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rPA®EH OKCUAIH A3OTNEH ®YHKUMOHANOAHAObIPY
OYHKUMOHAITU3ALIMA OKCUOA TPAPEHA A3OTOM
FUNCTIONALIZATION OF GRAPHENE OXIDE BY NITROGEN

AHOamna. byn xymbicma 6i3 epagheH okcudiH azomrneH yHKUUOHandaHObIpyObiH KapanalbiM 80iciH
KondaHObIK. AsomreH ¢hyHKUyUuoHandaHy a0ici epacheH OKCUOIH FbifIbIM MEH MEXHUKaHbIH 8pmypsii canana-
pbiHOa KonndaHy MyMKiHOIKmepiH edayip keHelimyae MyMKiHOiK 6epedi. pacheH okcudiHiH bacmankbi yreici
JKOHe XaHy pa3psdbiHOa eHOeyze apHarnfaH epagheH oKcuOliHiH yneici KabammbiH KarnbIHObifbl 10 HM-0eH
acambiH Si/SiO2 6emiHe xarblndbl. 3epmmey 6apbicbiHOa peHmaeHOiK (homo31eKmpPoHObIK CEeKMpPOCKO-
nusi (PO3C), PamaH crniekmpockonusicbl, COHOali-aK CKaHepreywi 31eKmpoHObl MUKDPOCKOMUSI KeMeziMeH
eHOeyze OeliHai )xoHe KeliHai 2pagheH okculi yrainepiHiH 6emiHiH KypblibiMbl MEH XUMUSICbI curiammarnobl.
A30mmbiH xaHy paspsidbl apKbirbl XYMbIC icmeyi asommbiH KeberoiHe xaHe ommeai 0eHeaeliHiH memeHOe-
yiHe akenoi.

TytiH ce30dep: epacheH okcudi, hyHKYUOHanday, azom, XapKbipay pa3psiobi.

AHHOmauus. B daHHolU pabome b6bin ucronb3oeaH rMpocmol crnocob ¢yHKyuoHanu3ayuu okcuoda
epagheHa azomom. @PyHKUUOHaNuU3ayus a3omom ro380sIssem CyueCmeeHHO pacliupums 803MOXHOCMU
ucronb308aHuUsi okcuda epacheHa 8 passiudyHbIx obrnacmsx HayKu U mexHUKu. YicxodHbIl obpasey, okcuda
epagheHa, u obpaseuy okcuda epacheHa Onsa obpabomku 8 mierowem paspside, bbinu HaHeCeHbl Ha
nosepxHocmpb Si/SiO2 ¢ monuwuHol cnos 6onee 10 HM. B xode uccrnedogaHusi cmpykmypa u XUumusi
rosepxHocmu obpa3syos okcuda epagheHa 00 u nocsie obpabomku bblu Oxapakmepu308aHbl C MOMOULIO
peHmaeHo8ckol omoasneKmpoHHOU crniekmpockonuu (P®3C), cnekmpockonuu KoMbUuHayUuOHHO20
paccesiHusl, a makxe C MOMOWbIO CKaHUpytowel 311eKmpoHHOU MUKpocKonuu. ®yHKyUoHanu3ayusi a3omom
rnocpedcmeom mirieowe20 paspsoa rnpueesna K yeenuyeHuo a3oma U K yMEeHbWEHUIO YPOBHS Kucopooda.

Knroueenie crnoea: okcud epagheHa, chyHKUUOHanu3ayus, asom, mieowuti pa3pso.

Abstract. In this paper, we used a straightforward method for the functionalization of graphene oxide
with nitrogen. Functionalization with nitrogen makes it possible to significantly expand the possibilities of
using graphene oxide in various fields of science and technology. The original graphene oxide sample and
the glow discharge graphene oxide sample were deposited on the Si/SiO2 surface with a layer thickness of
more than 10 nm. During the study, the structure and surface chemistry of graphene oxide samples before
and after treatment were characterized using X-ray photoelectron spectroscopy (XPS), Raman spectros-
copy, and scanning electron microscopy. Functionalization with nitrogen via glow discharge resulted in an
increase in nitrogen and a decrease in oxygen levels.

Keywords: graphene oxide, functionalization, nitrogen, glow discharge.
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Introduction. One of the most quintessential factors in nature particularly is carbon, which is
quite significant. All organisms on our planet contain of carbon-based structures, and a substan-
tially things which we eat in our each day existence are made of carbon compounds. Many allo-
tropic compounds have been assigned to carbon. Graphite can generally be described as the allo-
tropes shape of elemental carbon in additament to diamond. It is known that graphite has a layered
covalent structure, every carbon atom frequently is bonded to three other carbon atoms. There are
several important possessions of graphite: grayish black in colour, opaque substance, lighter than
diamond, convenient and slippery to contact, a real conductor of electricity and warmness, a crys-
talline solid, non-inflammable, soft due to weak Vander wall forces. Though, diamond is known
because of the hardest substance. It essentially contains a crystalline nature; every atom truly is
associated with four carbon atoms. It's an inflexible bond that is tough to ruin, colorless and trans-
parent.

Currently, carbon-based substances in current science have a top-notch attention. It is now
well established from a variety of studies that it can exist in various configurations with unique
properties such as fullerenes, carbon nanotubes, graphene, and its derivatives (graphene oxide),
nanodiamonds as well as carbon-based quantum dots. The names of great explorers such as Rob-
ert F. Curl Jr., Sir Harold W. Kroto and Richard E. Smalley, A. Geim and K. Novoselov as well
as S. lijima will forever remain in the history of discoverers of carbon forms. Undoubtedly, such
a huge interest of carbon-based materials is revealed due to ease of processability, high - temper-
ature stability, eco - friendly and widely applied in various potential applications: gas sensing,
energy storage, water treatment, biomedical, space.

Fullerenes (Cgo) were discovered in 1985, while the discovery of the carbon nanotube in 1991
boosted the research in the field of carbon related nanomaterials. To our understanding, fullerenes
square measure an element of carbon having hollow molecules, during which sp2-carbons square
measure exactly secure to a few neighbors in an exceedingly system of five- and 6-membered
rings. Fullerenes (originally Buckminster fullerenes) area unit a brand-new category of carbon-
only molecules wherever sixty carbon atoms (Ceo) area unit organized in an exceedingly ball
structure. The Cgo molecule is implausibly stable, having the ability to resist high temperatures
and pressures. The exposed surface of the structure is ready to react with totally different species
whereas conserving the geometry. Some studies discovered that Cso may be thought about as a
motivating scaffold for drug delivery since it may be multi-functionalized, forms NP, and/or acts
as a drug absorbent.

Moreover, the carbon nanotubes are viewed to be the cylindrical model of fullerene. Because
of the very fact that carbon nanotubes are derived from fullerenes, they are guided to as tubular
fullerenes or bucky tubes. The incredibly true discovery of carbon nanotubes opened a new un-
derstanding in nanotechnology, electronics, optics, and different fields of materials science. As a
give up result of which carbon nanotubes describe a greater and extra essential crew of nano-
materials with incredible geometric, electronic, and mechanical yet as chemical properties. For
example, according to the literature, the tensile strength of carbon nanotubes is 20 times higher
than that of high-strength alloy steel, and the density is half that of aluminum. Depending upon
the extent of carbon layers, carbon nanotubes are frequently labeled as single-walled carbon nano-
tubes, double-walled carbon nanotubes, and multi-walled carbon nanotubes. Carbon nanotubes
region unit is completely utilized in drug delivery, sensing, and water treatment.

Among the families of carbon materials, graphene is still in its teenage years, in the last 18
years have passed since its discovery, and therefore remains a promising material of the future. It
was surprising that isolated from graphite using a simple technique with an adhesive tape revealed
the graphene. Remarkably, carbon nanotubes and buckyballs are composed of one or a few layers
of graphene in a regular arrangement. In fact, that graphene is the mother of all graphitic forms
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of carbon. It has been reported that graphene is a carbon material having a two-dimensional hex-
agonal structure in one layer, where carbon atoms are connected by sp2 bonds that resemble hon-
eycomb structure. Data from several studies suggest that graphene as well as graphene-like ma-
terials, also graphene oxide and other carbon materials are of great interest for the scientific com-
munity due to such peculiar properties as: high level of thermal and electrical conductivity,
strength, and excellent adsorption characteristics. Extensive research has shown that graphene is
attractive in many fields due to its versatility. In fact, various groundbreaking studies have re-
vealed the following key benefits of graphene: the finest and hardest material known; flexible and
transparent color; excellent thermal and electrical conductor; used in the manufacture of high-
speed electronic devices; explosives detection by chemical sensors; membranes for more efficient
separation of gases, made from foil with nanoscale pores; for the production of transistors oper-
ating at high frequencies; expanded production of low-cost mobile phone screens to replace in-
dium-based electrodes in organic light-emitting devices (OLEDS); creating lithium-ion batteries
that use graphene on the anode surface to recharge those batteries faster; recovery of hydrogen
for fuel cell vehicles; cheaper water desalination technology that uses graphene films with na-
noscale holes to separate water from ions in salt water [1].

Graphene derivatives such as graphene oxide are identified to be broadly used due to their
comparable features to graphene. Graphene is viewed as the first-rate conductor of electricity due
to the fact the m-electrons of the carbon atoms move freely within the crystal planes, making
graphene a fantastic electrical conductor. However, graphene oxide is an insulator due to the dis-
ruption of the sp2-bonded community through the way of oxygen-containing groups. These func-
tional groups make the graphene oxide surface easily modifiable with fast electron transfer kinet-
ics and excellent hydrophilicity and biocompatibility. Modification of graphene by introducing
diverse functional groups into its configuration causes it achievable to improve the properties of
graphene and constantly expand the range of its application [2]. Even though graphene has out-
standing properties, this is functionalized or doped to enhance or tune its properties [3]. It is worth
noting that there are many ways to functionalize graphene, but one effective way is to modify
graphene by substitutional doping.

Various thermal, chemical, optical, and other approaches are used to functionalize and reduce
graphene oxide. With the development of nanotechnology, plasma processes have been used for
the growth and functionalization of nanomaterials offering a unique combination of economical
and environmentally safe properties in the manufacturing process. Functionalization of graphene
oxide is mainly done by plasma treatment of nitrogen, ammonia, oxygen, methane, hydrogen, and
fluorine. Plasma is mainly used as rapid method to functionalize carbon nanomaterials. Compared
with other methods, this plasma functionalization is an environmentally friendly technique for the
surface functionalization of carbon nanomaterials. Some scientific reports presented different
ways of discharges such as argon glow discharge, low-pressure radio frequency (RF) plasma ac-
tivation [4] which used to functionalized nanostructures.

Graphene, which has a zero-band gap, must be functionalized with heteroatoms to open its
band gap. Band gap tunable via substitution doping. Heteroatoms are used to tune and improve
the band structure and conductivity [5]. The choice fell on nitrogen not by chance since its atomic
size and radius are similar to carbon. Many studies have been conducted with nitrogen (N)-dop-
ing. Heteroatom dopants can be electron donors (n-type) or electron acceptors (p-type). Both B
and N, the neighboring elements of C on the periodic table, easily substitute C in the graphene
lattice, resulting in p- and n-type doping, respectively. According to the article, N atom is more
appropriate than B atom because it is more easily substituted into graphene.

The purpose of this work was to investigate the effect of glow discharge plasma on structure
as well as properties of graphene oxide.
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Materials and methods of research. The synthesis of graphene oxide was done according to
the procedure of Hummers [6]. A volume of 500 ml in a flask was mixed with 1 g of graphite
powder and 1 g of sodium nitrate with 50 ml of concentrated sulfuric acid, which was in an ice
bath, where the solution was stirred continuously for 30 minutes. Then, 6 g of potassium perman-
ganate was carefully added to the resulting mixture to prevent an explosion, and the overheating
temperature was maintained at 5°C. The resulting solution was mixed at a temperature of 35°C
for 3 hours. After that, 200 ml of 3% hydrogen peroxide was added and stirred for 30 minutes.
The resulting graphene oxide was washed with distilled water until pH 6 was reached. As a result,
the product was dried in an oven at a temperature of 80°C for 24 h.

According to the electronic configuration, graphene oxide (GO) possesses several remarkable
optical properties. It displays structure-dependent absorption and Raman spectra that depict its
chemical composition and the degree of functionalization-induced disorder [7,8]. GO holds high
electrical resistivity as well as high hydrophilic behavior, which permits good adherence to other
materials and the possibility of preparing complicated compound structures. Electronic residences
such as conductivity of GO sheets rely strongly on their chemical and atomic structures. Structure
of GO has been studied with the beneficial resource of massive fluctuate of strategies.

Raman spectroscopy. This method affords facts on structural or chemical defects produced in
its structure. Besides, the shape of bands, depth and width, and the characteristic of graphene
oxide Raman spectrum rely on the atomic configuration. We also studied the Raman spectra of
graphene oxide exposed to nitrogen glow discharge plasma. Raman spectra were obtained with a
Raman spectrometer. We use Raman spectroscopy to explore the structural and electronic prop-
erties of graphene oxide.

XPS. Graphene oxide can in addition mostly be analyzed via X-ray photoelectron spectros-
copy (XPS) to determine the composition of the specimen surface and accelerated curiously to
figure out the ratio of individual functional groups. X-ray photoelectron spectrum of GO samples
was recorded in a model ThermoFisher Scientific Nexsa X-Ray Photoelectron Spectrometer
(XPS). The excitation source was the Al Ka (hv = 1486,68 eV, 400 um spot size) radiation. The
equipment uses a hemispherical electron analyzer. XPS spectra were recorded at 0.1 eV analyzer
pass energy. The residual pressure in the analysis chamber remains under a value of 4 x 1077 Pa.

SEM. Scanning electron microscopy (SEM) was used to study the morphology of GO. The
obtained GO samples were investigated on a SEM Quanta 200i 3D instrument. From Figure 1 b,
the wrinkled structure morphology of the GO can be seen by SEM where parameters of SEM are
HV=5.00 kV, magnitude= 12 000x, WD=15.1 mm, HFW=24.9 um.

Results and discussions. Figure 1 a present a typical Raman spectrum of initial GO. In the
spectral region between 1000-3750 cm?, the measurements were achieved below excitation with
a 473 nm laser. The Raman spectrum of GO elicited information on G and D peaks. The G peak
is reflected at about 1587 cm™?, while the D peak appear in 1350 cm. The D/G ratio, calculated
from the intensity of peaks, shows the level of oxidation of the sample and in our study the D/G
ratio of GO was 0.95.

XPS is used to obtain insights into changes in the surface chemical composition of GO speci-
mens treated with nitrogen glow discharge plasma compared to pristine GO sample. Treatment
significantly reduces oxygen content. In the case of XPS analysis, for all the samples analyzed,
scans were recorded for C1s, O1s and N1s with a step size of 0.1 eV and pass energy of 50 eV.
Figure 2 and Figure 3 show the deconvoluted C1s of the pristine and treated GO samples, respec-
tively. The curve deconvolution of the Cls peak of the GO, which without treatment shows in
Figure 2 a four peaks designated as C1 (C-C, 284.8 eV), C2 (C-0, 286.8 eV), C3 (O-C=0, 288.5
eV), C4 (C=C, 283.4 eV) [9]. For the deconvoluted C1s peak of the GO sample, which after
nitrogen glow discharge plasma shown in Figure 3, where five peaks designated as C1 (C-C,
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284.8 eV), C2 (C-N, 286.7 eV) [10], C3(C=0, 287.9 eV), C4 (O-C=0, 290.3 eV), C5 (C(O)OH,
283.7 V) [11]. Plasma surface treatment leads to disappear the double bond carbon (C=C) and
creates carboxylic acid (C(O)OH), carboxyl (O-C=0) as well as the appearance of an additional
(C-N) bond peak.
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a

Figure 1. a — Raman spectrum of graphene oxide, with characteristic peaks,
b — SEM image of GO surface

Deconvoluted O1s spectra of GO without treatment and GO after treatment are given in Figure
4 and Figure 5, respectively. The O1s spectrum of GO initial sample can be divided into O1 (532.4
eV) [12], O2 (530.8 eV), 03 (534.5 eV) [13], which is assigned to C=0, C-O, and adsorbed H20,
respectively (Figure 4). While the O1s spectrum of the second sample (Figure 5) can be divided
into O1 (C-0, 532.3 eV), 02 (0=C-0, 534.9 eV) [14], O3 (C-OH, 531.3eV) [15]. The observed
functional groups such as C=0, O=C-0O, and C-OH are highly affected after plasma treatment.
The O1 peak is attributed to carbonyls groups. The O2 peak is associated with carboxyl, while
the O3 peak corresponds to hydroxyl groups.

The N1s peak of GO sample without treatment is negligible, however, it is clearly detectable
after exposure to the nitrogen plasma thus indicating that this treatment leads to functionalization
of the graphene oxide with N-sites. In Figure 6, the N1s spectrum can be decomposed into four
component peaks, corresponding to the bonding configurations of N1 (pyrrolic-N, 399.7 eV), N2
(the oxidized pyridinic-N (Nox), 402.7 eV), N3 (substitutional/graphitic- N, 400.6 eV), N4 (pyr-
rolic-N, 399.1 eV). The survey XPS spectrum of graphene oxide before treatment and after treat-
ment through Avantage software revealed that the successful introduction of a high nitrogen con-
tent into the graphene oxide structure, where the elemental content of nitrogen in the second spec-
imen was 9.95 at.%. By contrast, the elemental content of nitrogen in an initial graphene oxide
was 0.85 at.%. (Table 1).

Table 1. Elemental composition of the obtained N-doped graphene from the XPS spectra

sample Element, %
C 0] N
GO without treatment 71.9 27.1 1.0
GO after treatment 69.6 205 9.9

Modification process: Functionalization was carried out on a universal vacuum unit VUP 5M.
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The system was pumped down to the level of 10 Pa. The nitrogen gas was admitted to a pressure
level in the chamber of the order of 10 Pa. Irradiation was carried out in a standard glow discharge
system. With this in reason, current plasma experiment is worked at 1.5x10%° lons/cm2 dose, and
acceleration voltage 2.5 kV.

The capacious work of the scientist Haifeng Xu and co-workers presented methods for the
synthesis of N-doped graphene [16]. An overview of the literature confirmed that there are not
enough articles in this theme [17-20].
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Figure 2. The C1s peaks in the XPS spectra of GO without treatment



2, 2023 49 «IKTY XABAPIIBICBI»

Counts /s ({Residuals x 5)

Counts /s (Residuals x 10)

C1s Scan
10 Scans, 2m55 s, 400pm, CAE500, 0.10eV

1,50E+05

1,40E+05

R e AT N

1,20E+05
1,10E+05
1,00E+05
9,00E+04
8,00E+04

7,00E+04

2,40E+05

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

Figure 3. The C1s peaks in the XPS spectra of GO after treatment
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Figure 4. The O1s peaks in the XPS spectra of GO without treatment
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Figure 5. The O1s peaks in the XPS spectra of GO after treatment
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Figure 6. The N1s peak in the XPS spectra of GO after nitrogen glow discharge plasma
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Conclusions. In summary, a fast, environmentally friendly method for the N-functionalization
of GO using nitrogen glow discharge plasma was realized. Two samples were prepared and tested.
The initial sample of graphene oxide and the sample treated with nitrogen glow discharge plasma
with an irradiation dose of 1.5x10® lons/cm2. The structure and morphology of the GO surface
were studied using Raman spectroscopy and SEM. Graphene oxide has been successfully func-
tionalized with nitrogen in a glow discharge plasma. The incorporation of nitrogen into GO results
in the formation of three different N-bonded species. As a result, after treatment with nitrogen
glow discharge plasma, the nitrogen content increased by almost 10 times. Moreover, irradiation
leads to a decrease in the oxygen content, which has a significant effect on the structure and
electronic properties of functionalized sample.

Acknowledgements. The authors gratefully acknowledged to Dr. Casey Smith (Shared Re-
search Operations Manager, Texas State University, San Marcos, USA) for XPS measurements.
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