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CATALYTIC SYNTHESIS OF GRAPHITE OXIDE AND GRAPHITE
NANOSTRUCTURES IN TRANSIENT GLOW-TO-ARC PLASMA DISCHARGE

Carbon and carbon-based materials like graphene and graphene oxide exhibit a constantly expanding field of
applications in science, medicine, and industry. However, their implementation is still hindered by the absence
of a reliable, flexible, and highly productive method of synthesis. Most of the existing methods rely on the use
of chemical reagents potentially dangerous for the environment. In this paper, a physical method based on the
use of a transient glow-to-arc discharge is developed, and the carbon nanostructures are obtained during a
single-step production in a plasma reactor. Argon and oxygen are used to grow either carbon or carbon oxide
nanostructures on the surfaces of expanded graphite samples. To enhance the growth of the carbon nanostruc-
tures, an anode made of copper is employed in the setup, to serve as a source of the copper catalyst. As a re-
sult, complex three-dimensional carbon nanostructures with a density of about 0.01 um-2 were detected using
scanning electron microscopy (SEM) on the entire surface of the sample after the oxygen plasma treatment. An
enlarged view of nanostructures shows that they are a composition of 2D and 1D nanostructures connected by
jumpers, as well as the presence of tree-like and petal nanostructures with dimensions of approximately 3 xm
in length and 30 nm in diameter. The replacement of oxygen with argon led to a significant change in the ap-
pearance of nanostructures. Layered 2D graphene-like and tree-like carbon nanostructures capped with cop-
per particles of diameters up to 10 um were found. The obtained nanostructures suggest that expanded graph-
ite is an excellent source for the production of two-dimensional nanostructures, like graphene and graphene
oxide, which can be used as components for field-effect transistors, nanofluidic applications, supercapacitors,

and electromagnetic absorbers.
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Introduction

Graphene and graphene oxide are 2D nanomateri-
als that are in demand for various applications for their
outstanding properties. Graphene is characterized by a
planar hexagonal lattice structure with the electrical
conductivity over 10°% S/cm, Young's modulus up to
1100 GPa, transmittance for visible light of about
97.9%, and the specific surface area as high as
2630 m?/g [1]. Unlike graphene, graphene oxide con-
tains many functional groups of oxygen, and that is why
the properties of graphene oxide depend on its structure.
The biomedical applications of graphene and its deriva-
tives include its use in gene and drug delivery [2], and
according to the research conducted by Liu et al. [3],
graphene-based nanomaterials have an excellent effect
on cement-based materials, which can be applied for
preparation of high-performance building materials.
Graphene and other carbon nanostructures have gained
significant attention of a scientific community as elec-
tromagnetic wave absorbing [4] and shielding [5] mate-
rials in the high-frequency range. Superlubricity, when
the dynamic friction coefficient is lower than 0.01, is
also a feature of such carbon-based materials as dia-
mond-like, onion-like, fullerene-like carbons, ultra-
nanocrystalline diamonds, carbon nanotubes, and car-

bon nanostructures associated with liquid [6]. Typical
values of the field enhancement factor in the range of
3x10* to 5x10* can be obtained in the individual carbon
nanotubes that possess very sharp tips, while hybrid
graphene nanostructures have the enhancement factor
from 4000 to 6500, which makes the materials a perfect
candidate for field-emitting applications [7]. Porous
carbon nanostructures decorated with transition metal
species are considered as substitutes of noble metals in
enhancing catalytic performance in oxygen reduction
reactions [8]. Functionalized fluorescent carbon
nanostructures for targeted imaging of cancer cells were
also reported [9]. Graphene oxide membranes exhibit a
great potential for desalination of water purification;
moreover, they show no damage in water, acid, and
basic solutions even after months [10]. A review of
catalytic properties of these materials with respect to
wastewater purification was conducted by Thakur and
Kandasubramanian [11]. A review carried out by Lim et
al. [12] reported about the successful application of gra-
phene and graphene oxide nanomaterials for removal of
heavy metals from wastewater. A comprehensive re-
view of electrochemical energy storage devices using
graphene oxide was reported by Lian et al. [13]. At the
same time, the applications of graphene oxide integrated
photonic devices was proposed by Wu et al. [14]. Gra-
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phene and graphene oxide are also considered as per-
spective materials for development of corrosion protec-
tive films and coatings [15]. At that, the researchers
reached a consensus that a perfect graphene film pro-
tects the metal matrix well, but its protective perfor-
mance is significantly reduced once the graphene film is
damaged. Thus, a problem of obtaining very large sub-
strates covered by the graphene films emerges. As for
the ways of use the graphene-based materials, usually
they are arranged in three different ways [16]: layering
graphene components within composites with respect to
improve the performance of applications such as elec-
trodes, use as a filler material to aid in electrical and
thermal conduction, e.g., and functionalising graphene
derivatives to create hybrid nanostructures. Since the
production of cheap high-quality graphene at an indus-
trial scale remains a tremendous challenge, graphene
oxide, which can be produced in desirable quantities
and at low cost, is considered as a suitable substitute for
the pristine graphene. Unfortunately, most of methods
of the synthesis of graphene oxide use strong oxidants
and results in generation of a large number of defects in
its crystalline structure. To regain the graphene-like
properties, graphene oxide is treated with the different
techniques that transform it to the reduced graphene
oxide that is considered as a very good compromise
between graphene and graphene oxide with respect to
the graphene distinguishing properties and simplicity of
production of graphene oxide [17]. In addition, recently
proposed methods for preparation of graphene oxide
make it suitable for energy storage and utilization of
nuclear wastes [18]. Various methods are developed to
grow graphene oxide and reduced graphene oxide. Al-
Gaashani et al. reported facile and safe methods to syn-
thesize the species without the production of toxic and
explosive gases, when the synthesized materials were
strongly dependent on the mixture of acids [19]. Among
the proposed approached, on-surface synthesis of car-
bon nanostructures appears to be the most developed
[20], which can be explained by the fact that usually a
substrate is an efficient third body in various chemical
reactions.

Formulation of the problem

Thus, a problem of fast, flexible, and large-yield
production of carbon and graphene materials still exists
in spite of the fact that large number of techniques is
already proposed. Most of them are based on chemistry
that can be a source of hazardous agent causing envi-
ronmental problems. That is why a plasma-enhanced
physical method [21, 22] is developed and described in
the present paper. Based on the literature analysis, on-
surface synthesis of graphene materials is conducted on
a substrate at presence of catalyst metal.

Experimental part

To perform the experiments on the growth of the
carbon nanostructures, a plasma reactor utilizing the
glow discharge plasma with the ability to survive its
transition to the arc mode was used. The diameters of
the anode and cathode were 15 mm and 35 mm, respec-
tively, and the discharge gap was set to 20 mm. At that,
the cathode was made of graphite, while the anode was
made of copper to ensure the growth of the carbon
nanostructure by use of copper catalyst. A vacuum
chamber with a diameter of 300 mm and height of
350 mm was used to host the electrodes. To obtain the
nanostructures, the samples made of the expanded
graphite sheet with a diameter of 35 mm and a thickness
of 1 mm were put on the cathode. A schematic of the
experimental setup is shown in Fig. 1.
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Fig. 1. A schematic of the experimental setup

To grow the graphite oxide nanostructures, the
vacuum chamber was filled with oxygen at the pressure
of 230 Pa, and the glow plasma discharge was main-
tained for 20 minutes at the voltage drop of 780 V be-
tween the electrodes and the current of 0.12 A. For the
synthesis of graphite nanostructures, argon was used at
the pressure of 180 Pa as the background gas to ignite
the plasma glow. In this case, the samples were treated
for 30 minutes in argon plasma at the voltage drop of
750 V and the current of 0.13 A. A photograph of the
glow discharge is shown in Fig. 2.

Fig. 2. A photograph of the plasma discharge
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In both cases, the samples were heated to dark red,
and their temperatures was estimated as 650 °C. A large
number of arcs with a period of 3 to 5 s was generated
on the surface of the samples during the treatment.

After the plasma oxidation, the samples were
passed to the scanning electron microscopy (SEM) to
study the effect of the plasma treatment to the surface of
the sample.

30.00kV__ x500

Results and discussion

Fig. 3 shows the scanning electron microscopy
(SEM) images of a sample of expanded graphite treated
in oxygen plasma for 20 minutes under the oxygen pres-
sure of 230 Pa. Complex three-dimensional carbon
nanostructures with a density of about 0.01 pm? were
detected on the entire surface of the sample (Fig. 3, a).

J0.00kV  x5.00k 10pm @ WD=7.7mm

30.00kV _ x10.0k Spm @ WD=7.9mm 30.00kV _ x50.0k

Fig. 3. SEM image of a sample of expanded graphite treated in oxygen plasma for 20 minutes (230 Pa, 780 V
and 0.12 A): a — three-dimensional carbon nanostructures with a density of about 102 um%; b — enlarged view of 3D
nanostructures, which are a composition of 2D and 1D nanostructures; ¢ —the complex nature of the interaction
of individual nanostructures connected by jumpers; d — tree-like nanostructures; e — petals with branches;

f — an enlarged view of the nanostructure measuring approximately 3 pm in length and 30 nm in diameter
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An enlarged view of these 3D nanostructures
shows that they are a composition of 2D and 1D
nanostructures (Fig. 3, b). The complex nature of the
interaction of individual nanostructures connected by
jumpers (Fig. 3, c), as well as the presence of tree-like
(Fig. 3,d) and petal nanostructures with processes
(Fig. 3, e) was revealed. The enlarged view allows dis-
tinguishing the nanostructures with dimensions of ap-

30.00kV

~ 10pm

30.00kV _ x5.00k

proximately 3 pm in length and 30 nm in diameter
(Fig. 3, f). The next set of samples made of expanded
graphite was treated in argon plasma at a pressure of
180 Pa at a discharge voltage of 750 V and a current of
0.13 A. The replacement of the gas led to a significant
change in the appearance of the nanostructures. General
view of the nanostructures with a density of 0.04 pm
on the surface of the sample is shown in Fig. 4, a.

30.00kV  x4.00k

Fig. 4. SEM image of a sample of expanded graphite treated for 30 minutes in argon plasma (180 Pa, 750 V
and 0.13 A): a — general view of nanostructures with a density of 0.04 um2 on the surface of the sample;
b — enlarged view of the nanostructures, which shows their inhomogeneous distribution on the surface; ¢ — layered
carbon nanostructures; d — copper particle with a diameter of 10 um with a developed system of carbon nanostruc-
tures around it; e — complex 2D nanostructure; f — tree-like carbon nanostructure covered with copper nanoparticles
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The enlarged view of nanostructures reveals their
inhomogeneous surface distribution (Fig. 4, b), layered
carbon  nanostructures  (Fig. 4, c), complex 2D
nanostructures  (Fig. 4,e), and tree-like carbon
nanostructures covered with copper nanoparticles
(Fig. 4, f). In addition, copper particles with a diameter
of 10 pm with a developed system of carbon nanostruc-
tures around them were found (Fig. 4, d).

Application perspectives

From a practical point of view, the obtained
nanostructures suggest that modified graphite is an ex-
cellent source for the production of two-dimensional
nanostructures, which can be widely used as compo-
nents for field-effect transistors, nanofluidic applica-
tions, supercapacitors, space technology, and electro-
magnetic absorbers.

Conclusions

The obtained results allow us to draw certain con-
clusions about the mechanism of formation of carbon
nanostructures on the surface of the modified graphite in
an oxygen plasma atmosphere. The presence of a signif-
icant number of defects and layered assembly of the
source material contributes to the formation of two-
dimensional nanostructures, although there is also the
emergence of complex petal nanostructures. The pro-
cesses of formation of such nanostructures can be de-
scribed by the model of vertical graphene formation, as
well as models of growth of one-dimensional structures
of copper oxide. This allows us to conclude about the
possibility to implement a single theoretical model of
the growth of oxide nanostructures of carbon and cop-
per. At the same time, use of noble gases like argon
results in exfoliation of the expanded graphite and for-
mation of the layered structures stacked into the tree-
like and net-like microstructures composed of the nano-
layered graphite 2D structures. The preliminary analysis
allows expecting the development of the graphene and
the graphene oxide nanostructures in the experiments
yet the additional investigations with the transmission
electron microscopy (TEM) are necessary.
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KATAJITAUYHUIN CUHTE3 HAHOCTPYKTYP OKCHUJIY TPA®ITY TA TPA®ITY
B PEXKUMI TIEPEXOAY BIA TJIIFOYOI'O 10 AYT'OBOT'O IIVIASMOBOI'O PO3PALY

A. 0. bpeyc, C. JI. Abawiun, 1. M. /Iykawos, 0. JI. Cepowk, O. O. bapanog

Byrienp i Matepianu Ha OCHOBI BYIJIELO, Taki sIK rpadeH 1 OKCHI rpadeHy, JeMOHCTPYIOTh MOCTIHHO 3pocTa-
104y 00J1aCTh 3aCTOCYBaHHS B HayIli, MEAUIIMHI Ta IPOMHUCIOBOCTI. IIpoTe iX peani3alii Bce Mg MepemKompKae Bi-
CYTHICTh HaJIHHOT'0, THYYKOr0 Ta BUCOKOIPOAYKTUBHOTO METOAY CHHTE3Y. BibIIICTh ICHYIOUHX METO/IIB 3aCHOBaHI
Ha BHKOPHMCTaHHI NOTEHLINHO HeOE3NEeUHHX IS HABKOIMILHLOIO CEPENOBHINA XIMIYHMX peareHris. Y pobori pos-
pobseHo (i3UYHUI METOM, 3aCHOBAHMH HA BHUKOPHCTAHHI MEPEXiJHOrO TII0YOro-IyroBOr0 PO3psLy, 1 OTpHMaHi
BYIJIEIEB]I HAHOCTPYKTYPH IiJ Yac OFHOCTALIHOrO UKy BUPOOHMIITBA B IUIA3MOBOMY PEAKTOpi. AProH i KHCEHDb
3aisHI O OTPUMAaHHS HAHOCTPYKTYp Trpadeny abo oxkcuay rpadeny. s MOCHICHHS POCTY BYIJIEUEBUX HAHOC-
TPYKTYP B YCTAHOBIII BUKOPMCTOBYETHCS aHO 3 Mifi, SIKHI CITY)KUTh [KEPEIOM KaTaTITHYHUX HAHOYACTHHOK Miji.
B pe3yabTaTi 3a JOIOMOIOI0 CKaHYIOUO0l eleKTpoHHol Mikpockomii (SEM) Ha Bciii moBepxHi 3pa3Kka micist 00poOKH
KHCHEBOIO IUIa3MOI0 OylI0 BHSBJIEHO CKJIaIHI TPMBMMIpPHI BYIJIELEBI HAHOCTPYKTYPH 3 ImiabHicTIO Omu3pko 0,01
MKM 2. 361bIIeHN} BUMIIS HAHOCTPYKTYP MOKA3YeE, IO BOHHU ABIISIOTH CO00M0 Kommo3umito 2D i 1D HaHOCTPYKTYD,
3’€IHAHUX [TEPEMUYKAMH, a TAKOXK HASIBHICTH IEPEBOMOLIOHMX 1 EMOCTKOBUX HAHOCTPYKTYP 3 PO3MipaMu IIPHOIIH-
3HO 3 MKM B J0BXHHY 1 30 HM B miameTpi. 3aMiHa KMCHIO aprOHOM IIPU3BENa J0 ICTOTHOI 3MiHH 30BHIIIHBOIO BH-
TSIy HAaHOCTPYKTYp. IIpH 1[bOMy BHSBIEHO IIapyBaTi ABOBHMIPHI Ta JAEPEBOMOAIOHI BYyIJIElEBl HAHOCTPYKTYPH,
YKPUTI YacTHHKaMu Miai giamerpoM g0 10 MM. OTprMaHi HAHOCTPYKTYPH CBig4aTh PO Te, 110 MOAM(IKOBAHMIA
rpadiT € YygOBHM HKEPEIOM JUIs BUPOOHMIITBA ABOBMMIPHHUX HAHOCTPYKTYP, SIKI MOXKYTh OYTH BHKOPHMCTaHI SIK
KOMITOHEHTH JUTS [TOJIbOBUX TPAH3UCTOPIB, HAHOMIIIOITHUX 3aCTOCYBaHb, CYNEPKOHICHCATOPIB Ta MOTTTHHAYIB €JIeK-
TPOMATHITHUX XBHIIb.

Kuro4oBi ci1oBa: mmasMa; Ti0Yni po3psil; BaKyyMHa Jyra; HAHOTEXHOJIOTI1; ByTrleleBl HAHOCTPYKTYPH.

KATAJIMTUYECKHW CUHTE3 HAHOCTPYKTYP OKCHJIA TPA®UTA U TPA®UTA
B PEXKUME ITIEPEXOJA OT TJIEIOHIEI'O K JYT'OBOMY IINIASMEHHOMY PA3PSY

A. A. bpeyc, C.JI. Abawmun, H. H. Jlykawes, A. JI. Cepowk, O. O. bapanos

VYriepox U MaTepuaibl Ha €ro OCHOBE, Takhe Kak rpad)eH M OKCHJ rpadeHa, UMEIOT IIOCTOSHHO PacIIUpsIO-
LIytocst 00J1acTh MPUMEHEHNS B HayKe, MEJHUIMHE ¥ NPOMBINUIeHHOCTH. OHAKO MX peayu3aliy [I0Ka MelaeT OT-
CYTCTBHE HAJI©KHOT0, THOKOIO ¥ BBICOKOIIPOM3BOJUTEIHHOIO METO/IA CHHTE3a. BONBIIMHCTBO CYIIECTBYIOMINX Me-
TOZOB OCHOBaHBI Ha MCIOJb30BAHIUH XUMHYECKHX PEareHTOB, IIOTCHIMAIBLHO ONMACHBIX VIS OKpYy)Xaromel cpensl. B
pabote pa3pabotaH HU3NIECKUI METO, OCHOBAaHHBIN HA MCIOJIb30BAHMU MEPEXOIHOrO TICKOIIET0-IyrOBOTO paspsi-
Jla, W MONYYEHbI yriepoaHble HAHOCTPYKTYPHI B XOJE OJHOCTAJAMHHOIrO MPOM3BOJACTBA B IJIA3MEHHOM PEaKTope.
ApProH U KUCJIOpPOA HCIIONb3YIOTCS IS MPOBEACHNS HAHOCTPYKTYp rpadeHa mim okcuza rpadena. s yckopeHus
pocTa yriaepoaHbIX HAHOCTPYKTYP B YCTAHOBKE HCIIONB3YETCS aHOM M3 MEAW, KOTOPBIA CIYKUT UCTOYHUKOM KaTa-
JTUTHYECKUX HAHOYACTHI] MeIu. B pe3yapTraTe ¢ MOMOIMIBI0 CKAaHUPYIOMIEH MeKTpoHHONH MUKpockormuu (COM) Ha
BCEH MOBEPXHOCTH 00pa3Ia Mocie KUCIOPOJHO-TUIa3MEHHONH 00paboTKy ObITH 0OHAPYKEHBI CIIOXKHBIE TPEXMEpPHBIE
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YIJIEPOHBIE HAHOCTPYKTYPHI TIOTHOCTBIO 0K0s10 0,01 MKM™Z. VBENMUYEHHBIH BHI HAHOCTPYKTYp MOKAa3bIBAET, YTO
OHH TIPEJCTABIISIOT c000i Kommo3unuio 2D n 1D HaHOCTPYKTYp, COCMHEHHBIX MEPEMBIYKaMH, a TaKkKe HaJIHIHe
JPEBOBUIHBIX M JIEIECTKOBBIX HAHOCTPYKTYpP C pa3MepaMu OKolo 3 MKM B anuHy u 30 HM B quaMmerpe. 3aMeHa
KHCJIOPO/Ia Ha aproH NpHBEJa K CYIIECTBEHHOMY M3MEHEHHUIO BHEIIHET0 BUAA HAaHOCTPYKTYp. [Ipn aToM oOHapyxe-
HBI CJIOMCTBIE ABYMEPHBIE U JPEBOBUAHBIE YIJIEPOAHBIE HAHOCTPYKTYPBI, MOKPHIThIE YACTUIIAMHM MEAU AHaMETPOM
10 10 mxm. [TomyueHHBIE HAHOCTPYKTYpPBI MO3BOJISIIOT TPEIIOIOKUT, YTO MOANGDHUIMPOBAHHBIN IpaQuT SBISETCS
OTJIMYHBIM MCTOYHHKOM JIJISl ITPOU3BOJICTBA JIByMEPHBIX HAHOCTPYKTYP, KOTOPhIE MOTYT OBITH MCIOJIB30BaHbI B Ka-
YecTBE KOMIIOHEHTOB MOJIEBBIX TPAaH3UCTOPOB, HAHOKUAKOCTHBIX MPUIIOKEHUH, CYNEpKOHIEHCATOPOB U IOIJIOTH-
Tenel 3JIeKTPOMAarHUTHBIX BOJIH.

Knrouesbie cioBa: miasMa; TICIOMMN pa3psal; BaKyyMHas Iyra; HAHOTEXHOJIOTHH; YrIIEpOJHbIE HAHOCTPYK-
TYpBIL.
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