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The use of oxygen modified graphite-like carbon nitride (C3N,Oy), photosensitive in the visible region of the
optical spectrum, along with TiO,, photocatalytically active only in the ultraviolet region of the spectrum, in the
C3N,O/TiO; binary photocatalyst, opens a possibility of the use of sunlight energy. To increase opportunities of
various kinds of photochemistry-related applications of C3N,O,/TiO: photocatalyst, the phase composition of the
TiO, matrix and morphology of nanoparticles of composite and their optical properties are very important. A novel
composite material, CsN,O,/TiO;, was synthesized in the present work in accordance with the approach developed in
Frantsevich Institute for Problems of Materials Science of NASU for the synthesis of powdered oxygen-doped carbon
nitride (C3N4Oy) by CVD method under the special reactionary conditions of the melamine pyrolysis, in particular, in
the presence of a fixed air volume. Deposition of C3N,Oy carried out on the surface of a nanostructured powdered
TiO; matrix of different phase composition, rutile or anatase. The deposition of CsN4Ox (~5 % O) on both rutile and
anatase nanopowders was confirmed by X-ray powder diffraction (XRD), scanning electron microscopy (SEM) with
energy-dispersive X-ray spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS) and ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis-DRS) methods. SEM
micrographs (recorded with a MIRA3 TESCAN scanning electron microscope) of nanoparticles of both C3N,O,/TiO;
composites (anatase and rutile phases) demonstrate the arrangement of TiO: as separate globular nanoparticles and
clusters between the plates and in the channels of the porous scaly plates C:N,O.. However, the anatase phase
nanoparticles (synthesized in IPM NASU) have a higher dispersion, the average size of non-aggregated almost
monodisperse particles is about 10 nm. Using UV/Vis spectroscopy, it has been found that a redshift of long-
wavelength edge of the fundamental absorption band of the spectra is observed when going from TiO, (anatase),
TiO; (rutile), C3Ny, C3N,O/TiO; (anatase), C:N,O/TiO; (rutile) and, then, to C3N,Oy, and the band gap decreases
from 3.2, 3.0, 2.6, 2.4, 2.25 to 2.1 eV in the above sequence of materials. In such a case, CsN,O\/TiO; (especially
deposited on anatase phase) would absorb more visible light than g-C3N, and TiO;, by generating more charges
which favor the improvement in the photoactivity of the catalysts.
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INTRODUCTION way to the hydrogen synthesis by water
photolysis, wastewater treatment and pathogenic
microorganisms inactivation effectively, due to
its superior photocatalytic oxidation performance
and stable characteristics [1,2]. Indeed, it is
known that the use of unmodified TiO; as a
photocatalyst is limited by a number of
drawbacks, in particular, by the low quantum
efficiency of the process due to the high rate of
recombination of photogenerated electron-hole
pairs, and the absorption spectrum limited by the
ultraviolet region, which uses less than 7 %
radiation from the sun for energy producing.
Doping TiO, with various elements or

The environmental pollution and energy
crisis become an increasing threat to the
development of human society. Nowadays, the
major challenge is to find new environmentally
friendly ways to produce energy that may cover
the global consumption, like the direct
conversion of solar energy to an energy carrier
(fuel, such as hydrogen obtained by
photocatalytic water splitting), storable and
usable upon request. The elaboration of new
energy transforming systems using
photocatalytic properties of TiO,-based or
carbon nitride (g-CsN4) systems is a promising
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combination TiO, with another photocatalyst
could open an opportunity to increase its activity
[3-5].

In recent years graphite-like carbon nitride
g-C3N4 has attracted broad interdisciplinary
attention in solar energy conversion because of
the excellent stability to photocorrosion and
chemical corrosion, nontoxicity and low band
gap being in the range 2.6-2.7¢V [6]. It is
believed that the low electrical conduction of the
pure g-C3Ns and the rapid photoelectron
depletion cause an undesirable photon harvesting
[6]. The authors of the review [6] highlighted
that the wvariety of protocols involving
heteroatom doping, morphology modification,
hybrid copolymerization, exfoliation and co-
catalysts had been employed to overcome these
barriers and enhance the photocatalytic activity.
The doping of carbon nitride by oxygen has been
applied to extend the light absorption region of
carbon nitride and, therefore, significantly
improve its photocatalytic properties. It has been
reported that O-g-C3N4 catalyst exhibits
outstanding photocatalytic activity towards water
splitting and organic pollutant degradation with
simultaneous H» production under visible light
[1,7-12]. For example, use of ozone treated
carbon nitride increases the rate constants of
photocatalytic rthodamine B (RhB) degradation
by ca. 6times [10], accelerates the
photodegradation of methylene blue (MB) by a
factor of 5 and reveals twofold boost of the
generation of H» compared with untreated
graphitic carbon nitride [11]. The authors [8]
reported the remarkable hydrogen evolution rate
under catalysis by oxygen modified C3N4 sample
compared with undoped g-C;N4, that was
attributed to the synergy between extended
visible light response, better separation of the
photogenerated charge carriers and the enlarged
specific surface area. It was assumed [12] that
the significant enhancement of photocatalytic
activity of O-doped carbon nitride could also be
ascribed to the synergistic effects of narrowed
band gap and improved charge transfer
efficiency. Note that the most described methods
of carbon nitride oxygen functionalization are
multi-stage (at least two-stage). They involve
post-synthesis treatment with ozone, nitric acid
or hydrogen peroxide of pre-synthesized
undoped g-C3Ny4 [11, 13-16]. For example, in
[13], O-g-C3Ns; was obtained by preliminary
synthesis of non-oxygen contained g-CsN4
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followed by prolonged (more than 10 h)
treatment with hydrogen peroxide in a Teflon
autoclave at 140 °C. At the Frantsevich Institute
for Problems of Materials Science of NASU
(IPM), a one-stage method of direct synthesis of
oxygen-doped carbon nitride under special
conditions of pyrolysis [17] of pyridine [18, 19],
melamine [20], urea [21-23] or a mixture of
cyanuric acid and urea [24] was proposed.

In the present work, we focus on a study of
the photocatalytic TiO,-based system associated
with O-doped graphitic carbon nitride (C3N4Ox)
[25], since the oxygen-modified graphitic carbon
nitride samples synthesized in the IPM exhibit
photosensitivity practically in the entire region of
the visible spectrum. A number of publications
are known to support the high photocatalytic
activity of composites based on undoped g-C;N4
deposited on the surface rutile [26, 27], anatase
[2,3,28-32] or comprises both anatase and
rutile phases [33] TiO, matrix. For example,
g-C3N4/TiO, (anatase phase) binary
nanocomposite exhibits excellent bactericidal
efficiency against Escherichia coli (E. coli) as a
visible-light activated antibacterial coating [29].
The authors [29] attribute the bactericidal
properties of the g-CsN4/TiO> composite to the
formation of photo-promoted electrons that react
with air oxygen to form superoxide radicals and
related strong active oxidizers to deactivate
bacteria cells under visible light. It is assumed
that g-CsN4 acts as visible light absorber
(sensitizer) that (based on relative energetic
positions of the band) forms a junction with TiO»
to facilitate electron hole separation, and, thus,
suppresses recombination. In addition, the
storage stability of g-C3N4/TiO, samples is very
high: the samples keep ~99 and 94 % their
bactericidal activity against E. coli after storage
in dark and visible light at room temperature for
3 months, respectively. It was found [31] that the
visible-light-induced photocatalytic degradation
of methylene blue (MB) was remarkably
increased upon formation of TiO,/g-C3N4 couple
and the best degradation performance of 70 %
was obtained for 50 wt. % g-C3Ns loading.
Based on the results obtained, the possible MB
degradation mechanism is ascribed mainly to the
generation of active species induced by the
photogenerated electrons. The authors [27]
report that the g-C3;N4 (quantum dots) modified
rutile TiO; (rTiO») hybrid (with nominal 15 at. %
CsNy loading) revealed the highest photocatalytic
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activity among all the studied photocatalysts,
used for degradation of toxic dye RhB or
photocatalytic decomposition of NO, under
visible light irradiation. Results described in [32]
showed that the photocatalytic rate of Orange II
(AO7) degradation under catalysis of the
prepared g-C3;N4/TiO, photocatalyst was about
three times higher than that of pure TiO, and
g-C3Ny. It was suggested that the enhancement
of photocatalytic activity can be attributed to the
formation of heterojunctions between g-Cs3N4
and TiO,, which leads to rapid charge transfer
and the efficient separation of photogenerated
electron-hole pairs. In the research [3], TiO»
(anatase)/g-CsNy nanocomposites were
fabricated by three distinct synthetic protocols
(co-calcination, solvothermal treatment and
charge-induced aggregation), showing different
degrees of (1.4-6.1 fold) of the visible-light
induced photocatalytic hydrogen evolution
reaction enhancement compared to the simple
physical mixture. The authors [3] propose that
the interfacial Ti-O-N covalent bonding
promotes the charge carrier transfer and
separation more effectively than the electrostatic
interaction, thus accelerating the photocatalytic
H, production. Meanwhile, the authors [3] attract
attention to the fact that the exposed surface area
of TiO; in the composite needs to be enlarged for
the co-catalyst deposition. We think that it is
essential for extension the possibilities of various
types of photochemical applications of the
C3N4O,/TiO; photocatalyst, and it is important to
study the effect of the phase composition of the
TiO; matrix on the morphology of composite
nanoparticles and their optical properties.

EXPERIMENTAL

Powdered CsN4Oy (~ 5 % O) was obtained in
accordance with the developed at Frantsevich
Institute for Problems of Materials Science of the
National Academy of Sciences of Ukraine
(IPM NASU) facile one-step procedure for the
synthesis of oxygen modified graphite-like carbon
nitride at using various precursor [21-24]
(melamine, in the present study) [20]. To produce
a partially oxidized material, the melamine
powder in the open ceramic crucible was placed
in a tubular quartz reactor. For the present
experiments, the synthesis of O-doped carbon
nitride was carried out at heating a ceramic
crucible up to 550 °C under ambient pressure.
Pure C3N4Ox and TiO,, both rutile and anatase
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phases, were used for comparison. The
deposition of oxygen-doped carbon nitride on a
rutile or anatase nanostructured powdered matrix
was carried out in accordance with the gas-phase
method of direct synthesis of an individual
C3N4O4 powder under special reaction conditions
for melamine pyrolysis [20, 25]. The peculiarity
of the one-stage method (excluding the
preliminary synthesis of oxygen-free g-C3Ny
with its subsequent oxidation) for the preparation
of oxygen-doped carbon nitride is that C3N4Ox is
formed in the presence of a fixed volume of air
in the vapor-gas reaction space and is
predominantly localized by means of deposition
at lower temperatures (relative to the most high-
temperature zone of localization of the
precursor) zones of the quartz reactor. In order to
obtain the nanostructured products CsN4Ox/TiO;
(rutile phase) and C3N4Ox/TiO; (anatase phase),
the studies were carried out by varying various

technological (selection of the  CsN4Ox
localization zone on anatase or rutile
nanostructured ~ powders) and  reaction

(temperature and heating time of the precursor in
the highest temperature zone) parameters.
Samples of pale yellow powders of C3N4Ox/TiO;
composites (both rutile and anatase phases) were
obtained by heat treatment of melamine at
520-580 °C for 0.5-1.5h. Pure rutile and
anatase powders and synthesized O-doped carbon
nitride powder, C3N4O/TiO; (rutile phase) and
CsN4Ox/TiO, (anatase phase) composites were
denoted as TiO;-R, TiO-A, C3N4Ox,
C3N4O/TiO2-R, C3N4O/TiOs-A, respectively.

Synthesis of oxygen-doped carbon nitride
(C3N4Ox) (=5% O) on the surface of the
nanostructured powdered TiO, matrix of
different phase composition, rutile or anatase, is
confirmed through various analytical techniques
including X-ray powder diffraction (XRD),
scanning electron microscopy (SEM) with
energy-dispersive X-ray spectroscopy, Fourier
transform infrared spectroscopy (FTIR), X-ray
photoelectron  spectroscopy  (XPS)  and
ultraviolet-visible diffuse reflectance spectra
(UV-Vis-DRS) methods.

The crystal structures were determined by
powder X-ray diffraction (XRD) with a
DRON-UM diffractometer using Cuk, radiation
(=154 A) and a nickel filter. The powder
X-ray diffraction measurements were carried out
for 20 in the range from 5 to 60 °.
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The microstructure of the synthesized
samples was verified by scanning -electron
microscopy (recorded with a MIRA3 TESCAN
scanning electron microscope) equipped with an
energy-dispersive X-ray spectrometer.

The surface compositions and elemental
chemical states of the samples were examined
using X-ray photoelectron spectroscopy (XPS)
with a spectrometer manufactured by SPECS
Surface Nano Analysis Company (Germany)
equipped with a MgK, X-ray source. The system
is equipped with a PHOIBOS 150 hemispherical
analyzer. The energy scale of the spectrometer
was calibrated by setting the measured Au 4f7,»
and Cu 2ps, binding energies to 84.00+0.05 eV
and 932.66+0.05 eV, respectively, with regard to
EF.

Fourier transform infrared spectroscopy
(FTIR) in the reflectance mode was employed in
the measuring range of 4000-400 cm
wavenumbers with the spectral resolution of
8 cm ' using a Nexus Nicolet FTIR spectrometer

16000
0-CNO

3 4 " x

R - rutile
14000 -

A - anatase

12000

(Thermo Scientific) equipped with a Smart
Collector reflectance accessory. The samples
were finely ground with KBr (in 1:100 ratio) for
the transparent pellets.

Diffuse reflectance spectra (DRS) of the
powders were recorded in the spectral range
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 [34]. The band gap energy was
determined by plotting (a4v)"?vs photon energy.

RESULTS AND DISCUSSION
XRD analysis (Fig. 1) was performed to
investigate the phase structure of the

C3N4O/TiO2-R and C3N4Oy/TiO2-A  composite
samples, as well as the pure TiO, anatase
(synthesized at the IPM NASU), TiO; rutile and
O-modified carbon nitride CsN4Oy samples.
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Fig. 1. XRD patterns of: / — pure TiOz-A, 2 — C3N4O/TiO2-A composite, 3 — pure CsN4Ox, 4 — C3N40,/TiO2-R

composite and 5 — pure TiO,-R samples
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In accordance with the one-stage method
presented in the Experimental section, due to the
heat treatment of melamine in the highest
temperature reaction zone, for the ceramic
crucible with TiO, powder placed in lower
temperature zone, the pale yellow colored
powder C3N4Ox/TiO: products are formed. With
an increase in the synthesis temperature and the
time of heat treatment, the color intensity of the
obtained products increases. It should be noted
that reflexes of residues of the precursor
(melamine) are observed in the spectra of the
samples obtained at 520-530°C and heat
treatment for 0.5h. On XRD patterns of
CsN4Ox/TiO2-A (Fig. 1, curve 2) and
C3N4O/TiO-R  (Fig. 1, curve 4) composite
samples, obtained at 565 °C for 1.5 h, the phase
of precursor is not detected any more. As shown
in Fig. 1, the XRD pattern of pure TiO,-A as
well as C3N4O¢/TiO-A  composite evidence
peaks at 25.4°, 37.0°, 37.9°, 38.7°, 48.3°, 54.1°
and 55.4°, which correspond to (101), (103),
(004), (112), (200), (105) and (211) planes of the
crystal facet of anatase TiO» (JCPDS No. 21-1272),
respectively. Similarly, there are strong peaks
characteristic for the rutile phase (JCPDS
No. 21-1276) with the most intense reflexes at
20 =27.4° (110), 36.2° (101) and 54.4° (211) on
the XRD pattern of the CsN4O/TiO2-R
composite and pure TiO»-R samples.

There are known two typical diffraction
peaks at approximately 260 =12.40° and 27.49°
in XRD patterns of undoped graphitic carbon
nitride, corresponding to the (100) and (002)
planes of g-C3N4, which are attributed to the in-
plane structure of tri-s-triazine units and the
interlayer stacking of conjugated aromatic
groups, respectively (JCPDS 87-1526). The
reflex at 20 =27.49 °© characterizes the distance
(~0.324 nm) between adjacent nitride-carbon
monolayers. Broadening and decreasing the
intensity of this peak on the X-ray diffraction
pattern of CsN4Oy (Fig. 1, curve 3) is associated
with disordering of the layered structure of
oxygen-doped carbon nitride due to the presence
of  oxygen-containing functional  groups
[20, 24, 25]. In addition, the extremely weak
peak at 12.40° almost invisible on XRD pattern
in the O-modified sample (C3N4Oy) indicates the
dearomatization of some triazine units in such a
case [8]. The appearance of an additional reflex
at 20=2145° (d=0.414nm) on the X-ray
diffraction pattern of O-doped carbon nitride is
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caused, as suggested in [8, 20, 24], with partial
distortion of the planarity of its polymer network
((CeN7)-N),. This is due to the oxidation of
g-C3N4, which may give rise to the
dearomatization of some heterocycles (—C=N- to
—C(OH)-NH-). The dearomatized heterocycles
can also deform the planarity of a heptazine
plane and promote the formation of an additional
much bigger interplanar distance [8, 20, 24]. To
confirm the obtaining of binary composites, it is
important to note that on the XRD patterns of
both products C3;N4Ox/TiO»-A (Fig. 1, curve 2)
and GC3N4O/TiO-R  (Fig. 1, curve 4), the
broadened low-intensity peak at 27.49° as well
as a wide halo at 21.45° (which is characteristic
for O-doped carbon nitride) are also clearly
observed. However, for C3;NsO¢/TiO2-R
composite sample (Fig. 1, curve 4), one typical
peak of C3N4Ox (002) is less clearly observed due
to its coverage by rutile TiO; (110). With the use
of FT-IR, g-C3N4O«/TiO, composite was more
easily identified.

Fourier-transform infrared spectroscopy
(FT-IR) spectra of the experimental samples
(C3N40x, C3N40x/Ti02-A and C3N40x/Ti02-R)
shown in Fig. 2 clearly confirm the formation of
C3N4Ox on the surface of TiO, marix. FT-IR
spectra of pure melamine precursor and both
TiO; rutile and anatase matrix were used for
comparison. The characteristic signals for
C3N4Ox could be observed in the spectra of all
synthesized samples (Fig.2, curves 2, 3, 4)
indicating that the intact triazine structure
remains in the product after the deposition on the
surface of nanostructured TiO, matrix. The peaks
at 810 cm ™' and in the 1200-1650 cm™' region are
assigned to the out-of-plane bending vibrations
of triazine ring in the tri-s-triazine (heptazine)
units in C3N4Ox and the stretching vibrations of
aromatic CN bonds in condensed carbon-
nitrogen heterocycles, respectively. It is quite
logical that peak near 810 cm ' characteristic for
triazine ring is also observed in the spectrum of
the melamine precursor (Fig. 2, curve 7). Weak
line at 2148 cm™' associated with triple-bond
cyano groups in the synthesized material is
usually attributed to incomplete polymerization
of the precursor. A more detailed
characterization of carbon nitride absorption
bands in the 1200-1650 cm ™' region is presented
in the study [35]. The authors [35] suggest that
the bands near 1650—-1600 cm™' correspond to
double C=N bond stretching modes, whereas the
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band near 1500 cm™' is formed by a double ring
quadrant stretch mode. The group of absorption
lines near 14001450 cm™' presents tri-s-triazine
aromatic rings double bond C=N stretching
modes. The peaks in the 12001350 cm™' region
can be related to the C-N bonds stretching, in
particular, the strong band observed near
1320 cm™' characterizes the C-N stretch in the
threefold N-bridge linking the tri-s-triazine rings
[35].

Along with the signals typical for the carbon
nitride network, weak signals characteristic only
for oxidized carbon nitride and the oxygen-
containing functional groups (-OH, >C=0 and
—COOH), are detected in the spectra of all three
synthesized samples. The weak peak near
1080 cm™' is attributed to the stretching C-O
vibration, while the N-H and O-H bands around

3000-3600 cm™' are generally related to
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hydroxyl groups. Weak signal in the spectra of

composite samples becomes to emerge at
~1750 cm™ that suggests the formation of
carbonyl (carboxyl) groups. The presence of

carboxyl groups is an evidence of a stretching
band at ~2700 cm!, characteristic for —O-H
bond of carboxyl group. Note that, the presence
of oxygen-containing functional groups confirms
that oxygen is doped into the C3;N4Oy lattice
being in a good agreement with literature
[13, 14, 33,35-37]. However, as we noted
earlier in [25], oxygen position in O-modified
carbon nitride network is currently still under
discussion. Probably in the structure of the
CsN4Ox lattice, both the addition of oxygen in the
form of functional groups and the substitution of
two-coordinated nitrogen with oxygen are
possible.
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Fig. 2.

IR spectra: I — melamine precursor, 2 — pure C3N4Oy, 3 — C3N4Ox/Ti02-R composite, 4 — C3N4Ox/TiO2-A

composite, 5 — pure TiO»-R and 6 — pure TiO,-A samples

Pure TiO, (Fig.2, curves 5, 6) shows
characteristic broad absorption band in the FT-IR
spectra at 450-800 cm™'. As shown in Fig. 2, the
broad absorption band observed below 800 cm™
for neat TiO, could be attributed to Ti—O-Ti and
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Ti—O stretching vibration modes in both rutile and
anatase crystals [32,33]. For the C3;N4Oy/TiO»
samples, despite the strong light scattering of TiO»
at low wavenumbers as well as the fact that the
surface of the particles of anatase or rutile powders,
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probably, is almost completely covered with
O-doped carbon nitride, weak wide signals near
800 cm ' were observed (Fig. 2, curves 3, 4). In
addition, as can be seen from Fig. 2, the FT-IR
spectra of pure CsN4sOx and CsN4Ox/TiOs
composites show no much noticeable differences.
However, compared to pure C3;N4Oy, the FT-IR
spectra of both composites (C3N4Oy/TiO»-A and
C3N4O4/Ti0»-R) are weakly structured. This can be
associated with an increase in the degree of
disordering the structure of both samples based on
the C3N4Oy/TiO, composite.

Morphologies and microstructures of the
nanocomposites, pure O-doped carbon nitride,

View fleic: 8,52 pm
SEM MAG: 300 hx SEM M

Fig. 3.

SEM HV: 10.0 kV
View field: 2.72 pm
SEM MAG: 133 kx

Fig. 4.

MIRA3 TESCAN
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pure rutile and anatase matrices were studied by
SEM technique. The results are shown in Figs. 3
and 4. As seen from Fig. 3 a, pure CsN4Ox reveals
the lamellar stacking structure typical for undoped
g-C3N4 consisting of thin, continuous, and

wrinkleenriched nanosheets [32]. In general, the
O-doped carbon nitride material consists of
multiple layers of plane sheets covered with small
flat flakes and particles of different sizes being in
the range from several micrometers to 20 nm [35].
As shown in Fig. 3 b, ¢ neat TiO»-A as well as
irregular

TiOQ-R Of

particles.

comprised aggregates

SEM M

SEM microphotographs of the powders: pure C3N4Ox (a), TiO2-A (), TiO2-R (¢)

| R U

500 nm

WD: 3.85 mm
Det: InBzam

SEM HV: 10.0 RV
View fieid: 2.00 pm
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SEM images of composites C3N4O,/TiO,-A (a) and C3N40,/TiO,-R (b)
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SEM micrographs (Fig. 4) of nanoparticles
of both C3;N4Ox/TiO, composites (anatase and
rutile phase) demonstrate the arrangement of
TiO, as separate globular nanoparticles and
clusters between the plates and in the channels of
porous C3N4Oy plates. However, the anatase
phase nanoparticles have a significantly higher
dispersion, the average size of non-aggregated
almost monodisperse particles is about 10-20 nm
(a detailed study of the -characteristics of
synthesized at the IPM of NASU anatase
nanoparticles is presented in [38]). High-
resolution SEM showed that the TiO, matrix of
the anatase (Fig. 3 a) and rutile phase (Fig. 3 b)
consists of soft aggregates with sizes ranging
from 100 to 200 nm and from 100 to 300 nm,
respectively. Moreover, TiO,-A nanoparticles
are found to be completely embedded in the
carbon nitride lamellar structure and are well

dispersed on C3N4Oy (Fig. 4 a), indicating that
the presence of CsN4sOx suppressed the
aggregation of TiO- anatase nanoparticles.

Energy dispersive X-ray spectroscopy
(EDX) was used to investigate the composition
of C3N4O,/TiO; samples. As shown in Fig. 5, in
particular, the composition of C3N4Ox/TiO2-R
composite estimated with EDX analysis is
represented by only four main elements: carbon,
nitrogen, oxygen and titanium. It should be noted
that, according to EDX results, an increase in the
oxygen content in the composite is accompanied
by a decrease in the nitrogen content. This can
indirectly indicate on the substitution of two-
coordinated nitrogen with oxygen in the structure
of C3N4Oy lattice. These results confirm the
successful synthesis of O-doped carbon nitride
and loading C3N4Ox on TiO; matrix.
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SEM image and the composition of the material estimated with the EDX spectroscopy of C3sN4Ox/TiO>-R
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XPS was utilized to investigate the oxidation
state and surface chemical compositions of the
C3N4O/TiO-R and  C3N4O/TiO2-A  nano-
composites. As shown in Fig. 6, the core-level
spectra associated with C, N, O, and Ti are
detected in the survey XPS spectra of both
composites. No peaks of other elements were
found revealing that the Cs;N4Oy/TiO»-R and
C3N4O4/Ti02-A heterojunction photocatalysts are
mainly composed of C, N, O, and Ti elements;
this consequence is in agreement with the result
of EDX (Fig. 5). The XPS results presented in

Fig. 6 show that the spectra of the two
composites reveal no significant differences.

The high resolution XPS spectra of N 1s
electrons of both composites are shown in
Fig. 7 a. The deconvolution of the N1s spectrum
(Fig. 7 b) of the C3N4Ox/Ti02-R composite yields
the presence of two main peaks centered at 398.5
and 399.8 eV that can be attributed to N atoms
corresponding to sp*-hybridized nitrogen (C=N—C)
and sp’-hybridized nitrogen (N—(C);) atoms in
the carbon nitride network, respectively.

24000 N1s
210004 C KLL 0 1s
1 N KLL ) C1s
18000 - / O KLL Ti2p
= 4
8 15000 -
2 ]
2 120004 2
Q
E 4
9000 |
6000 -WWM
3000
. 1
0 T T T T
1000 800 600 400 200 0

Binding energy (eV)
Fig. 6. Survey XPS spectra: 1 — CsN4Oy/Ti02-A composite and 2 — CsN4Oy/TiO,-R composite
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500

ISSN 2079-1704. CPTS 2020. V. 11. N 4



Influence of the phase composition of the TiO2 matrix on the optical properties and morphology of deposited C3N4Ox

The XPS C 1s core-level spectra of the
C3N4O4/Ti02-R and CsN4Oy/Ti02-A samples are
presented in Fig. 8 a. The spectra can be
deconvoluted into three peaks, the most intensive
peak at 288.0eV is indicative of the
sp*-hybridized C (N=C-N bond) in the triazine
unit. The weaker C 1ls peak at 284.6 eV
corresponds to the C—C coordination and it is
always presented in the spectra of carbon nitride
that could be explained by hydrocarbon

8000

a N=C-N Cis

7000
6000
5000

4000

Intensity (ua)

2000

1000

T T
280 275

Binding energy (eV)

adsorption on the sample surfaces due to their
contact with laboratory air prior to the XPS
measurements started being in a good agreement
with literature [6, 11, 13, 14]. The third weak
peak is observed at ~290 eV as a result of the
incorporation of C=0 or C-O groups (as seen in
Figs. 8, 9) on the surface of the O-doped carbon
nitride materials [11, 13, 14], which is in
agreement with the FT-IR results.
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Fig. 8. C ls(a) and Ti 2p (b) XPS spectra: I — C3N4O,/TiO2-A composite and 2 — CsN4O,/TiO»-R composite
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As illustrated in Fig. 8 b, the Ti 2p spectra of
both C3N4Ox/TiO, composites have two peaks at
458.2 and 464.1 eV, corresponding to Ti2ps, and
Ti2p1» of TiO», respectively. It is important to
note that, according to XPS, the content of Ti on
the surface of both composites is no more than
4 wt. %, this result is in a good agreement with
the data by EDX. Hence, the surface of the
particles of both TiO, matrices is almost
completely covered with O-modified carbon
nitride. This fact explains the weak intensity of
the Ti 2p peaks on the survey XPS spectra.

In Fig.9a,b, the XPS O 1s spectrum
presents two characteristic peaks located at 531.2
and 529.4 eV corresponding to C—O bond in the
O-doped carbon nitride [13, 20, 24, 25] and Ti—
O bond in titanium dioxide, respectively.
According to the XPS results, on the surface of
the samples of both composites, the oxygen
content in C3N4Ox (O-C bond) is higher than the
oxygen content in the TiO, matrix (O-Ti bond).
For example, for CsN4Ox/TiO2-R sample, total
7.6 wt. % O is in satisfactory agreement with the
EDX results, while the oxygen contents in
C3N4Ox and TiO, are 4.9 and 2.7 wt. %,
respectively. These observations, together with
the SEM results, suggest the formation of
heterojunction between TiO, and C3N4Ox that
would be a successful system (especially
C3N4Ox/TiO2-A) to achieve the improved
electron-hole separation.

Surface modification would have a
significant impact on the light response
properties of the samples, characterized by
UV-Vis diffuse reflectance spectroscopy. Fig. 10
presents that the optical absorption capabilities
of undoped g-C;N4, rutile, anatase, synthesized
O-modified C3sN4Oy samples, C3N4O,/TiO»-R and
CsN4Ox/TiO2-A composite  samples  were
analyzed using UV—Vis absorption spectroscopy.
The optical absorption spectra reveal that the
pure anatase and rutile phase TiO, samples
feature  an  intrinsic  semiconductor-like
absorption in the ultraviolet region (with the
edge of the absorption band near 380 and
410 nm, respectively) as evidenced from Fig. 10
(curves 1, 2). Accordingly, both TiO, samples
reveal large band gaps characteristic for titanium
dioxide, in particular ~ 3.2 and ~3.0eV for
anatase and rutile, respectively (Fig. 11,
curves 1/, 2).

The undoped g-C3;N4 sample shows a typical
feature of a photosensitive semiconductor
possessing an intrinsic characteristic absorption
peak with long-wavelength edge of the
fundamental absorption band at ~460 nm
(Fig. 10, curve 6), corresponding to the band gap
energy of 2.6 eV for photoexcited electron, as
shown in Fig. 11 (curve 6). Such a feature is
attributed to the lone pair of electrons of
nitrogen atom in valance band jumping into
the m bonding electronic conduction band.

200 400

Fig. 10.

A, NM

600 800

UV-Vis diffuse reflectance spectra converted by the Kubelka-Munk function: / — pure TiO,-A, 2 — pure

TiO2-R, 3 — C3N4O/TiO,-A composite, 4 — CsN4O/TiO,-R composite, 5 — pure C3N4Ox and 6 — undoped

C3N4 samples
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4 — C3sN40/TiO2-R composite, 5 — pure C3N4Ox and 6 — undoped C3N4 samples

There is a bathochromic shift of the absorption
edge which expands to the significant part of the
visible light region for all synthesized powders
(C3N40x, C3N40x/Ti02—R and C3N4OX/Ti02—A)
doped with oxygen (from 460 nm for undoped
g-CsNy to 600 nm with absorption trailing
extended to more than 700 nm for C3NsOx)
(Fig. 10, curves 3, 4, 5). It is assumed that, in
comparison with undoped g-C;N4, the absorption
band edge of C3N4Ox is red shifted due to the
presence of O-doping, possibly due to excitation
into the lower energy defect states [39, 40]. It
was found [37] that the red shift in the
absorption wavelength indicates that the
introduction of oxygen results in the higher
absorption of light energy to produce more
photogenerated electron-hole pairs, which
contribute to the improvement in the
photoactivity of the catalysts.

The absorption band edges of C3N4O/Ti02-R
and C3N4O4/TiO2-A composites are located
between those of both pure TiO, samples and
oxygen modified C3;NsOx samples that
additionally confirm the electronic coupling of
these two components in the C3N4O/TiO;
heterojunction. In summary, it has been found
that in the series from TiO»-A, TiOz-R, C;3Nu,
C3N40x/Ti02-A, C3N4O,/TiO2-R  to C3N40x, a
redshift of long-wavelength edge of the
fundamental absorption band is observed in the
spectra (Fig. 10), and the band gap (Fig.11)
decreases from 3.2, 3.0, 2.6, 2.4, 2.25 to 2.1 eV
respectively. In such a case, C3N4O4/TiO;
composite would absorb more visible light than
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both TiO, and undoped g-CsNs samples by
generating more charges; this should contribute
to the improvement in the photoactivity of the
catalysts.

CONCLUSIONS

The above results demonstrate that the
C3N4O,/TiO2-R and  C3N4O/TiO2-A  hetero-
junction  photocatalysts were successfully
synthesized. As a result of our studies, we have
demonstrated that the phase modification of the
TiO, matrix does not affect significantly the
chemical composition of both synthesized
materials. Both composites are capable to absorb
light in the visible range of the optical spectrum
and the band gaps of CsN4sOy/TiOz-A and
C3N4OX/Ti02—R are 2.4 and 2.25 CV,
respectively. The synthesized materials reveal
improved photosensitivity for the obtained
composites due to the absorption of a wider
spectrum of light energy in comparison with
individual samples of titanium dioxide and
undoped g-C3Ny4, as well as the possibility of
spatial separation of photogenerated charges
between the components of the composite, which
reduces the negative effect of electron-hole
recombination.
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Bruius ¢aszoBoro ckinany matpuui TiO; Ha onTH4YHI BJIacTUBOCTI Ta MOP(OJIOTit0
oca:keHnX HaHOYACcTHHOK C3N4Ox

M.E. Bounapenko, I1.M. Cuienxo, FO.M. CoJionin, A.B. Paryas, M.M. 3aropunii, B.B. [lIpanariu,
H.I. I'y6apeni, O.FO. Xuxyn

ITucmumym npobnem mamepianozuascmea im. 1. M. @panyesuua Hayionanohoi akademii Hayk Yrpainu
eyn. Kporcuoicanoscovroeo, 3, Kuis, 03142, Ykpaina, mebondarenko@ukr.net
Tnemumym ¢hizuunoi ximii im. JI.B. Iucaporcescokoco Hayionanvhoi akademii Hayk Yrpainu
npocn. Hayku, 31, Kuis, 03028, Yxpaina

Buxopucmanuss moougixosanozo xucrnem epagimonodionozo nimpuody eyeneyio (C:N,Oy), homouymaueozo y
suoumil obracmi cnekmpa, nopsio 3 TiO,, axuil eusgise omoxamanimuuny akmueHicmo mintbku nio odielo Y@
ONPOMIHIOBAHHSA, 6 CKAadi 6inaprozo Gomoxamanizamopa C3N4O/TiO, 0036015€ SUKOPUCMOBY8AMU €HEPIII0
COHAuHO2O  cgimna. 1A pO3WUPEHHS — MOJCIUBOCMEU  DI3HUX U8  (POMOXIMIMHO20 — 3ACMOCY8ANHS
gdomorxamanizamopie C3N,Oy/TiO> eadxcnuse 3uauennss marome @azosuti ckiad mampuyi TiO, mopghonozis
HAHOYACMUHOK Komnozumy [ ixui onmuuni enacmusocmi. Komnosumnuii mamepian - C:N,OJ/TiO; 6ys
CUHME3068aHUll  BIONOBIOHO 3  NIOX000M, po3pobaeHum 6 Incmumymi npobrem  Mamepianro3HA6CMEA
im. IM. ®panyesuva HAH Ykpainu Onsa cunmesy ROPOWKY je208ano20 KucHem Himpudy eyeneyto (C:NyOy)
memooom CVD 6 ocobrusux peakyitinux ymosax (6 npucymuocmi ikcoeanozo oocazy nogimps) niponizy mMeiaminy.
Ocaooicenna C3N4Oy npogoosameb HA NOBEPXHIO HAHOCMPYKMYPOBAHOI nopouikonodionoi mampuyi TiO; pizHozco
@azoeozo cknady - pymuny abo anama3zy. Ocaoocenna C3N,Ox (~5 % O) na nosepxmi HAHONOPOWIKIE AK PYMUILY,
maxk i anamasy, niOMeepoNCeHO MemoOamMu PEeHmeeHi6CbKoi NOpowKo8oi oupparyii, ckamylouoi enexmpoHHol
MIKPOCKONIL 3 MemoOoM eHepeoOUCNEePCIUHOI PEeHM2eHIBCbKOI CNeKmpOoCKonil, HppauepeoHoi cnekmpockonii 3
Dyp'e-nepemeopennsm, peHmeeHi8CbKoi homoereKmpoHHol CheKmpocKonii ma cnekmpamu Oudy3noz2o giooummsi 8
yavmpagionemosomy ma euoumomy oianasoni. CEM-mixpoghomoepaii (6usnavanu Ha CKanyouomy eiekmpoHHOMY
mikpockoni MIRA3 TESCAN) nanouacmumnox 060ox romnozumie C3N,O,/TiO; (anamasnoi i pymunosoi ¢asu)
Odemoncmpyioms  pozmawysanns TiO; y 6uensnoi okpemux 2n00yIapHuUX HAHOYACMUHOK 1 Kiacmepie Midic
naacmunamu i 6 kananax nopucmux ayckamux naacmun C3NyOr. OOHnax wmanoyacmumku asu anamasy
(cunmesosanoco 6 IIIM HAHY) wmaiome euwgy oOucnepcHicmv, CepeoHill po3Mip Heazpeco8aHux matoice
MOHOOUCHEPCHUX YacmuHok cmanosumsv 10 um. Jlocniodcennss cnekmpie noiuHAHHA 3pA3Kié NOKA3d0, o 6 psaoy
6i0 TiO; (anamas), TiO: (pymun), C3Ny4, C3N,O/TiO; (anamas), C3N,Oy/TiO; (pymun) 0o C3N4Oy, cnocmepicaemobcs
yepgoHe 3MiUeHHsI 00820X8UNLOBO2O KPAKD OCHOBHOI cMyeUu NOIUHAHHA 8 CHeKMpax, WUpPUHAa 3a00pOHeHOi 30HU
smenwyemoess 3 3.2, 3.0, 2.6, 2.4, 2.25 oo 2.1 eB gionosiono. B maxomy eunaoxy C3N,O0./TiO; (ocobrueo
ocaoxcenutl Ha ¢asi anamasy) 6yoe noznunamu Oinvule guoumozo ceimaa, vise ma g-CsNy, i TiO,, cmeopiorouu npu
yvomy Oinvuie 3apsaois, wo CHPUsE NOTINUEHHIO POMOAKMUSHOCMI KAMaii3amopis.

Knrouosi cnosa: anamas, pymun, komnosum C3N4O,/TiO;, O-0onosanuii Himpuo @yeneyio, homokamanizamop,
niponi3, Menamin

Bausinne ¢pazoBoro cocrapa marpuubl TiO; Ha onTHYeckHe CBOKCTBA H MOP(OTIOTHIO
ocaskaeHHBIX HaHoYacTHL C3N4Ox

M.D. bouaapenko, I[1.M. Cuienko, FO.M. Cosionun, A.B. Paryas, M.H. 3aropusiii, B.B. llIBanarun,
H.NU. I'y6apenu, O.10. XuxyH

Hucmumym npobaem mamepuanogedenus um. U.M. @panyesuva Hayuonanonou axademuu Hayk YxpauHul
yi. Kparcuoicanosckoeo, 3, Kuee, 03142, Yipauna, mebondarenko@ukr.net
Huemumym ¢pusuueckoit xumuu um. JI.B. Iucapocesckoeo Hayuonanvroii akademuu nayk Yxpaunol
npocn. Hayxu, 31, Kues, 03028, Yxpauna

Hcnonvzosanue moouguyuposannozo Kuciopooom  epagumonodobrnoeo Humpuoa yenepooa (C3:N,Oy),
GomouyscmeumenvHoco 6  euoumou  obracmu  cnekmpa, Hapsdy ¢ TiO;  kKomopwii  nposgisem
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omokamanumu4eckylo  aKmueHOCmb MOAbKO Nnod Oeticmeuem Y@ obnyuenus, 6 cocmage OUHAPHO20
@omokamanuzamopa C3N,Oy/TiO,, no3eonsem ucnonw3osams HepeUul0 COIHeuUH020 ceema. [l pacuiupenus
B03MOJCHOCIEN PA3IUYHBIX BUO008 POmMoXuMuUYecko2o0 npumenenus Gomoxamanuzamopos C3:N,O./TiO; sadxcroe
3Hauenue umetom @azoewiti cocmas mampuywvl TiOr mopgonozus Hanowacmuy KOMHO3UMA U UX ONMUYECKUE
ceoticmea. Komnosumnoni mamepuan - C3N,Oy/TiO; 6vbin cunmesupoéan 6 COOMEEMCmMeuU ¢ NoOX000M,
paspabomanuvim 8 Uncmumyme npoorem mamepuanosedenus um. U.H. @panyesuna HAH Yrkpaunvl ons cunmesa
NOPOUIKA 11ecUpOBAHHO20 Kuciopooom uumpuoa yenepooa (C3NsOy) memodom CVD 6 o0cobwix peakyuoHHbIX
YCA0BUAX (8 NPUCYMCMBUU PUKCUPOBAHHO20 00bema 6030yxa) nupoauza meramuna. Ocascoenue C3N4Oy npogoosm
Ha NOBEPXHOCHIbL HAHOCMPYKMYPUPOBAHHOU nopoukoobpasznou mampuyst TiO: pasnuunozo ¢asosozo cocmasa -
pymuna unu anamasa. Ocaxcoenue C3N4Ox (~5 % O) na nosepxHocmu HAHONOPOWIKOG KAK PYMULA, MAK U aHamasa,
HOOMBEPIHCOCHO MEeMOOAMU PEHM2EHOBCKOU NOPOUIKOBOT OUPPAKYUY, CKAHUPYIOWE DIeKMPOHHOU MUKDPOCKORUU C
IHEP2OOUCNEPCUOHHOL  PEHM2EeHOBCKO  CNeKmpocKonuel, — ungpakpacnou  cnekmpockonuu ¢ Dypve-
npeodpaz0sanuem, peHmeeHOBCKOU (BOMOINEKMPOHHOL CHEKMPOCKONUL U CReKmpamu Oupghysnozo ompasicenust 6
yasmpaguonemosom u  euoumom ouanazone. COM-muxpoghomoepaguu  (onpedensinu Ha  CKAHUPYIOUWEM
anekmponnom mukpockone MIRA3 TESCAN) wuanouacmuy ob6oux rxomnosumoe C3N,O./TiO; (anamasnoi u
pymunogoi ¢hazel) Oemoncmpupylom pacnonodxcerue TiO; 6 6ude omoenvbHblx 2l00VIAPHBIX HAHOYACTUY U
KAAcmepos mMencoy NAACMUHAMU U 8 Kananax nopucmulx yewytivamoix naacmun C3N4Or. O0naxo nanouacmuyvl
Gazvl anamasa (cunmesuposannozo 6 UIIM HAHY) umerom 6oiee GblcOKYIO OUCHEPCHOCMb, CPEOHUIl pazmep
HeazpecupoBaHHbIX NOYMU MOHOOUCHepCHbIX Yacmuy cocmagisem 10 um. Hccrneooeanue cnekmpog nozuowenus
obpaszyos nokazano, umo 6 psdy om TiO, (awamas), TiO, (pymun), C:Ny C3N,O/TiO: (anamas), C3:N,Oy/TiO;
(pymun) 0o C3N,O,, Habmooaemcs KpacHoe cmewjeHue ONUHHOBOIHOB020 KpPAsi OCHOBHOU NOJIOCHL NO2IOUJeHUS 8
CHeKmpax, WupuHa sanpeujeHHol 30nvl ymenvwiaemes ¢ 3.2, 3.0, 2.6, 2.4, 2.25 oo 2.1 3B coomeemcmesenno. B
maxom cayyae C3N4O./TiO, (ocobenno ocadxcoennwlii Ha ¢haze anamasa) 6yoem noz2iowams 00abUEe BUOUMOSO
ceema, uem g-C3Ny u TiO, cosoasas npu >mom 601buie 3apsa0o8, HMO CHOCOOCMBYem YAVUULeHUIO
GomoaxmueHocmu Kamaiu3amopos.

Knwouesvie cnosa: anamas, pymun, xomnozum C3N,O/TiO; O-Oonuposannvlii  Humpuo yeaepood,
Gomokamanuzamop, nupou3s, MeramMun
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