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STUDY OF RF-DBD DISCHARGE IN AR/CH4 MIXTURE
IN THE PRESENCE OF NICKEL FOAM AT LOW PRESSURE

Abstract

This paper investigates the effect of nickel foam on the structure and properties of Radio-Frequency Dielectric
Barrier Discharge (RF-DBD) in an Ar/CH4 mixture at a low pressure of 0.5 Torr. Experiments were conducted by
varying the supplied power, gas flow, and distance between the catalyst and the RF electrode. It has been shown
that an increase in plasma power and a change in CH, gas flow in the presence of a catalyst leads to a noticeable
shortening of the plasma glow length in a quartz tube. It was found that increasing the distance between the catalyst
and the RF electrode reduces the ability to maintain plasma in the region downstream of the catalyst. The analysis
of optical emission spectra revealed a decrease in the intensity of carbon-containing radicals, atomic and molecular
hydrogen after the catalyst, which indicates its active participation in plasma-catalytic processes. Raman analysis
confirmed the formation of amorphous carbon deposits on the nickel foam surface. It has been established that nickel
foam not only modifies the structure of the RF-DBD discharge, but also significantly affects the distribution of
active particles in the plasma, changing the conditions for plasma-catalytic reactions. The results obtained provide a
deeper understanding of the mechanisms of interaction between low-temperature plasma and porous metal catalysts
and can be used in the development of effective plasma-catalytic systems for the conversion of hydrocarbon gases.
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Introduction

Gas conversion of hydrocarbons, particularly CH,, is one of the key industrial methods for
producing hydrogen and is widely used in the chemical and energy industries (steam reforming, partial

oxidation, dry reforming) [1]. Traditional gas conversion methods are based on thermal activation
of molecules and require high temperatures, typically above 600-800°C, which is accompanied by
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significant costs and CO, emissions [1]. Thermal gas conversion processes remain heavily dependent
on fossil fuels and face limitations in terms of flexibility, selectivity, and decarbonization [2].
Increasing temperatures in traditional processes often leads to side reactions and catalyst degradation,
complicating process control and reducing process stability [3].

The continuous growth of interest in alternative gas conversion methods has led to the active
development of plasma technologies, in particular non-thermal plasma [4]. In non-thermal plasma,
electrons have high energy (several eV), while the gas temperature remains close to room temperature,
which in turn allows the excitation, dissociation, and ionization of molecules without heating the
entire gas phase [1]. Consequently, plasma conversion makes it possible to carry out reactions that
are thermodynamically limited at low temperatures in thermally activated processes [5].

Compared to other activation methods, such as thermal, photocatalytic and electrochemical
conversion, non-thermal plasma provides direct energy supply to the electronic subsystem, rapid
response to parameter changes, and the ability to operate at different pressures (including operation
at atmospheric pressure), making it a promising tool for controlled gas conversion [6—10]. However,
plasma itself often demonstrates limited selectivity, as the highly reactive environment promotes the
formation of a wide range of products [2].

To increase selectivity and targeted control of chemical pathways, plasma processes are
increasingly being combined with catalysts to form plasma-catalytic systems [3, 11, 12]. In non-
thermal plasma, the catalyst can be placed directly in the discharge zone (in-plasma) or after the
plasma (post-plasma). In the in-plasma mode, the catalyst is located directly in the discharge zone
and interacts with ions, electrons, radicals, and excited particles, as well as being exposed to electric
fields. This can lead to surface modification and changes in reaction kinetics. In post-plasma mode,
the catalyst interacts mainly with long-lived neutral active particles and products of plasma chemical
reactions. At the same time, the influence of electric fields and charged particles is significantly
weakened. As a result, the activation mechanisms and selectivity of reactions in these configurations
differ fundamentally [1, 12].

Active plasma particles, such as radicals, ions, and excited molecules, can interact with the
catalyst surface, changing reaction pathways and lowering effective energy barriers [1, 3-5, 11, 12].
Metal catalysts can enhance catalytic reactions and, at the same time, have a reverse effect on plasma
by altering the electric field distribution, electron density, and discharge characteristics [2]. The role
of the catalyst in plasma-catalytic systems remains a subject of active debate, since in some cases
it can lead to the quenching of plasma-activated radicals and a decrease in the overall reaction rate.
In plasma-catalytic systems, metal catalysts based on Ni, Cu, Ag, Fe, as well as noble metals Pt, Pd,
Rh, and Ru, including systems deposited on oxide supports such as Ni/Al O,, Ni/SiO,, as well as
bimetallic and structured catalysts used for the conversion of CH, and other hydrocarbons [2].

Nickel catalysts are widely used in CH4 conversion reactions due to their high activity in breaking
C-H bonds [3]. The use of nickel foam is of particular interest because its developed porous structure
provides a high surface area and can enhance local plasma-catalytic interactions [1].

Plasma diagnostics play a key role in understanding the mechanisms of plasma-catalytic
conversion [13]. Optical emission spectroscopy (OES) is widely used to identify excited atomic
and molecular particles such as H, CH, and C, [14]. Raman spectroscopy is a key tool for analyzing
carbon-containing solid products, including graphite-like and amorphous phases, which are formed
in plasma CH, decomposition processes [13]. However, the influence of the spatial arrangement of
the metal catalyst on the structure of the RF-DBD discharge and the distribution of active particles at
reduced pressure remains insufficiently studied.

In this work, studies were conducted using nickel foam as a catalyst. The effect of the catalyst on
CH, gas conversion in an RF-DBD discharge was studied depending on the power, catalyst location
distance, and gas flow.

Materials and methods

The diagram of the experimental setup for studying RF-DBD plasma is shown in Figure 1. The
plasma is ignited inside a horizontally positioned quartz tube by a radiofrequency (RF) generator (1)
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with a frequency of 13.56 MHz, connected to a matching device (2). The outer diameter of the quartz
tube (3) is 20 mm, and the wall thickness is 2 mm. In this configuration, the quartz discharge tube
serves as the dielectric barrier separating the plasma from the powered RF electrode. Low pressure
is provided by an Edwards XDS10-C UL fore-vacuum pump (4). Working gases, such as Ar and
CH,, are fed into the system through mass flow controllers (5). The high-frequency electrode (6)
with an outer diameter of 4 mm is made of AISI 304 stainless steel. Copper tape (7) was selected as
the grounding electrode. The pressure is controlled by an Edwards ADC Enhanced MKII controller
sensor (8). Optical emission spectra were obtained using an Optosky ATL 30007 spectrometer (9).
The obtained spectral lines were processed on a laptop (10).

In order to determine the optimal plasma (11) ignition parameter with nickel foam (12) with a
thickness of 1.5 mm (Shenzhen Tianchenghe Technology Co. Ltd.), experiments were conducted at
a pressure of 0.5 Torr depending on power, distance, and gas flow.
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Figure 1 — Schematic diagram of the experimental setup for gas conversion:
1 — RF generator, 2 — matching device, 3 — quartz tube for gas discharge, 4 — fore-vacuum pump,
5 — gas mass flow controllers, 6 — RF electrode, 7 — grounding electrode, 8 — pressure sensor,
9 — optical emission spectrometer, 10 — laptop, 11 — plasma, 12 — catalyst (nickel foam)

Results and discussion

Photos of RF-DBD discharge with nickel foam at a constant flow of Ar (80 sccm) + CH, (25
sccm) gas and at a pressure of 0.5 Torr at different power values are shown in Figure 2. During the
experiment, the catalyst was placed at a distance of 1 cm after the RF electrode. Figure 2 shows
the following: as the discharge power increases from 11 W to 15 W, the length of the plasma glow
along the quartz tube decreases. This phenomenon is explained by the intensification of ionization
and excitation processes near the RF electrode, where the electric field is maximum. As a result of
the increase in power, the plasma is concentrated in a more limited volume and ensures effective
maintenance of the discharge with a shorter length of luminescence [15]. An increase in radiofrequency
radiation power leads to an increase in the density and intensification of electron impact processes,
which enhance CH, dissociation and increase the concentration of chemically active radicals. These
processes increase losses in inelastic collisions and contribute to the spatial localization of visible
plasma radiation. The power range of 11-15 W was initially selected to study discharge behavior
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under relatively stable plasma conditions. In subsequent experiments, the power was increased to 20
W to study the behavior of plasma at higher excitation levels and to analyze the effect of increased
plasma density on the interaction between plasma and the catalyst, which will be discussed further.

1w

13W

14W

15W =

0.5 Torr
Figure 2 — Photographs of the RF-DBD discharge with

the catalyst at different RF power levels, at a constant pressure
of 0.5 Torr and a gas flow rate of Ar (80 sccm) + CH, (25 sccm)

Figure 3 shows the results of RF-DBD discharge luminescence at a constant power of 20 W and a
pressure of 0.5 Torr, depending on the change in the CH, fraction from 10 sccm to 25 scem in 5 scem
increments in an Ar/CH, gas mixture. As the CH, flow rate increases, the probability of electron-
molecular collisions increases, and a significant part of the electron energy begins to be spent on the
excitation and dissociation of CH,. The proportion of electron energy going to the excitation of argon
decreases, and as a result, the luminescence associated with Ar emission becomes less pronounced
and localized [15]. The catalyst located 1.5 cm from the RF electrode has an additional effect. At
higher CH, fractions, when the concentration of radicals and molecular products increases, plasma-
catalytic processes intensify and also contribute to the spatial localization of the discharge.

Ar (80 scem) + CH, (10 scem)

Ar (80 scem) + CH, (15 scem)

Ar (80 scem) + CH, (20 scem)

Ar (80 scem) + CH, (25 scem)

Figure 3 — Photograph of the RF-DBD discharge with the catalyst
positioned 1.5 cm from the RF electrode at different gas flow rates,
at a constant power of 20 W and a constant pressure of 0.5 Torr
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Photos of RF-DBD discharge at a constant pressure of 0.5 Torr and a power of 20 W with the
catalyst located 3.0 cm from the RF electrode are shown in Figure 4. In this case, the trend is the
same as in Figure 3, but it can be seen that as the CH4 fraction increases, the effect of the catalyst
on the discharge structure weakens. This is due to the increase in the distance from the RF electrode.
With an increase in gas flow rate CH4=20 sccm at a power of 20 W, there is a visible absence of glow
behind the catalyst, i.e., the plasma does not spread into the area beyond the nickel foam.

Ar (80 scem) + CH, (10 scem)

Ar (80 scem) + CH, (15 scem)

Ar (80 scem) + CH, (20 scem)

0.5 Torr

Figure 4 — Photographs of the RF-DBD discharge with the catalyst placed 3.0 cm from
the RF electrode at different gas flow rates, under a constant RF power
of 20 W and a constant pressure of 0.5 Torr

Spectral images of Ar/CH, plasma were taken with catalysts at distances of 1.5 cm and 3 cm.
The spectral lines at a distance of 3 cm remain at the noise level, so the spectrum shown below was
used, assuming that the catalyst was at a distance of 1.5 cm. Spectral lines of RF-DBD discharge at a
pressure of 0.5 Torr and a gas flow of Ar (80 sccm) + CH, (25 scem) before and after the catalyst were
obtained using an optical emission spectrometer. The analysis of the spectral lines before (Figure
5 (a)) and after (Figure 5 (b)) the catalyst in the cases mentioned earlier is shown in Figure 5. The
intensity of the C, bands (Swan bands, ~510-560 nm) before the catalyst is more intense, while
after the catalyst it is noticeably reduced; the CH lines (~431 nm) also weaken after the catalyst [13,
16—-19]. This suggests that active hydrocarbon radicals are consumed on the surface of nickel foam.
The intensity of the atomic hydrogen peak Ha (656.3 nm) is weak, and after the catalyst, its peak
remains at the noise level. The intensity of molecular hydrogen H, (about 600620 nm) decreases in
the zone after the catalyst but is still present [20].

The decrease in the intensity of carbon-containing bands after the catalyst indicates the
effectiveness of the catalytic effect of nickel foam in plasma during CH, decomposition. This reflects
the degree of interaction with nickel foam and is explained by the mechanism of carbon material
deposition on its surface. The presence of Fulcher bands of molecular hydrogen is a key result, as
it serves as direct spectral evidence of hydrogen generation. The decrease in molecular and atomic
hydrogen is explained by recombination and quenching on the surface of nickel foam [20]. The
authors explained the same decrease in molecular hydrogen using a nickel catalyst [21]. The authors
explained this by the ability of metallic nickel to undergo hydrogenation, in which the hydrogen
formed actively recombines on the surface of the catalyst.

To further confirm the catalytic effect of nickel foam, Raman spectroscopy studies were conducted
after its use in Ar/CH, plasma.

Figure 6 shows the Raman spectroscopy spectrum of nickel foam after plasma exposure. The
spectrum shows characteristic D (defect) and G (graphite) bands, whose maxima were determined
to be approximately ~1375 cm™ and ~1600 cm™!, corresponding to amorphous carbon. The presence
of these peaks indicates the formation of carbon deposits on the surface of nickel foam during the
plasma-catalytic decomposition of methane [10].

362



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI

Tom 23, Ne 1, 2026

a) b)
0000 .
090 - Ar lines 40000 4 ** . - Ar lines
[E 1 Gy G, G o sono 2 ]
90w & |/ \ 35000 1 4.
500004 = IIl 30000 4 #94
S r . : E 200 ]
3"4[“}“" w40 T ilﬁiul— am S0 430 M 40 W0 S 40
. 4 Oy . i I!
= o] Ha H, Zoo0004 M, Hs
£a004 T sy 0 G H, - [N g H
z 0] / H. £ 000l :
= 20000 100 [~ l" " = w
L T T T T T I 1 )
10000 4 &0 610 |-:u‘:.lm B0 B0 GED BTO 5000 B0 G0 &30 -.::I & 68 &0 6N I ‘
0 - i T —— |— 0 . r v 7 I‘t‘ l
200 300 400 500 6] TO0 200 200 300 400 500 GO0 TiH) B0y

Wavelength (nm) Wavelength {nm)

Figure 5 — Results of RF-DBD discharge spectral lines at a pressure
of 0.5 Torr and a gas flow of Ar (80 sccm) + CH, (25 sccm):
a) area before the catalyst; b) area after the catalyst
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Figure 6 — Raman analysis of the catalyst (Ni foam)
after the experiments

Conclusion

This study demonstrates that the parameters of RF-DBD in a low-pressure Ar/CH, mixture are
strongly influenced by the supplied power, gas composition, and the spatial configuration of the
plasma-catalytic system. In particular, the distance between the RF electrode and the nickel foam
catalyst the electric field distribution and the conditions for sustaining the discharge along the reactor.

It was established that an increase in the CH, content is accompanied by compression of the
luminous region. At a fixed power of 20 W, increasing the distance between the RF electrode and the
catalyst from 1.5 cm to 3.0 cm made it impossible to sustain the plasma downstream of the nickel
foam. OES revealed that at a distance of 3 cm, the spectral signal downstream of the catalyst was at
the noise level. Consequently, all subsequent experiments were conducted at the optimal distance of
1.5 cm for investigating plasma-catalytic reactions. OES analysis showed a decrease in the intensity
of carbon and hydrocarbon spectral lines in the plasma region after the catalyst, confirming its
catalytic activity. The presence of molecular hydrogen was detected in the Ar/CH, plasma; however,
its line intensity decreased downstream of the catalyst. This is attributed to the hydrogenation effect
facilitated by the nickel surface. Furthermore, Raman spectroscopy confirmed the formation of
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amorphous carbon deposits on the nickel foam, which is a significant factor influencing its catalytic
properties.

The obtained results highlight the efficacy of nickel foam as an active catalytic surface
for plasma-chemical reactions. A key finding is the detection of hydrogen generation via OES,
underscoring the dynamic role of the catalyst in the reaction process. These findings contribute to a
better understanding of plasma—catalyst interactions in RF-DBD systems and may be useful for the
development of plasma-assisted CH, conversion technologies.

Information on funding. This research has been funded by the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No. AP26198645).
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'Konnan6anbl FRUTBIMIAP KOHE aKMAPaTTHIK TEXHOJIOTHSIIAP MHCTHTYTHI, AnMarthl K., Kasakcran
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’KpiTait MyHaii xoHe ra3 yHuBepcureTi, beikiH K., KpiTaii

TOMEH KbICBIMJIA HUKEJIb KOBII'l BAP KE3JIE AR/CH,
KOCITACBIHIAYTBI RF-DBD PA3PA/IBIH 3BEPTTEY

Anjgarna

By xywmbicta Hukenb keOiriHig 0,5 Topp TeMeHn KpichiMzia aproH-meran KocracbiHaarsl RF-DBD pasps-
JIBIHBIH KYPBUTBIMBI MEH KaCHUCTTEpiHE dcepi 3epTTei. bepiinreH KyaTThiH, Ta3 aFbIHBIHBIH KOHE HUKEIh KeOiri
MeH paanoxuinikti (PXX) smexTpon apachkiHIaFbl KalIBIKTHIKTHIH ©3repyi OOMBIHINA SKCIICPUMEHTTEP JKYPTi3iii.
Karanmzatop Gonran ykaraiia mia3mMa KyaTbIHBIH apTybl )KOHE METaH Ta3bl aFbIHBIHBIH ©3Tepyi KBapIl TYTiriHAeT1
IUIa3MaHBIH KapKbIpay Y3bIHIBIFBIHBIH aNTapibIKTall KbICKApybIHAa OKEJIETiHI aHbIKTanabl. Kartamusatop MeH
PAIMOKHMUTIKTI SJIEKTPOI apachlHAAFbl KAIIBIKTHIKTBIH YJIFAIObl KaTalU3aTOpAaH KEWiHTl aiiMakTa Iuia3MaHbl
ycran Typy MYMKIHIITIH TOMeHIeTeTiHI kopceTunai. ONTHKaIbIK SMUCCHSUIIBIK CIEKTPICP/l Talaay HOTHXKECIH/Ie
KaTaJM3aTopAaH KeiH keMipTeri 6ap pajuKaiaap/bH, aTOMABIK )KOHE MOJIEKYJIaJIbIK CYyTEKTiH KapKbIHABUIBIFbIHBIH
TeMeHJIeyl OalKanpl, OyJl OHBIH TUIa3MaJIbIK-KAaTaJIUTHKAJIBIK MpoIecTepre OelCceHi KaThICaThIHBIH KOPCETEIl.
Paman Tannaysr HUKeTs Ko0iri 6eTiHge aMop(dTHl KeMipTeTi MeriHAIIepiHiH TY3iIeTiHiH pacTaasl. Hukens ke0iri
paspsaareiH RF-DBD KypbUIBIMBIH ©3repTin KaHa KoiMail, miasManarbl OelceHni OeeKTepiH TapailybiHa
eyieysi ocep erTil, TUIa3MallbIK-KaTaJUTHKAIBIK peaKkiusuIapblH KYpPY KarqailiapblH ©3repTeTiHI aHBIKTAJIbI.
AJBIHFaH HOTHXKEJEp KeyeKTI MEeTaul KaTajJu3aTopbIMEH TOMEH TeMIIepaTypalibl IJIa3MaHbIH ©3apa dpPEKeTTecy
MEXaHN3MJIEPIH TEPeHIpeK TYCIHyre MYMKIHIIK Oepeli »oHe KeMIpCyTeK Ta3iapblH KOHBEpCHsUIayFa apHaJFaH
THIM/II TUTa3MaNTBIK-KaTaTHTHKAIBIK JKYHeTIepai a3ipiieyae KOIIaHbLTyBl MYMKIH.

Tipek ce3aep: miazmainslk karanu3, RF-DBD pa3zpsia, onTHKaablK SMUCCHSUIBIK CIIEKTPOCKOIUS, KaTaIu3aTop,
HHUKETb KOOiri.
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HCCJEJOBAHUE RF-DBD PA3PSI/IA B CMECH AR/CH,
BIIPUCYTCTBUU HUKEJIEBOU NNEHBI 1P HU3KOM JABJIEHUN

AHHOTALUA

B mannOit paboTe mccienoBaHO BIMSHUE HUKEICBOH MEHKH HA CTPYKTypy U cBoiictBa RF-DBD paspsma B
cMecHu aproi-metad npu HuskoM aasineHuu 0.5 Topp. beumm mpoBeeHb! 3KCIEPUMEHTHI IPU BAPHUPOBAHUH O/
BOJIMMOM MOIIHOCTH, TIOTOKA Ta3a W PACCTOSHUS MEXKIY Karaau3aTopoM M paauodacToTHbIM (PYU) anexTpomom.
[Toka3aHo, 4TO yBeIMYEHUE MOIIHOCTH IJIa3Mbl U U3MEHEHHUE TIOTOKA ra3a MeTaHa MpHU MPUCYTCTBUM KaTaln3aTo-
pa IPUBOIUT K 3aMETHOMY YKOPOUCHHMIO JUTMHBI CBEUEHHS IJIa3Mbl B KBaplieBoi TpyOke. bbuto ycranosieHo, 4to
YBEIMUYECHUE PACCTOSHUS MEXy KaTaau3atopoM U PU-351eKTpoioM CHMKAET BO3MOYKHOCTD MOJICPIKAHHS TTa3Mbl
B oOmacTu mocie karamusaropa. Ilo uTory aHamm3a ONTHYECKHX SMHCCHOHHBIX CIIEKTPOB BBISBICHO CHIKEHHE
MHTEHCUBHOCTH YITIEPOIOCOACPIKAIINX PaJUKaIOB, aTOMAapPHOTO U MOJIEKYJSIPHOTO BOAOPOAA IOCIIE KaTaIn3aTopa,
YTO CBUACTCILCTBYET O €0 aKTUBHOM Y4YaCTHHU B IJIa3MCHHO-KATaJIUTHYCCKUX IMPOoIcccax. PamaHoBckuii ananmus
MOATBEPANIT 00pa3oBaHNE OTIOKECHUH aMOP(HOro yriaeposa Ha IMOBEPXHOCTH HUKEJEBOH IEHKH. YCTaHOBIICHO,
YTO HUKEJICBas IIeHa He TOJIbKO Moxuduuupyet crpykrypy RF-DBD paspsina, HO U cyliecTBEHHO BIHSIET Ha pac-
NIpe/ieieHNe aKTHBHBIX YAacTHIl B IUIa3Me, N3MEHsIsl yCIOBHS MPOTEKaHMS IIa3MEHHO-KaTaIMTHIECKUX PEaAKIHH.
[NoydeHHbIe pe3ysbTaThl TO3BOJISIOT TITyOKe MOHSATH MEXaHU3MbI B3aUMOJICHCTBHSI HU3KOTEMITEPATypHOI ITa3Mbl
C TIOPUCTBIM METAJUTMYECKUM KaTaJIN3aTOPOM U MOTYT OBITh MCIIOIBb30BAHBI IIPU pa3padoTKe 3(PEKTUBHBIX ILIa3-
MEHHO-KaTaTUTHYECKUX CHCTEM KOHBEPCUH YITIEBOJOPOAHBIX TA30B.

KuroueBble cioBa: mnasMeHHbld katanu3, RF-DBD paspsin, ontudeckast S3MUCCHOHHAsT CLIEKTPOCKOMHS, Ka-
Tallu3aTop, HUKEJICBAs IICHKA.
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