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The development of novel materials ensuring the use of solar radiation as an inexhaustible source of renewable
and environmentally friendly energy is one of the actual problems of materials science. Scientific research towards
of solving this important task showed the expediency of using photocatalytic processes with the participation of
semiconductor systems. One of the most well-known catalyst titanium dioxide TiO: has photoactivity only in the
ultraviolet region of the spectrum that significantly restricts its use. The application of based on undoped graphite-
like carbon nitride g-C3Ny or g-C3N4/TiO: composite catalysts allows using only part of the visible spectrum of solar
radiation (with a wavelength of less than 460 nm). It is found that the doping of carbon nitride by oxygen
significantly improves its photocatalytic properties to enhancing solar energy utilization. Therefore, to improve the
photocatalytic activity of semiconductor photocatalyst, the coupling O-doped g-C3Ny (O-g-C3Ny) with rutile TiO; is a
good strategy. Novel composite material O-g-C3Ny/TiO; was synthesized by gas phase method of deposition of
O-doped g-C3N, on particles of rutile powder under the special reactionary conditions of the pyrolysis of melamine.
Obtaining O-g-C3Ny/TiO; binary composite was confirmed through various analytical techniques including X-ray
powder diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS)
and ultraviolet-visible diffuse reflectance spectra (UV-Vis-DRS) methods. It is found that the absorption spectra of
the O-g-C3N4/TiO> powders show a bathochromic shift of the long-wavelength edge of the fundamental absorption
band (to 600 nm) relative to the absorption band of g-C:NJ/TiO; (~460nm). As a result, O-g-C3Ny/TiO,
photosensitivity is observed in the significant part of the visible region and the band gap of synthesized product is
determined to be less than 2.4 eV versus 2.7 eV for undoped g-C3Ny or g-C3N4/TiO,. One stage constructing
heterojunction structure of O-g-C3N4/TiO, composite may be used as a low-cost way to avoid the limitations of each
component and realize a synergic effect in promoting the efficient generation and separation of charge carriers, thus
boosting the photocatalytic activity to enhancing solar energy utilization.
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INTRODUCTION However, its photocatalytic activity is limited by
rapid photogenerated electron-hole recombi-
nation and, most importantly, its wide band gap
energy of ca. 3 eV (~3.2 and ~ 3.0 eV for anatase
and rutile, respectively) which is activated only
under ultraviolet (UV) light irradiation that
accounts for about 5 % of solar light.

On the other hand, graphite-like carbon
nitride g-CsN4, characterized as a non-toxic and
chemically highly resistant material, has been
shown to have huge potential as a promising
photocatalyst capable of absorbing visible light
for renewable energy (in particular, hydrogen
production by photocatalytic water splitting) and
for broad range of environmental applications
(decomposition of organic pollutants and the
destruction of pathogenic microflora). However,
the application of based on pristine g-C3Ny
catalysts allows us using only part of the visible

Using sunlight by semiconductors for the
production of renewable and clean energy and
purification of water and air from toxic organic
pollutants and pathogenic microflora is
considered as a promising approach to address
the imperative energy and environment problems
[1-5]. By harvesting solar light to drive a series
of important chemical reactions, semiconductor
photocatalysis has emerged as one of the most
fascinating  technologies  for  wastewater
treatment and converting low-density solar
energy into high-density chemical energy.

Titanium dioxide (TiO;), as one of the most
efficient metal oxide semiconductor
photocatalyst, is widely wused for many
applications such as hydrogen evolution, CO»
reduction and wastewater treatment because of
its low cost, high chemical stability [1-4].
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spectrum of solar radiation (with a wavelength of
less than 460 nm). Thus, in order to further
enhance the light harvesting capability of
g-C3Ny, various bandgap engineering strategies,
including doping by metal [6, 7] or non-metal
atoms, in particular, oxygen [5, 8—12], are used.
A number of researches have shown that the
doping g-C3N4 by oxygen to form O-g-CsNy
significantly  improved its photocatalytic
properties [5, 8—17]. As a result, the absorption
spectra of the O-doped carbon nitride powders
show a bathochromic shift of the long-
wavelength edge of the fundamental absorption
band (to 498 nm or more) relative to the
absorption band of pristine g-C3Ns (~ 460 nm)
[8,9, 11, 12]. It is found that O-modified g-C3N4
presented intrinsic electronic/band  structure
modulation [9], resulting in extended light
absorption range for more effective visible-light
utilization, up-shifted conduction band for
stronger reducibility and more effective
separation of photogenerated charge -carriers,
which  are  beneficial for  improving
photocatalytic hydrogen evolution activity. For
example, according to [9], when using thermally
oxidized porous g-C3Ny, the 1430.1 pmol-g "-h™
average photocatalytic hydrogen evolution is
achieved in 8 h under visible-light irradiation,
which was 4.3 times as high as that of the
pristine g-C3N4 sample (334.3 umol-g"-h™"). In
report [10] is presented that O-doped material
(O-g-C3N4) shows 6.1 and 3.1 times higher
hydrogen evolution reaction activity (with
apparent quantum efficiency of 7.8 % at 420 nm)

than bulk and even 3D porous g-CsNa.
According to  investigation [13], the
photocatalytic hydrogen evolution rate of

O-doped g-C3N4 was 13.9 times higher than that
of bulk g-C3N4.

Oxygen doped carbon nitride was
successfully applied for production hydrogen
peroxide (H,O,) which is widely used in
wastewater ~ treatment, pulp  bleaching,
pharmaceuticals etc. [12]. According to [12],
oxygen doping g-CsNs4 changes the catalyst
properties, leading to  the  promoted
photocatalytic H,O, production capability in the
absence of hole scavengers. As-prepared oxygen
doped g-CsNj displays the H,O, concentration of
3.8 mmol-L"', more than 7.6 times higher than
that of neat g-C3Ny4 [12].

Doping graphitic carbon nitride (g-C3N4)
with oxygen contributes to the effectiveness of
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the degradation of pollutants [14]. Thus, ozone
treated carbon nitride increase photocatalytic
rhodamine B (RhB) degradation constants by
approximately 6 times [11], accelerates the
photodegradation of methylene blue by a factor
of 5 times and 2 times accelerates the generation
of H, in comparison with untreated graphitic
carbon nitride [4]. The 40 % metal-free oxygen
doped porous graphitic carbon nitride
(O-g-C3Ny) catalyst can degrade bisphenol A
(15mg-L™") in 240 min with a mineralization
rate as high as 56 % [15].

However, the known methods for oxygen-
doped carbon nitride (O-g-C3;N4) producing
suggest a two-stage process, since the synthesis
involves post-treatment of the pre-synthesized
undoped g-C3N4 with ozone, nitric acid or
hydrogen peroxide [8, 13, 15-17]. For example,
long-term (10 h) heat treatment process (in a
Teflon sealed autoclave at 140 °C) of the pre-
synthesized g-C3N4 by H>O, solution was used to
obtain oxidized carbon nitride [8]. The pyrolysis
method developed in Frantsevich Institute for
Problems of Materials Science of NASU (IPM
NASU) allows us to obtain oxygen-doped
carbon nitride O-g-CsN4 in one stage from
melamine [18], urea [19-21] or cyanuric acid
and urea mixture [22], and O-doped low-
nitrogen containing carbon nitride O-C3N from
pyridine [23, 24].

Besides the method of carbon nitride
modification by oxygen, to increase the activity
of the photocatalyst is also promising a different
approach: creating g-CsN; based binary
photocatalytic composite materials. For efficient

light  utilization, the  fabrication and
photocatalytic  applications of g-C3;N4/TiO;
composite materials have attracted much

attention [1-4]. The synergistic effect of the
combination of g-C3N; and TiO, leads to a
significant improvement in the absorption of
visible light and the effective separation of
photo-generated electron-hole pairs. This greatly
enhances the photocatalytic activity of
g-C3N4/TiO, composite material, for example,
for inactivating against bacteria in water under
visible light.

However, both pristine g-CsNs and
g-C3N4/TiO; composite exhibits photoactivity in
the visible spectrum with limited utilization of
solar energy (in the part of the visible diapason
with wavelength below 460 nm only). While for
modified by oxygen graphitic carbon nitride
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samples (O-g-C3N4) synthesized in [PM [18-22]
photosensitivity extends to a much larger region
of the visible spectrum. It is found [8-11, 13, 15]
that the doping of carbon nitride by oxygen
significantly =~ improves its  photocatalytic
properties to enhancing solar energy utilization.
Thereby, to improve the photocatalytic activity
of semiconductor photocatalyst, the coupling
O-doped graphitic carbon nitride (O-g-C3Ny)
with rutile TiO; is a good strategy. Therefore, the
aim of the present was to obtain a
nanocomposite based on O-doped carbon nitride
and rutile phase of titanium dioxide (binary
composite O-g-C3N4/TiO; rutile phase).

EXPERIMENTAL

New composite material — O-g-C3N4/TiO;
(rutile phase) was synthesized in accordance
with the one-step method developed in IPM for
the synthesis of oxygen-doped carbon nitride
(O-g-CsN4) by gas phase method under the
special reactionary conditions of the pyrolysis
[25] of melamine [18], urea [19-21] or cyanuric
acid and urea mixture [22]. Formation of
0-g-C3N4/TiO, composite was carried out under
ambient pressure and pyrolysis-generated self-
supporting atmosphere at the presence of a fixed
volume of air. Nanoparticles of O-doped carbon
nitride are formed in an vapor-gas reactionary
space and are located by means of the deposition
and the condensation on particles of rutile
powder in more lower temperature (concerning
the most highly temperature reaction zone) zones
of reactionary space, far from a place of
melamine precursor localization. The light
yellow colored O-g-CsN4/TiO, (rutile) was
obtained by melamine heating with the rate not
exceeding 10 deg'min” and heat treatment at
550-580 °C for 1-1.5 h.

Deposition of O-g-C3N4 (~6 % O) on the
particles of rutile powder is confirmed through
various analytical techniques including X-ray
powder diffraction (XRD), Fourier transform

infrared spectroscopy (FTIR), X-ray
photoelectron  spectroscopy  (XPS)  and
ultraviolet-visible diffuse reflectance spectra

(UV-Vis-DRS) methods.

The powder X-ray diffraction (XRD)
measurements were obtained from 5 to 80 © of
20 by a DRON-UM diffractometer with
CuK,-radiation (A = 0.154 nm) and nickel filter.

Fourier transform infrared spectroscopy
(FTIR) in the reflectance mode was determined
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between 450-4000 cm™' with the spectral
resolution of 8 cm™' using a Nexus Nicolet FTIR
spectrometer (Thermo Scientific) equipped with
a Smart Collector reflectance accessory. Samples
under investigation were prepared by pressing
with KBr in 1:100 ratio.

X-ray photoelectronic spectra (XPS) of the
samples were measured with a photoelectron
spectrometer manufactured by SPECS Surface
Nano Analysis Company (Germany). The
system is equipped with a PHOIBOS 150
hemispherical analyzer. A base pressure of a
sublimation ion-pumped chamber of the system
was less than 5x107'° mbar during the present
experiments. The Mg K, radiation
(E=1253.6 ¢V) was used as a source of XPS
spectra excitation. The XPS spectra were
measured at the constant pass energy of 25 eV.
The energy scale of the spectrometer was
calibrated by setting the measured Au4f;, and
Cu2ps, binding energies to 84.00+0.05 and
932.66+0.05 eV, respectively, with regard to EF.
For investigated sample, all the spectral features
are attributed to the constituent element core-
levels or Auger lines.

Diffuse reflectance spectra (DRS) of the
powders were recorded in spectral diapason
200-1000 nm using a Perkin-Elmer Lambda Bio
35 UV-Vis with an integrating sphere Labsphere
RSA-PR-20 with BaSOj as a scattering standard
and converted into ultraviolet—visible (UV-Vis)

absorption spectra by the Kubelka-Munk
function [26].
RESULTS AND DISCUSSION

At the heat treatment of melamine at 570 °C
for 1.5 h in the most highly temperature reaction
zone, in the placed in lower temperature zone the
ceramic crucible with rutile powder, the light
yellow colored powdery product are formed. The
product obtained at 570 °C for 1 h has an even
lighter shade. The obtained samples were
denoted as 0-g-C3N4/TiO;-1.5h and
0-g-C3N4/TiO,-1h. To confirm the accordance
of the obtained light yellow powder with the
0-g-C3N4/Ti0O, composition, in the experiments
the synthesized (IPM) O-doped carbon nitride
(O-g-C3Ny) [18], pristine g-C3Ny and TiO, (rutile
phase) powdered samples also used. To
understand the formation of O-g-CsN4/TiO,, the
crystal structure of O-g-C;3Ny, pristine g-CsNa,
rutile phase TiO, and presumably obtained
0-g-C3N4/TiO,  composite  were  firstly
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investigated.  Diffractograms of  products
O-g-C3N4/Ti02-1.5h and O-g-C3N4/Ti02-1h are
practically identical. In the diffractograms of the
both rutile titanium dioxide (Fig. 1, curve 4) and
obtained light yellow powdered product
0-g-C3N4/Ti0,-1.5h (Fig. 1, curve 3) there are
strong peaks characteristic for the rutile phase
(JCPDS No. 21-1276) with the most intense
reflexes at 260 =27.4° (110), 36.2° (101) and
544° (211). As is known, there are two
characteristic reflexes at 20 =27.49 ° (002) and
12.40 ° (100) in XRD patterns of pristine g-CsN4
(Fig. 1, curve I). These reflexes are caused by an
interlayer stacking of aromatic heteroatomic
rings with an interplane distance (0.324 nm) and
the periodicity of stacking of heptazine
fragments in one layer (0.714 nm). However, for
0-g-C3N4/TiO; rutile composite sample (Fig. 1,
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curve 3), one typical peak of both-g-CsN4 and
0-g-C3N4 (002) is not clearly observed due to
the coverage by that of rutile TiO, (110), while
the absence of another peak at 12.4° of
0-g-C3Ny (Fig. 1, curve 2) is owing to its high
dispersion on the surface of the composites.
Occurrence of an additional reflex (wide galo) at
20=2145° (d=0.414nm) in the diffraction
pattern of O-doped carbon nitride (O-g-C3Ny)
(Fig. 1, curve 2) is caused, as it was offered in
[18, 19], with partial distortion of a planarity of
its polymeric network ((CsN7)—N), because of a
dearomatization of some heterocycles at an
oxidation. It is important to note that in the
diffractogram of the O-g-CsN4/TiO, binary
composite a wide halo at 21.45 © (characteristic
for O-doped carbon nitride) is also clearly
observed (Fig. 1, curve 3).

o ks

10 20
Fig. 1.
samples

To stronger evidence the existence of
0-g-C3N4 and TiO; in the as-obtained sample,
the surface chemistry of O-g-C3N4/TiO»-1.5h
was analyzed by XPS analysis. Four elements
(carbon, nitrogen, oxygen and titanium) can be
identified in the O-g-CsN4/TiO, composite
sample in the survey scan XPS spectra (Fig. 2 a).

Under CVD conditions of the melamine
precursor excess, the surface of the particles of
rutile powder is almost completely covered with
O-modified carbon nitride (according to XPS,
the content of TiO; on the surface of the binary
material is less than 10 %). This fact explains the
weak intensity of the Ti peak on the survey
spectrum. As one can see from the Fig. 2 b, the
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X-ray diffraction spectra of: / — g-C3Ny4, 2 — O-g-C3N4, 3 — composite O-g-C3N4/Ti0»-1.5h, 4 — rutile TiO,

XPS Ti2p core-level spectrum recorded for this
sample corresponds to that of titanium dioxide.
As shown in the high-resolution Ti2p spectrum
(Fig. 2 b), peaks at 458.8 and 464.5eV are
assigned to Ti2ps, and Ti2pi. of TiOs.

In Fig.3a, the Cls spectra of
0-g-C3N4/TiO»-1.5h could be deconvoluted into
two main peaks cored at 284.6 and 288.0 eV. The
major Cls peak at ~288 eV is identified as the
tertiary carbon C—(N); in the g-CsNy lattice. The
weaker Cls peak at ~284.6eV (which always
present in the spectra of carbon nitride) is assigned
to adventitious carbon species in good agreement
with literature data [8, 16,27]. Furthermore, the
third weak peak at higher binding energy of



M.E. Bondarenko, P.M. Silenko, Yu.M. Solonin et al.

~290eV was detected in O-g-C3N4/TiO»-1.5h
sample, which was accredited to C=0 or C-O
[8, 16, 17], suggesting the partial oxidation and
formation of oxygen functional groups.

The deconvolution of the Nls spectrum

showed the presence of two main peaks centered
at 398.5 and 399.8 eV, which were attributed to
sp*-hybridized nitrogen (C=N—C) and tertiary
sp>-hybridized nitrogen (N—(C);) atoms in the
carbon nitride network, respectively.

(Fig.3b) of the O-g-CsN4/TiO, composite
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Fig. 2. XPS survey (a) and Ti2p core-level spectrum (b) for the composite O-g-C3N4/TiO,-1.5h

The deconvolution of the Ols spectrum of
the O-g-C3N4/TiO, composite showed the
presence of two main maxima (Fig. 4). These
peaks at binding energies about 531.5 and
529.4eV in the high-resolution Ols XPS
spectrum can be assigned to oxygen atoms in O-
doped carbon nitride (C=0, C-0O) and rutile
(Ti—0), respectively. It is important to note that
in the binary composite sample (O-g-C3N4/TiO5)
the Ols signal intensity of oxygen-containing
groups (C=0, C—0) is significantly stronger than
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that of Ti-O. (In accordance with XPS results,
the content of oxygen bound to carbon in the
0-g-C3N4/Ti0,-1.5h sample is 5.6 %).

Further demonstration of the formation of
0-g-C3Ny4 on rutile TiO» nanopowder surface is
given by FTIR spectra (Fig. 5). IR spectra of all
the samples (Fig. 5) contain, first of all, the peak
near 810 cm™!, which could be ascribed to the
characteristic out-of-plane bending mode of
tri-s-triazine (heptazine) units in both g-C3;N4 and
0-g-C3N4 [18, 19]. Besides, in the IR spectra of
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all samples there are several distinct intensive
absorption bands in the 1200-1650 cm™ region,
which also are characteristic for g-C3;N4 and

0-g-C3Ns [18,19] and correspond to the
stretching vibrations of aromatic CN bonds in
condensed nitrogen-carbon heterocycles.
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Fig. 3. High-resolution XPS Cls (a) and N1s (b) core-level spectra for the composite O-g-C3N4/TiO,-1.5h

It should be noted that the IR spectrum of a
sample O-g-C3N4/TiO,-1h (Fig. 5, curve 2),
which obtained with a shorter heat treatment
time (1 h), is weakly structured. As one can see
from the Fig. 5, curve 3, in the IR spectrum of
obtained with a longer thermal treatment (for
1.5h) sample 0O-g-C3N4/TiOz-1.5h (which
contains more than 5% oxygen) there are
absorption bands characteristic of heptazine
fragments of the g-Cs3N4 structure, as well as
bands of the —OH, >C=0 and —-COOH groups,
which are characteristic only for oxidized carbon
nitride. The peak at 1089 cm™' is attributed to the
stretching vibration of C—-O, together with the
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N-H and O-H signals around 3000-3600 cm™'
generally related to the presence of hydroxyl
groups. Most intensive signal becomes to emerge
at ~ 1750 cm™', which suggests the formation of
carbonyl (carboxyl) groups. The presence of
carboxyl groups is an evidence of a stretching
band at ~2700 cm™!, characteristic for bond
—O-H of carboxyl group. Note that the presence
oxygen-containing functional groups which
confirms the oxygen is doped into O-g-C3Ns4
lattice, is in good agreement with the literature
data [8,12,14,16,28]. However, some
researchers believe (and provides convincing
evidence also) that O doping preferentially
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occurs at two-coordinated N  position
[10, 13, 15]. So, in [10] by experiment and DFT
computation were identified that oxygen atoms
preferentially replaced nitrogen atoms at two-
coordinated N position. According to [10], after

6000

Ar" etching to remove surface layer, O-g-CsNy
sample still shows this lattice oxygen,
confirming that O atoms are uniformly doped in
the matrix.
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Fig. 4. High-resolution XPS Ols core-level spectrum for the composite O-g-C3N4/Ti0,-1.5h
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In attempt to obtain more evidence relative
to the structure alternation due to the O doping,
in [15] EPR was conducted to detect the spin
state of unpaired electrons. The bulk g-CsN4
exhibits one single Lorentzian line with a g
factor of 2.003 due to the unpaired electron of
the m-bonded aromatic rings [15]. It has been
found [15] that in the EPR spectrum of O-doped
carbon nitride a shoulder peak appears, probably
because substituting the sp® N atom in the
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IR spectra of: I — g-C3N4, 2 — composite O-g-CsN4/TiO,-1h, 3 — composite O-g-C3;N4/TiO>-1.5h,

heptazine unit with an O atom creates one
unpaired electron. Thus, oxygen position in
O-modified carbon nitride network currently still
under discussion. Probably in the structure of the
0-g-C3N;y lattice, both the addition of oxygen in
the form of functional groups and the
substitution of two-coordinated nitrogen with
oxygen is possible. So, according to [13], the
FTIR spectrum and XPS analysis of Ols and
Cls verifies that doping O atoms either take the
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place of two-coordinated nitrogen atoms or exist
as hydroxide radicals linked to C atoms in the
C=N—-C ring.

For the O-g-C3N4/TiO, samples, despite the
strong light scattering of TiO, at low
wavenumbers as well as the fact that he surface
of the particles of rutile powder is almost
completely covered with O-doped carbon nitride

K-M

(according to XPS), a weak wide signal near
800 cm™' was observed (Fig. 5, curves 2, 3).

UV-vis diffuse reflectance spectra (DRS)
were used to study the light absorption properties
of pure O-g-C3Ns and O-g-C3;N4/TiO, rutile
composite compared to pristine rutile phase TiO;
and undoped g-C3;Ny (Fig. 6 a).

(othv)”z

hv, eV

Fig. 6. UV-Vis diffuse reflectance spectra of the powders converted by the Kubelka-Munk function (a) and
estimation of band gap energies E; (b) of: I — g-C3N4, 2 — O-g-C3N4, 3 — composite O-g-C3N4/TiO»-1h,
4 — composite O-g-C3N4/TiO»-1.5h, 5 — pure TiO, samples

The optical absorption spectra reveal that the
pure undoped g-CsN; and rutile phase TiO»
samples feature an intrinsic semiconductor-like
absorption in the blue region of the visible
spectrum and ultraviolet region respectively.
There is a bathochromic shift of the absorption
edge which expands to the significant part of the
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visible light region for all synthesized powders
doped with oxygen (from 460 nm for undoped
g-CsNy to 600 nm with absorption trailing
extended to more than 700 nm for O-g-C;N4 in
g—C3N4 — O—g—C3N4/Ti02—1h — O—g—C3N4/Ti02—
1.5h — 0O-g-C3N4 range). It is assumed that in
comparison with bulk g-C3N4, the absorption
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band edge of O-g-C;Ny is red shifted due to the
presence of O-doping, and samples with more
O-dopants show more obvious red shift [10].
The absorption band edge of O-g-C3;N4/TiO;
composite is located between pure TiO; and
oxygen modified O-C3;N4 samples, which further
confirmed the electronic coupling of these two
components in the O-g-C3N4/TiO; hetero-
junction. Overall, the absorption intensity of all
oxygen-doped samples (pure  O-g-CsNy,
0-g-C3N4/TiO2-1h and  especially  O-g-
C3N4/Ti0O,-1.5h) is significant higher than that of
pristine g-C3N4 in the full spectrum and the
absorption edges of oxygenated products are red
shifted. It is assumed [13], that the red shift in
the absorption wavelength indicates that the
introduction of oxygen results in the absorption
of more light energy to produce more
photogenerated electron-hole  pairs, which
contribute to the improvement in the
photoactivity of the catalysts. The band gap
energies of the materials were estimated by the
Kubelka—Munk equation by transforming the
spectra into (ahv)"? versus hv (for g-CsNy, the n
is %2 for the indirect band gap semiconductor).
The band gap energy (E;) estimated from the

intercept of the tangents to the plots of (ahv)"? vs
photon energy decreases in the range O-g-C3Ny4 <
0-g-C3N4/TiO2-1.5h <  0-g-C3Nu4/TiOr-1h <
g-C3N4 < TiO; (rutile phase) and has values of
2.2, 2.3, 24, 2.6, and 3.0 eV, respectively, as
shown in the Fig. 6 b. The obtained data confirm
that the construction of heterojunction structure
can be responsible for the overall improvement
of light adsorption intensity and show the
possibility of practical use of oxygen-doped
0-g-C3N4/TiO, composite in photocatalysis.

CONCLUSIONS

Novel composite material O-g-C3N4/TiO»
rutile with photoactivity in significant part of
visible light spectral diapason was obtained.
Thus, the integration of two favorable
characteristics (heteroatom introducing and the
construction of heterojunction structure) in the
novel composite O-g-CsNu4/TiO; (rutile phase)
may be used as a cost-effective way to avoid the
drawbacks of each component and realize a
synergic effect in promoting the -efficiently
transfer of photo-generated electron-hole pairs to
restrict the recombination, thus boosting the
photocatalytic activity.

Cunre3 komno3uTHoro marepiany O-g-Cs;N4/TiO2 pyruan
1J1s1 GOTOKATATITHYHOTO 32CTOCYBAHHS

M.E. Bonnapenko, I.M. Cuienxo, FO.M. Cogonin, H.I. I'y6apeni, O.10. Xuxkyn, H.}O. Ocranoscska

Inemumym npobnem mamepianoznascmea im. 1. M. @panyesuua Hayionanonoi akademii Hayk Yrpainu
eyn. Kporcuocanoescwvroeo, 3, Kuis, 03142, Ykpaina, mebondarenko@ukr.net

Cmeopenns cyuachux mamepianie, wo 3a0e3neuyioms GUKOPUCMAHHS COHAUHO2O0 BUNPOMIHIOBAHHS SK
He8UYEpnHO2o Odicepena BIOHOBNIOBAHOI I eKONI02IYHO YUCmoi eHepeii — 0OHe 3 HalOilbi AKMYyalbHUX 3a80dHb
mamepianosnascmea. Haykoei 0o0cniOdceHHs 6 HANPAMKY BUPIUWEHHS UYb0O2O BANCIUB020 3A60AHHSA NOKA3AIU
OOYiNbHICMb BUKOPUCMAHHA (DOMOKAMANIMUYHUX NPOYeCi8 3a y4acmioo Hanienpogionukosux cucmem. OOuH 3
Haubinew eidomux kamanizamopie Oioxcuo mumany TiO> mae omoaxkmuenicmv minokKu 6 yibmpagionemosit
obracmi cnekmpd, WO ICMOMHO 00OMeNCYE U020 BUKOPUCMAHHA. 3ACMOCYBAHHA KAMANi3amopa HA OCHOSI
Heoonoeano2o  epagimonodionozo  uimpudy eyeneyio g-C3Ny abo komnosumy g-C3NJ/TiO; 0osgonse
BUKOPUCIMOBYB8AU TINbKU YACTMUHY 8UOUMO20 CHEKMP)Y COHAYHO20 BUNPOMIHIOBAHHA (3 O0BXHCUHOIO XBUNI MeHue
460 nm). Bcmanosneno, wjo oonyeamus Himpudy Gyeaeyro KUCHEM 3HAYHO NOKpawyc 1oeo gomoxamanimuyni
enacmusocmi. Takum uunom, 01 NiOGUUWEHHS YOMOKAMANIMUYHOI  AKMUBHOCMI  HANIGNPOGIOHUKOB020
gdomoxamanizamopa xopowioro cmpamezielo € noconanus O-oonosarnozo g-C3Ny (O-g-C3Ny) 3 pymunom TiO..
Hosuti  komnosumuuii mamepian O-g-C3NJ/TiO, 6ye cunme3zo8anuil 2a3opasHum memooom 3a 00NOMO20H
ocaoocennsn O-donosanoeo g-C3Ny Ha 4acmuHKi NOpowKy pymuny 6 OCOONUGUX PeaKyiliHux yMOo8ax Niponizy
menaminy. Ompumannsa Oinaproco xomnosumy O-g-C:Ny/TiO; 0yro niomeepoxiceno pisHUMU AHATIMUYHUMU
Memooamu, BKIUAIOYU DPEeHM2eHIBCbKY NopowiKkosy ougpakyuro, iHpauepeoHy cnekmpockonio 3 @yp’e-
nepemeopeHHAM, DeHMeHIBCbKY (DOmOoeNeKmMpPOHHY CNeKMpPOCKOnilo 1 cnekmpu Ougysnoeo iobumms 6
yaempagionemogomy ma euoumomy dianasouax. Bcmanoeneno, wjo 6 cnekmpax NOIUHAHHA NOPOUWIKIE
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0-g-C3Ny/TiO; cnocmepieacmvbcs  6AMOXpOMHULL  3CY8  00820X8UNLOBO2O  KpAr cMyeu QyHOAMEeHMATbHO20
noznunanns (00 600 um) gionocrno cmyeu noznunanus g-C3Ny/TiOz (~ 460 um). B pezynomami gpomovymiausicmo
0-g-C3Ny/TiO, cnocmepicacmvbcsi 6 3HA4HOI yacmuHu uUOUMOi obnacmi cnekmpa, a WUpuHa 3a00pPOHEHOI 30HU
CUHME3068aH020 NPOOYKMY cmanosums menue 2.4 eB npomu 2.7 eB ona neoonosanozo g-C3Ny abo g-CiN4/TiO..
Oonocmaoiunuil memood cmeopenHs cemeponepexionoi cmpykmypu — komnosumy O-g-C:Nyg/TiO; mooce 6ymu
BUKOPUCMAHULL K eKOHOMIYHO SUCIOHULL CNoCiO YHUKHYMU HEeOONIKI8 KONCHO20 KOMWOHEHMA I peani3yeamu
cuHepeemuyHull egekm 68 CHpusHHI 2eHepayii I po3nodiny HOCI8 3apsady, MAaKuM YUHOM HOCUTIOIOHU
gdomorxamanimuyny akmuericmos mamepiany 011 6inbuL eheKMUEHO20 BUKOPUCMAHHS COHAYHOL enepeil.

Knrouosi cnosa: xomnosum O-g-C3Ny/TiO, O-oonoganuii Himpuo @yereyio, pymul, QOmMOKaAmanizamop,
MenamiH, niponiz

Cunre3 komnosutHoro marepuaja O-g-C3Ny/TiO: pyrna
A8 (POTOKATATMTHYIECKOT0 NPHMMEHEeHH

M.3. bBounapenko, [1.M. Cuienko, F0.M. Cononun, H.U. I'y6apenn, O.10. Xu:kyHn, H.1O. OcranoBckas

HUnemumym npobaem mamepuanosedenus um. U.H. @panyesuva Hayuonanenou akademuu Hayk YxpauHol
ya. Kpoarcusrcanosckoeo, 3, Kues, 03142, Yxpauna, mebondarenko@ukr.net

Co30anue co8peMeHHbIX MAmepuanos, 00eCneuusarouux UCNOIb306AHUE COJHEYHO20 U3NYYEHUS. 8 Kauecmee
Heucuepnaemo20 UCmoYHUKA 60300HOGIAEMOU U IKOLOSUYECKU YUCTOU dHEp2ul — 0OHA U3 HAuboLee AKMyalbHblX
3a0au mamepuanosedenus. Hayunvle ucciedosanusi 6 HANPAGICHUU peuleHuss SMOoU BAdICHOU 3a0ayu NOKA3AIU
YenecoodpasHOCms UCNOAb306AHUS. (DOMOKAMATUMULECKUX NPOYECCO8 C YH4aACmueM NOoaynpo8OOHUKOGIX CUCTEM.
Ooun u3 Haubosee uzeecmuvix Kamaiuzamopos ouoxcud mumana TiO, obradaem PomoaxmueHOCHMbIO MOILKO 8
VIbMPaduonremoso 0oracmu  CREKmpd, Ymo CYUWECMBEHHO O02panudusaem e20 ucnoivzosanue. Ilpumenenue
Kamanu3amopa Ha OCHOBe HEeOONUPOBAHHO20 2pagumonododbnoco numpuoa yeaepooda g-C3Ny umu xomnozuma
g-C3Ny/TiO; nossonsiem ucnonb306ams mMoabKo 4dcmb GUOUMO20 CHEKMPA CONHEYHO20 U3NYYEeHUs (C ONUHOU 60IHbI
menee 460 um.) Yemarnogieno, umo O0Onuposanue HUumpuoa yeiepood KUCIOpoOOM 3HAYUMENbHO VIYYUdem e2o
@domokamanumuueckue ceoticmea. Taxum o00pazom, 01 NOGLUUEHUS (HOMOKAMATUMUYECKOU aKMUBHOCMU
HONYNPOBOOHUKOB020 homokamanuzamopa xopowiel cmpamezuetl asisemcs covemanue O-oonuposannozo g-C3Ny
(O-g-C3Ny) ¢ pymunrom TiO;. Hoewuii komnozumnoiii mamepuan O-g-Cs3Ny/TiO; 6vin cunmesuposan 2azophasHuim
Memoodom nocpeocmeom ocadxcoenus O-odonuposannozo g-C3Ny Ha uyacmuyvl nopowka pymuia 8 0coOblx
DEaAKyUoHHbIX  YCA08UAX nupoauza meramuna. Ilonyuenue 6unaproco komnosuma 0-g-CiNyJ/TiO; 6wviio
HOOMBEPIHCOCHO PANTUYHBIMU AHATUMUYECKUMU MEMOOAMU, BKIIOYAsl PEHM2EeHOBCKYI0 NOPOUKOBYIO Oudpaxyuio,
ungpakpacnyio cnekmpockonuio ¢ Qypve-npeodbpazoeanuem, peHmeeH08CKyI0 QOmoINEeKMpPOHHYIO CREKIMPOCKORUIO
u cnexkmpuvl Ouphysno2o ompasiceHuss 8 Yibmpa@uoiemogom U SUOUMOM OUANA30HAX. YCMAaHOGIeHo, 4mo 6
cnexkmpax noenoujenuss nopoukoe 0-g-C3Ny/TiO; nabmodaemcs 6amoxpommuvli cOgue ONUHHOBOIHOBOZO Kpasi
noaocel YyHoameHmanvbHo2o nozioujerus (00 600 um) omuocumenvno nonocvl nocnoujerusi g-C3;Ny/TiO; (~ 460 Hm).
B pezynemame pomouyscmeumenvrnocmo O-g-C3N4/TiO;r nabmodaemes 6 3HAUUMENbHOU YaACmu UOUMOU 00aacmu
CReKmpa, a WUPUHA 3anpeujerHoll 30Hbl CUHME3UPOBAHHO20 NPOOYKMa cocmaegisiem mernee 2.4 3B npomue 2.7 5B
ons Heoonupogarnozo g-C3Nyunu g-C3Ny/TiO;. OoHocmaduiinwlii Memoo co30anusi 2emeponepexooroll CImpyKmypbl
— komnosuma O-g-C3Ny/TiO; mooicem 6vimb UCHONL30BAH KAK IKOHOMUYECKU BbI2OOHBIL Cnocob uzbedcamo
He0OCmamK08 Kancoo20 KOMNOHEHMA U pednu308ambv CuHepzemudeckutl dpgexm 6 coldelicmeuu cenepayuu u
pazoenenuio Hocumeinell 3aps0d, MmaKum 0Opa3oM YCUmuds omoKamaiumuieckylo aKkmugHoOCmb Mamepuana s
bonee d¢hhexmusHo20 UCNONL30BAHUS COTHEUHOU IHEP2ULL

Knrwoueswie cnosa: O-g-CsN/TiO;, O-donuposannviti HUmpuo yenepood, pymui, homokamanuzamop, Meramun,
nuponu3
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