical properties of all prepared g-CsN4 samples were examined in order to complete
information about their properties. Photocurrent responses were recorded as functions of applied potential and
photon energy.

The effectiveness of the photogenerated electron-hole formation in the g-CasN4 samples were measured from
the photocurrent response under irradiation at the applied potential of 0.5 V vs. Ag/AgCl. Figure 3
demonstrates the typical real time photocurrent response of the g-CsN4 samples when the source of the light
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was switched on and off. In semiconductor materials, when irradiation supplies energy is higher than the band
gap of a material, the energy excites the electrons from the valence band to the conduction band, leaving a
hole in the valence band. This electron-hole pair is responsible for the photocurrent. When the light was turned
on, the photocurrent was rapidly increased, and the photocurrent then turned to a steady state after a few
seconds. When the light was turned off, the photocurrent decreased [15]. The photocurrent for the Ex500
sample was higher than for the bulk g-CsN4 and ExUltra ones when light was on (Figure 3). Therefore, the

mobility and separation efficiency of the photo-induced carriers were efficaciously improved after heating at
500 °C of bulk g-CaNa.
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Figure 3 Photocurrent responses spectra of prepared g-CsNs samples

To have a full overview of the photocurrent generation as a function of applied potential and irradiation
wavelength a set of photocurrent action spectra was recorded at constant potentials. In this way three-
dimensional pictures (phase diagrams or maps) were obtained (Figure 4). The photocurrent values were read
as a difference between the steady-state current measured upon irradiation and the current in the dark just

before opening the shutter. Photocurrent values used for the map construction were not corrected for changes
in incident light intensities with irradiation wavelength [16, 17].
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Figure 4 Photocurrents generated at bulk g-CsN4 (a), ExUltra (b) and Ex500 (c) as a function of electrode
potential and incident light wavelength

4, CONCLUSION

The g-CsN4 samples were prepared by three different methods (i) heating of melamine at 600 °C to prepare
bulk g-CsN4, and by exfoliation of bulk g-CsN4 into nanosheets by (ii) heating at 500 °C (Ex500) and (iii)
ultrasonication in the aqueous dispersion (ExUltra). Their characterization was performed by the UV-Vis diffuse
reflectance, photoluminescence spectroscopy and the photoelectrochemical measurements. The smallest
transition energy was evaluated for bulk g-CsN4 (E;= 2.84 eV). The exfoliation by heating and ultrasonication
caused both increasing of transition energies at 3.07 eV and blue-shift and intensity increase of PL emission
bands. The g-CsN4 exfoliated at 500 °C provided the highest photocurrent in comparison with bulk g-CsN4 and
ExUltra. This indicates the beneficial effect of the exfoliation by heating for possible photocatalytic applications
due to the high mobility and separation efficiency of the photo-induced carriers. The detail analysis of optical
and electron properties as well as the relationship between them is very attractive and will be studied in the
future. It is supposed to bring new important knowledge that will be used in optimizing the performance of
photochemical systems and in the description of key properties related to many photocatalytic reactions.
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