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As an one of the most promising materials of green energy as a photocatalyst for the production of hydrogen
from renewable, natural sources (water, greenhouse gas) and environmental remediation through the degradation of
toxic organic pollutants, graphite-like carbon nitride (characterized as a non-toxic and chemically highly resistant
material) and its nanostructured and doped (especially by oxygen atoms) derivatives attract special attention. The
actual task for expanding the scope of application of g-C3N, is to improve and optimize its catalytic, electronic and
optical properties by increasing both the surface area of graphitic carbon nitride and the number of active centers of
the carbon nitride network due to doping of carbon nitride. The use of a mixture of two different precursors ensures
the creation of heterojunctions, and as a result, an improvement the photocatalytic characteristics of g-CsN4. The
oxygen-doped carbon nitride (O-g-CsN,;) and water-soluble carbon nitride oxide (g-CsN4)O was simultaneously
synthesized by the gas phase method under special reaction conditions of pyrolysis of cyanuric acid and urea
mixture. Reduction by the hydroquinone of carbon nitride oxide (g-CsN,)O yields nanostructured reduced carbon
nitride (or reduced multilayer azagraphene). Obtained products were characterized by using Fourier transform
infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), chemical and X-ray diffraction (XRD)
analyses, scanning electron microscopy (SEM). According to the results of XPS and IR spectrometry the chemical
bonds between atoms in a heteroatomic plane of reduced carbon nitride (RCN) correspond to the bonds in a
synthesized carbon nitride (SCN). However, according to XRD results, reduced carbon nitride (RCN) probably
consists of poorly connected heteroatomic azagraphene layers, because it has a significantly larger (on 0.09 nm)
interplanar distance between the adjacent nitrogen-carbon layers than interplanar distance between the layers of
synthesized carbon nitride (SCN). By SEM characterization it was found that the pyrolysis of a mixture of various
precursors (cyanuric acid and urea) yielded a product with smaller crystalline domains (which can improve
photocatalytic characteristics) than the pyrolysis of a single precursor (urea only).
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INTRODUCTION century primarily as one of the most promising
materials of green energy as a catalyst for the
production of hydrogen from renewable, natural
sources  (water, greenhouse gas) and
environmental ~ remediation  through  the
degradation of organic pollutants and destruction
of pathogenic microflora (viruses and bacteria)
[2-5]. With intriguing features such as chemical
and thermal stability, low cost, ease of
preparation and visible light response,
applications relevant to graphite-like carbon
nitride as a semiconductor (with the band gap
2.7 eV, corresponding to an optical wavelength
of 460 nm) prevails in  photocatalytic,
photoelectrochemical, photovoltaic, chemical
sensing, fluorescent bioimaging and some other
areas [4, 7-10].

In recent times, the object of increasing
interest of researchers is the doped with atoms of
other elements (in particular, oxygen) and

For the first time, a product similar in
composition to C3Ny4 as a porous bulk amorphous
mass was obtained as early as 1922 by
decomposition  of  mercury  thiocyanate
Hg(NCS), [1]. Though graphite-like carbon
nitride is one of the oldest materials described in
the chemical literature, only today, at the level of
modern technology, ¢-CsN, experiences a
renaissance as a highly active photocatalyst
which absorbs light in the visible range [2-5].
Given that this polymer, not containing metal, is
capable to generate hydrogen in visible light
(since it was first adopted as a metal-free
polymeric semiconductor for photocatalytic
water-splitting to produce hydrogen and oxygen
in 2009 by Xinchen Wang and his co-workers
[6]). Thus, the renewed interest of researchers in
graphite-like carbon nitride occurred in the 21st
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nanostructured g-CsN4 [2-5, 11-14]. The actual
task for expanding the scope of application of
g-C3Ny is to improve and optimize its catalytic,
electronic and optical properties both by
increasing the surface area of graphitic carbon
nitride and by increasing the number of active
centers of the carbon nitride network, due to an
increase in the number of structure defects due to
doping of carbon nitride. For example,
nanosheets dispersed in an aqueous medium
(6-12 two-dimensional heteroatomic monolayers
2—-4 nm thick) obtained by ultrasonic peeling of
powdered g-C3N, in an acid medium have
almost 6.4 times greater photocatalytic activity
[15]. Carbon nitride nanosheets are distinguish

by  stronger photoluminescence, good
biocompatibility and are more effective
nonmetallic biosensors than bulk g-C3Ng

[16, 17]. The doping of different non-metal
elements (in particular, oxygen) can promote the
delocalization of the =n-conjugated electrons,
which is fundamentally important for improving
the conductivity, mobility and separation of
photo-generated  electrons,  thus  greatly
enhancing the photocatalytic performances of
doped g-CsN,4 [5, 18-25]. It is assumed that the
self-modulation of the electronic and band
structure arises in the lattice of O-doped carbon
nitride [18]. As a result, the O-C3Ny4
photoactivity boundary in the visible spectrum
expands from 460 to 498 nm [18] or more (up to
700 nm [23]). Ozone treated carbon nitride
(OCN) accelerates the photodegradation of
methylene blue by a factor of 5 times and
2 times accelerates the generation of H, in
comparison with untreated g-C3N, [24]. Doping
carbon nitride with oxygen (by oxygen-plasma
treatment) according to the study [25] does not
influence the structure of g-C3N,4 but changes its
morphology, increases the surface area,
decreases the band gap energy and increases the
separation efficiency of photogenerated electrons
and holes, which increase photocatalytic RhB
degradation constants by approximately 6 times.
And in oxygen-doped g¢-CsN, obtained by
hydrothermal treatment of carbon nitride
synthesized from a mixture of melamine and
thiourea, for example, due to decomposition of
the Acid Orange 7 dye (CisH11NoNaO,S), the
photocatalytic response rate is 10 times higher,
while the photocatalytic activity in 7 times
higher than that of untreated g-CsN, [19].
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We emphasize that most known methods of
functionalization of carbon nitride are multistage
(at least two-stage) methods, since post-synthesis
treatment of previously synthesized g-CsN, is
assumed [18-20, 24,25]. The Kharlamov’s
laboratory firstly proposed a one-stage method
for the direct synthesis of oxygen-doped carbon
nitride [26, 27]. In addition, for the first time, a
new substance — carbon nitride oxide (g-C3N4)O,
was synthesized in our laboratory by the gas
phase method under special reaction conditions
of melamine [26] and urea [27] pyrolysis. Later,
a group of European scientists synthesized
carbon nitride oxide from urea under hard
conditions at high pressure (3 GPa) in a diamond
anvil [28]. However, we believe that the facile
method developed by us for the production of
carbon nitride oxide (g-CsN4)O by heat treatment
at atmospheric pressure of low-cost and
affordable precursors (melamine, urea or, as
proposed in the present study, mixture of
cyanuric acid and urea) is currently the most
economical and efficient.

To synthesize N-graphene (azagraphene
[29], in the monolayer of which the maximum
possible number of carbon atoms is replaced by
nitrogen atoms), from carbon nitride (as
graphene was obtained from graphite) is the
most interesting and topical task of the next
stage of development of nanochemistry after
successful synthesis of carbon monatomic
molecules and nanostructures. In our laboratory,
the first steps were taken to obtain an
isostructural analog of graphene — azagraphene
by a method analogous to the method of
synthesis multilayer graphene by reduction of
graphite oxide [29].

EXPERIMENTAL

The synthesis of carbon nitride oxide by
thermal treatment of cyanuric acid and urea
mixture (in 1:1 ratio) was carried out in
accordance with the pyrolysis method described
for the simultaneously production of oxygen-
doped carbon nitride (O-g-C3N,4) and carbon
nitride oxide (g-C3N4)O from melamine [26] or
urea [27]. The main feature of a special reaction
conditions of pyrolysis is that the products are
formed in an vapor-gas reactionary space and
mainly are located by means of the deposition
and the condensation in more lowly temperature
(concerning the most highly temperature reaction
zone) zones of reactionary space, far from a
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place of precursor localization [26, 27, 30]. The
retainable pyrolysis-generated self-supporting
atmosphere is the necessary condition. Studies
were conducted by varying the temperature, the
amount of precursor (cyanuric acid and urea
equimolar mixture) in the crucible and the
duration of its heat treatment. The experiments
were carried out under ambient pressure in the
temperature range 450-600 °C. The precursor
was localized in an open ceramic crucible placed
in a tubular quartz reactor with one open end to
exit a self-generated reactive vapor-gas mixture
that bubbled through water. The rate of heating
of a ceramic crucible with a precursor did not
exceed 10 deg-min.

The reduction of the synthesized (from
cyanuric acid and urea mixture) samples of
carbon nitride oxide (CNO) was carried out on a
technique described for the reduction of graphite
and graphene oxides by hydroquinone.
Hydroquinone acts as a reducing agent by losing
either one H* from one of its hydroxyls to form a
monophenolate ion or two H" from both
hydroxyls to form a diphenolate ion (quinone)
and the reduction process must involve the
removal of the oxygen functional groups of
carbon nitride oxide. The carbon nitride oxide
was dispersed in the water and the hydroquinone
was added. The mixture was boiled for 20 h with
magnetic stirring and final products were
isolated by centrifugation, washed very well with
water and acetone, and finally dried.

Synthesized samples of carbon nitride,
carbon nitride oxide and the products of its
reduction by hydroguinone were investigated by
the methods of scanning electron microscopy
(SEM), chemical and X-ray diffraction analyses
as well as by the method of XPS and FT-IR
spectroscopy. The FT-IR spectra in the
reflectance mode were recorded in the range
from 4000 to 450cm™ 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 powdered with KBr in
1:100 ratio. X-ray diffraction study of powders
was fulfilled on DRON-UM diffractometer with
CuK,-radiation and nickel filter. X-ray
photoelectron spectra of the samples were
measured with  photoelectron  spectrometer
manufactured by SPECS Surface Nano Analysis
Company (Germany) with a PHOIBOS 150
hemispherical analyzer.
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The content O, H, N in the products was
determined by a method (developed by IPMS of
National Academy of Sciences of Ukraine) of
pulse heat treatment (~ 2500 °C) of the sample
by the carbon. Subsequently the resulted
products of reduction (CO, H,, Ny) were
chromatographically (a universal chromatograph
LHN-80, Russia) separated in a flow of helium.
The content of carbon in a sample after its
oxidation up to CO, was determined by the
express analyzer (an apparatus AN 7560M,
Russia) with the coulometric titration cells of
CO, in a flow of oxygen.

RESULTS AND DISCUSSION

At the heat treatment at 550 °C of a mixture
of cyanuric acid and urea, two products are
formed. The diffractogram of the first brown
unsoluble powdered product A (Fig. 1, curve 1)
contains two intensive reflexes at 26 = 27.49 and
12.40° as well as a weak reflex at 26 = 21.45°
which characteristic for oxygen-doped graphite-
like carbon nitride (O-g-CsN,) [26].

21.45
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Fig. 1. X-ray diffraction spectra of: 1 — synthesized
carbon nitride (product A), 2 — carbon nitride
oxide (product B) and 3 — reduced carbon

nitride (product C)

These two intensive reflexes, as known, are
caused by an interlayer stacking of aromatic
heteroatomic rings with an interplanar distance
d =0.324 nm, and the periodicity of stacking of
heptazine fragments in one layer (d = 0.714 nm),
respectively. According to the chemical analysis
the first product A contains 5.7 mass. % of
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oxygen, the ratio C/N is equal to 0.76 and is
close to the stoichiometric ratio (0.75) for
O-doped graphite-like carbon nitride (O-g-C3sN,)
[26].

The SEM characterization results revealed
that the samples synthesized from different
precursors  have  significantly  different
morphology. Specifically, it was found that the
pyrolysis of mixture of different precursors
(cyanuric acid and urea) yielded product with
smaller crystalline domains (Fig. 2 a) compared
to that of urea only ((Fig. 2 b). It is important to
note that the polymeric nature of g-CsNg4
facilitates the tuning of its band gap structure by
simply using different precursors, variation of
pyrolysis conditions and doping [31]. The
reported band gap energies of g-C3N,4 range from
2.4 to 2.8 eV dependent on the using different
precursors [31]. The use of a mixture of two
different precursors ensures the creation of
heterojunctions, and as a result, an improvement
the photocatalytic characteristics of g-C3N,4 [31].

&

Fig. 2. SEM images of O-doped carbon nitride
samples obtained from cyanuric acid and
urea mixture (a) and from urea (b)

The second product B dissolves in boiling
water to form a flocculent solution of yellow
color. From a solution of the second product B
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after an evaporation of water a powder of dark
yellow color is crystallized, on a diffractogram
(Fig. 1, curve 2) which three reflexes are visible
at 20 = 10.79, 21.45 and 27.49 °. Three reflexes
at 20 =10.76 (d = 0.818 nm), 21.45 (d = 0.414 nm)
and 27.49 ° (d = 0.324 nm), are characteristic for
carbon nitride oxide (g-CsN4)O [14, 26-29].

The most intense reflex at 20 =27.49°

(d =0.324 nm), characterizing the interlayer
distance in g-C3N,4 is presented in the
diffractogram of a carbon nitride oxide

(product B) synthesized from cyanuric acid and
urea mixture. The appearance of an additional
reflex at 20=21.45° (d=0.414nm) in the
X-ray diffraction pattern of carbon nitride oxide
is associated, as suggested in [26], with partial
distortion of the planarity of its polymer network
((C¢N7)-N), due to the dearomatization of some
heterocycles during oxidation (Fig. 3 b). With an
increase in the number of oxygen-containing
groups between adjacent planes, the peak
20 = 21.45 ° transforms into a wide halo, but the
reflex at 20 =27.49° also persists, since in
carbon nitride oxide the oxygen-containing
groups are predominantly localized in the voids
of the «openwork» plane (Fig. 3 b). It is also
noteworthy that the reflex at 1240°
(d=0.714 nm), characterizing the distance
between the heptazine fragments (C¢Ny) in the
g-C3N,4 plane of product A, is shifted to 10.76 °
(d =0.818 nm) in the diffractogram of carbon
nitride oxide (product B) synthesized from
cyanuric acid and urea mixture. The increase in
this distance in the heptazine monolayer
(g-CsN,)O at 0.104 nm is due to the break of
some C—N bonds between the heptazine moieties
and the tertiary nitrogen atom in the dimers
(CeN7)-N—(CeNy) [27].

According to the elemental chemical
analysis, yellow carbon nitride oxide powder
(synthesized from cyanuric acid and urea)
contains 15.9 % oxygen. The C/N ratio in carbon
nitride oxide sample (product B) obtained from
cyanuric acid and urea mixture is 0.77 and can
therefore be represented by the formula
(9-C3N,)O.

Here are submitted the IR spectra of
synthesized (from cyanuric acid and urea
mixture) carbon nitride (SCN) and water-soluble
carbon nitride oxide (CNO) (Fig. 4, curves 1 and
2 respectively). First of all, it is important to
note, that in IR spectra of all samples distinctly
there is an intensive band near 805 cm™ as most
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characteristic for both carbon nitride and carbon
nitride oxide [26]. This band is caused by a
«breathing» (bending) vibration of the triazine
ring. The IR spectra also contain a range of
distinct intensive absorption bands in the interval
of 1200-1650 cm™, which usually are present in
the IR spectra of g-C3N4 and (g-CsN,4)O [26].
These bands correspond to the stretching
vibrations of aromatic CN-bonds in heptazine
(CeNy) fragments.

QD

Fig.3. Schematic atomic model of the layers and
interplanar distances between adjacent layers of
synthesized carbon nitride (RCN) (a), carbon
nitride oxide (CNO) (b) and reduced carbon

nitride (SCN) (c)
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Fig. 4. IR spectra of: 1 — synthesized carbon nitride

(product A), 2 - carbon nitride oxide
(product B) and 3 — reduced carbon nitride
(product C)

In the IR spectrum of a sample of carbon
nitride oxide (product B, which contains more
than 15% oxygen) synthesized from urea-
cyanuric acid (Fig.4, curve?2), there are
absorption bands characteristic of heptazine
fragments of the g-C3N, structure, as well as
intense bands of the -OH, >C=0 and -COOH
groups, which are characteristic only for both
oxides of carbon nitride and graphite. (The
localization of these oxygen-containing groups
in the azagraphene layer is shown in Fig. 3 b).
The peak at 1089 cm™ is attributed to the
stretching vibration of C-O, with together the
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 ~1750cm™ for the carbon nitride oxide
(product B), 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
—0O-H of carboxyl group. Note that in the IR
spectrum of the synthesized carbon nitride
(product A) which contains a much smaller
amount of oxygen (about 5 %), the lines of
oxygen-containing groups practically do not
appear (Fig. 4, curve 1).

For the first time at the reduction by
hydroquinone of synthesized from urea [26] and
melamine [27] carbon nitride oxide the reduced
carbon nitride  (or reduced multi-layer
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azagraphene) was obtained [29]. Reducing of
carbon nitride oxide, obtained from cyanuric
acid and urea mixture, was conducted with a
technique described for the reducing by
hydroquinone of graphite oxide (or graphene
oxide) up to graphene also. In contrast to the
light-brown SCN powder (product A), reduced
carbon nitride (RCN) (product C) has a dark-
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brown color. According to the results of the
chemical analysis, the XPS (Fig.5) and IR
(Fig. 4) spectrometry, elemental composition and
chemical bonds between atoms in the
heteroatomic plane of reduced carbon nitride
(RCN) correspond to the bonds of synthesized
carbon nitride (SCN) (Fig. 3 a, ¢ respectively).
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Fig. 5. XPS survey (a), C1s (b), N1s (c) and O1s (d) spectra of synthesized carbon nitride (product A) (curves 1)
and and reduced carbon nitride (product C) (curves 2)

Thus, survey scan XPS spectra and Cls,
N1s, O1s spectra of both RCN (product C) and
SCN (product A) samples are substantially the
same (Fig. 5). Three elements (carbon, nitrogen
and oxygen) can be identified in the two samples
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in the survey scan (Fig. 5 a). The Cls spectra in
Figures5b, 6 a represent two peaks at the
binding energies of ca. 284.6 and 288.0eV,
respectively. The major C1s peak at ~ 288 eV is
identified as the tertiary carbon C-(N); in the
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0-CsN, lattice. The weaker C peak at ~ 284.6 eV
(which always present in the spectra of carbon
nitride) is assigned to adventitious carbon
species in good agreement with literature
[18, 19, 31]. Asymmetry of broadened peaks C1s
at 288-291 eV can be caused by a superposition
two of peaks in this area: carbon (at ~ 288 eV) is
connected with N atoms in a heptazine fragment
and carbon (at ~ 290 eV) is attributed to the C
bonding with O in C=0 or C-O which present
in O-doped carbon nitride [18, 19, 26, 33].
However, it should be noted that a presented by
us earlier in [26] Cls peak in the X-ray
photoelectron spectrum of carbon nitride oxide
(CNO) containing more than 15 % oxygen is
characterized by noticeable asymmetry. At the
same time, in spectra of both reduced carbon
nitride (product C) and synthesized carbon
nitride (product A), which contain several times
less oxygen (about 5 %), the asymmetry of the
Cls peak at 288-290eV is extremely
insignificant (indicated by a circle sector in
Fig. 6 a).

In addition, both the carbon nitride samples
(products A and C) exhibit similar N1s profiles
with core levels at around 398.5 eV which can
be attributed to dicoordinated N atoms (C=N-C)
in the aromatic CN heterocycles. The N1s region
in presented by us earlier in [26] the X-ray
photoelectron spectrum of carbon nitride oxide
(CNO) can be fitted into three peaks, which can
be ascribed to sp>hybridized nitrogen C=N—C
(398.5eV), sp>-hybridized tertiary nitrogen
N-(C); (400.1 eV) and N—H groups (401.2 eV),
respectively [18, 19, 31]. The deconvolution of
the both N1s spectra of reduced carbon nitride
(product C) (Fig. 6 b) and synthesized carbon
nitride (product A) showed the presence of two
main maxima. The N1s binding energies at about
398.5 and 399.8 eV in the high-resolution N1s
XPS spectra of the both reduced carbon nitride
(Fig. 6 b) and synthesized carbon nitride samples
can be assigned to sp>hybridized nitrogen
(C=N-C) and tertiary nitrogen (N-(C)s) atoms,
respectively (Fig.5c). O1s signals (Fig.5d)
show a broad peak at binding energy of ca.
532 eV, which corresponds to N-C-O in
O-doped carbon nitride as reported in
[18, 19, 26, 33]. Interestingly, the intensity of
O1s peak of RCN (product C) is slightly weaker
than that of SCN (product A), indicating less
abundant O atoms in SCN, that good agree with
elemental chemical analysis results. Indeed,
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according to the results of the chemical analysis,
the samples SCN and RCN contain 5.7 and
4.9 % oxygen, respectively, whereas the C/N
ratio in both samples is the coincide.
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Fig. 6. High-resolution XPS spectra of Cls (a) and
N1s (b) for the reduced carbon nitride (RCN)
(product C)

The IR spectrum of the RCN (product C)
(Fig. 4, curve 3) corresponds almost completely
to the IR spectrum of the synthesized g-CsN,4
(product A) (Fig. 4, curve 1), since it contains all
the absorption bands in the 1200-1650 cm™
region and the band near ~ 805 cm, which are
characteristic of g-CsN,. It is important to note
that the absorption bands of oxygen-containing
groups, characteristic both for (g-C3N4)O
(product B) (Fig. 4, curve 2) and for graphite
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oxide, are practically absent in the IR spectrum
of the reduced carbon nitride (product A).
Therefore it is possible to consider that at the
reduction of CNO (Fig.3b) reduced carbon
nitride is formed (RCN) (Fig.3a) which, in
particular, as for the structure of an arrangement
of azagraphene layers should differ from the
structure of directly synthesized carbon nitride
(SCN) (Fig. 3 ¢). Really, in the XRD spectra of
RCN (Fig. 1, curve 3) practically there is only
one (from three peaks characteristic for CNO)
peak at 20 = 21.49 °, which in a XRD spectrum
of (g-C3sN,)O (Fig. 1, curve 2) corresponds to the
increased interplanar distance. At the same time,
the peak at 20=27.49° (d=0.324nm)
describing the distance between the heptazine
layers of synthesized carbon nitride (SCN)
(Fig. 1, curve 1) in a XRD pattern of reduced
carbon nitride RCN is very weak. In the XRD of
RCN sample (Fig. 1, curve 3) also there is no
peak at 26 = 10.76 °, which is characteristic for
CNO (Fig. 1, curve 2), but there is a peak at
20 = 12.40 °, describing in-planar repeating unit
with a period of 0.714 nm in g-C3N; (Fig. 1,
curve 1). Hence, in RCN the in-planar distance
(describing a distance between fragments
(CeNy)) corresponds to g-CsN4, but the
interplanar  distance is characteristic  for
(9-C3N4)O. According to XRD results, reduced
carbon nitride (RCN) probably consists of poorly
connected heteroatomic azagraphene layers,
because it has a significantly larger (on 0.09 nm)
interplanar  distance between the adjacent

nitrogen-carbon layers than that between the
layers of synthesized carbon nitride (SCN).

And finally, we would like to mention that
the since the first study, culminating in the
successful use of g-CsN, in the photocatalytic
production of H, from H,O in 2009 [6], there has
been an exponential growth in scientific research
on materials based on g-C3N4. Currently, the
research aimed at developing photocatalysts
based on nanostructured and doped g-C3N,4
occupies flagship positions in order to meet the
global demand for renewable energy sources
(hydrogen production by photocatalytic H,O
splitting) and to solve the problem of
environmental pollution (photocatalytic
conversion of carbon dioxide CO, into energy
carriers) [2-5, 7-9].

CONCLUSIONS

Graphite-like  carbon nitride (and its
nanostructured and doped derivatives) is one of the
most promising photocatalysts. The oxygen-doped
carbon nitride (O-g-C3N,) and carbon nitride oxide
(9-C3N4)O was simultaneously synthesized by the
gas phase method under special reaction conditions
of pyrolysis of cyanuric acid and urea mixture.
Reduced carbon nitride (with poorly connected
heteroatomic azagraphene layers), in which as
against synthesized carbon nitride the interplanar
distance between the adjacent nitrogen-carbon
layers is increased on 0.09 nm, was obtained due to
reduction by hydroguinone of the water-soluble
carbon nitride oxide, obtained from cyanuric acid-
urea mixture.
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wiAxom Oeepadayii MOKCUHHUX OpPSaHIYHUX 3a0pyOoHI08auie. AKmMYanbHUM 3a80aHHAM O pOo3wupenHs cgepu
sacmocysanns 9-CgNy € nokpawanns i onmumizayis 1io2o KamanimuyHux, e1eKmpoHHUX I ONMUYHUX 61acmugocmeil,
AK 34 O00ONOMO2010 30inblUieHHs NIAOWi NOBepXHi, Max i 3a pAxXyHOK 30iIbUeHHA YUCIA AKMUBHUX YeHmpis
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Himpuogyeneyegoi NIOWUHU BHACTIOOK 0ONY8aHHA 2pa@imonodibnozo Himpudy eyereyro. Buxopucmawnus cymiuii
080X PI3HUX NPEKYPCOPI8 3a0e3neuye CmeopenHs 2emeponepexoois i, Ak HAcAi00K, NOKPAWAHHs (POMOKamarimuyHux
xapaxmepucmuk §-C3Ny. Jonosanuii kucnem nimpuo eyeneyro (0-g-C3Ny) i 600oposuunnuii okcud nimpuoy gyeneyio
(9-C3N4)O oonouacno cummesysanu 2azoasnum MemoooM 6 OCOONUSUX PEeaKYIUHUX YMOBAX NIPOAIZY CYMIUL
yuanyposoi xkuciomu i ceuosunu. Hanocmpyxmyposanuii eionoenenuii Himpuo eyereyio (abo 6i0Ho6neHull
bazamowaposuil asazpapern) ompumysaiu 3a 00NOMO20I0 GIOHOGNCHHS 2UOPOXUHOHOM OKCUOY HIMpUoy eyaieyio
(9-C3Ny)O.  Ompumani  npodykmu 6yau  Oocniodiceni memooamu  ingpauepsonoi (I4) i penmeeniecvrol
gomoenexmponnoi (POE) cnexmpockonii, ximiunozo i peumeenogazosozo (P@A) ananizy, ckamnyiouoi erekmponnol
mixpockonii (CEM). Bionosiono oo pesynemamie POE i 14 cnexmpomempii, XiMiuni 36’s13Ku MIJC amomamu 6
2emepoamomuitl naowuni 8ionosaeno2o Himpuoy eyaneyto (BHY) sionosioaioms 36'sa3xam 6 Cunmez08anomy Himpuoi
syeneyio (CHY). Oonax, 3eiono 3 pesymomamamu P®A, esadxcacmo, wo eionoenenuti nimpuo eyeneyio (BHB)
CKIA0AEMbCsl 3 CAADKONOE’ A3AHUX 2eMEPOAMOMHUX WAPI6 d3zazpaeny, OCKinbKu 6in mae 3uauno Oinouty (Ha
0.09 ny) mieniowunny 8idcmanb Midc CyCIOHIMU A30M-GY2NeYeGUMU  WAPAMU, HINC MAKa MIdNC wapamu
cunmesoeano2o Himpuoy eyeneyro (CHB). Memoodom CEM ecmanosneno, wjo nipoais cymiui pisHUX NpeKypcopis
(yuanyposoi xucnomu i cewosunu) oae NPoOOYKm 3 MeHWUMU Kpucmanivnumuy oomenamu (wo modice noxinwumu
GomoxamanimuuHi XapaKxmepucmuki), Hixc nipoaiz 00Ho2o npexypcopa (ceuosunu).

Knwowuosi cnosa. azacpagen, oxcud Himpudy eyeneyio, YUAHYpOBd KUCIOMA, CEYOBUHA, NIPOII3,
@omokamanizamop

CunTe3 MHOTOCJI0HHOTO a3arpadgeHa M OKCHAa HUTPHUA yIiiepoaa
M.3. bonnapenko, II.M. Cuienxo, HU. I'y6apenn, O.1O. Xu:kyH, H.JO. Ocranosckas, FO.M. Cononnn

Hncemumym npobaem mamepuanosedenus um. U.H. @panyesuva Hayuonanenou akademuu Hayk Yxpaurvl
ya. Kpowcuscanosckoeo, 3, Kues, 03142, Vikpauna, mebondarenko@ukr.net

Ipaghumonooobuvlii Humpuod yerepooa (Xapaxmepusyiowuiicss Kak HemOKCUUHbLI U XUMUYECKU 8bICOKOCMOUKULL
mamepuan) U e20 HAHOCMPYKMYPUPOSAHHLIE U OONUPOBAHHBIC, 6 HACHMHOCMU, KUCIOPOOOM, HPOU3BOOHbIE,
npuenekaiom o0coboe GHUMAHUE 6 Kauecmee Hauboiee NepPCneKmMUGHbIX MAMepuanlos 3e1eHOl IHePIemuKy Kax
Gomokamanuzamopsl Ol NPOU3BOOCMEA 6000POOA U3  B0300HOGIACMBIX, NPUPOOHLIX ucmounukos (6oda,
RAPHUKOBLLIL  2A3) U 60CCMAHOGICHUSL OKpyJcaroujell cpedvl nymem 0e2padayuy MOKCUUHBIX OPSAHUYECKUX
coedunenutl. Axmyanvnoi 3adaueti Ons pacwiupenusi cpepvr npumenenusi 9-C3Ng sensemca ymyuwenue u
ONMUMU3AYUS €20 KAMATUMUYECKUX, INeKMPOHHbIX U ONMUYECKUX CBOUCM8, KAK NOCPeOCMEOM YEeludyeHus
nIOWaoU NOBEPXHOCMU, MAK U 3d CHem YGeNUYeHUs YUCIA AKMUGHLIX YeHMPO8 HUMPUOY2iepOOHOU NIOCKOCMU
ecnedcmeue  OONUPOBAHUS 2pagumonododbHoco Humpuda yerepooa. Hcnonvzosanwue cmecu O08YX PA3HBIX
npeKypcopos obecneuugaem co30anue 2emeponepexo0os u, Kaxk cledcmeue, YIyyienue GomokamaiumuiecKux
xapaxmepucmuk 9-CgNg. Jonuposannwiii kuciopooom numpuo yearepooa (0-g-CsNy) u sodopacmeopumslii oxcuo
numpuoa yenepooa (g-C3Ng)O oonoepemenno cunmesuposanu 2asopasuvim Memooom 6 0COObIX PeaKyUOHHbIX
VCIOBUAX RUPOIU3A CMECU YUAHYPOBOU KUCIOMbL U MoYesuHvl. Hanocmpykmypupoeannwviil 60CcmanosieH bl
Humpuo yenepooa (Unu 80CCMAHOBIEHHBII MHOSOCIOUHBIL A3a2Papen) NoayuaIu ROCPeOCmEOM 60CCAHOGNCHUSL
2uopoxurnonom oxcuoa numpuoa yenepooa (§-CsNg)O. Ionyuennvle npodykmer oviau ucciedosanvi memoodamu (MK)
u penmeenogckou pomosnekmponnol (P@D) cnekmpockonuu, Xumuuecko2o u peumeenogpazosoeo (POA) ananuzos,
ckanupyrowell  anexkmponnoi  muxpockonuu (COM). B coomsemcmeuu ¢ pesyromamamu P®PD u UK
CHEKMPOMEMPUY XUMUYECKUE CEA3U MENHCOY AMOMAMU 8 2eMePOaAMOMHOU NIOCKOCU 80CCMAHOBIEHHO20 HUMPUOA
yenepoda (BHY) coomseemcmeyrom ceéazam 6 cunmesupogannom Humpuode yeaepooa (CHY). Oouako, coenacho
pesynomamam PDA, nonazaem, umo eoccmanosnennvlii Humpuo yeiepooa (BHY) cocmoum uz crabocsszannvix
2emepoamoMHbIX Croes dzazpagena, nockoibKy on umeem snauumensio oonvuiee (na 0.09 nm) mesxcnaockocmuoe
paccmosinue MedxHcoy COCeOHUMU A30M=-YeNePOOHbIMU CLOAMU, YeM MENCOY CILOAMU CUHMESUPOBAHHO20 HUMPUO
yenepooa (CHY). Memooom COM ycmanoeneno, wmo nupoaus cmecu pA3iuynblx npekypcopos (yuanyposoi
KUCTIOMbL U MOUEBUHBL) 0aem NPOOYKM ¢ MEHbWUMU KPUCMaLIuyeckumu oomenamu (Ymo Modxcem yiyuuiums
Gomoxamanumuueckue XapaKmepucmukiL), Yem RUPoau3 00Ho20 npexypcopa (mouesunut).

Kntoueevie cnosa. azacpagen, oxcuo numpuoa yznepood, YUAHyposas KUcCIomd, MouesuHd, NUpoIu3,
@omokamanuzamop
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