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Abstract
Plasma-catalysis has attracted significant interest in recent years as an alternative for the 
direct upgrading of methane into higher-value products. Plasma-catalysis systems can en-
able the electrification of chemical processes; however, they are highly complex with 
many previous studies even reporting negative impacts on methane conversion. The pres-
ent work focuses on the non-oxidative plasma-catalysis of pure methane in a Dielectric 
Barrier Discharge (DBD) reactor at atmospheric pressure and with no external heating. A 
range of transition and noble metals (Ni, Fe, Rh, Pt, Pd) supported on γ-Al2O3 are studied, 
complemented by plasma-only and support-only experiments. All reactor packings are 
investigated either with pure methane or co-feeding of helium or argon to assess the role 
of noble gases in enhancing methane activation via energy transfer mechanisms. Electrical 
diagnostics and charge characteristics from Lissajous plots, and electron temperature and 
collision rates calculations via BOLSIG+ are used to support the findings with the aim of 
elucidating the impact of both active metal and noble gas on the reaction pathways and 
activity. The optimal combination of Pd catalyst and Ar co-feeding achieves a substantial 
improvement over non-catalytic pure methane results, with C2+ yield rising from 30% to 
almost 45% at a concurrent reduction of energy cost from 2.4 to 1.7 MJ mol−1

CH4
 and from 

9 to 4.7 MJ mol−1
C2+

. Pd, along with Pt, further displayed the lowest coke deposition rates 
among all packings with overall stable product composition during testing.
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Introduction

The depletion of fossil sources necessitates the development of technologies for the sus-
tainable production of carbon-based chemicals. Upgrading methane into value-added com-
pounds has been extensively investigated given the molecule’s ready availability from 
natural and shale gas [1, 2], and renewable biogas [3]. The use of plasmas for methane’s 
activation has attracted significant interest over recent years due to growing environmental 
and energy security concerns [4]. Plasmas, enabling the activation of methane even at ambi-
ent conditions, appear to have the potential to drive the electrification of the chemical indus-
try, replacing the need for thermal energy supply [5]. With almost instantaneous transient 
response and inherent modularity, plasmas are particularly well suited for decentralised, 
renewable energy-driven deployment. In these processes, the electric field accelerates the 
naturally present electrons to collide with methane molecules and form a range of reactive 
species including ions, excited states, and radicals. Radical coupling reactions within the 
plasma lead to the formation of higher hydrocarbon species [4, 6], while catalytic reactions, 
either between two adsorbed species (Langmuir − Hinshelwood mechanism,) or between 
a gas phase species and an adsorbed one (Eley − Rideal mechanism,) can steer selectivity 
towards desired higher hydrocarbons [4, 6–8].

Plasma discharges can be operated under different degrees of deviation from thermal 
equilibrium; however, the low gas bulk temperature and the ease of reactor assembly of 
Dielectric Barrier Discharges (DBD) has made them particularly suitable for the study of 
plasma-catalysis systems [8–12]. Despite this, plasma-catalysis systems are highly com-
plex, with the plasma affecting the catalyst and vice versa [6, 13–15]. The catalyst, acting 
as a dielectric or a conductor, can be responsible for local field enhancement and surface 
discharge formation, while the plasma can increase the adsorption probability of species 
[16, 17], lower the activation barrier of surface processes, and modify the catalyst surface 
area and functionality [18, 19].

As elaborated in the multiple reviews published, the dry reforming of methane via 
plasma-catalysis in DBD reactors has been extensively studied [5, 7, 20–23]; however, the 
non-oxidative upgrading has received comparatively less attention and with often conflict-
ing findings reported [4, 24]. In an early study, Indarto reported a slight increase in CH4 
conversion in the presence of a mixed oxide Zn and Cr catalyst compared to plasma-only 
results, however the higher production of hydrogen over hydrocarbons indicated that the 
catalyst promoted the formation of coke [25]. Using a CH4/Ar/H2 mixture as feed and exter-
nally heating at 240 °C, Górska et al. reported a 20% increase of C2 selectivity with a Cu/
ZnO/Al2O3 catalyst versus no packing at a minimal change of conversion [26]. Contrarily, 
Kasinathan et al. using a 10% CH4 in Ar mixture, clearly observed an increase in the con-
version of methane and selectivity to C3 hydrocarbons by the addition of MgO/Al2O3 or 
TiO2/Al2O3 compared to Al2O3 or plasma alone [27]. Jo et al. comparing the use of Al2O3 
alone and a Pt/Al2O3 catalyst, observed in the presence of the catalyst a decrease in meth-
ane conversion and a shift in the selectivity of C2 products from unsaturated species to 
ethane [28]. Taheraslani and Gardeniers made similar observations when comparing Al2O3 
with Pd/Al2O3 catalysts, with higher loadings of Pd promoting the production of C2 and 
C3 alkanes but also lowering the conversion of methane [29]. Pd further led to reduced 
carbon deposits, overall improving C2 yields and energy efficiency [29]. Pd/Al2O3 catalysts 
were also investigated by García-Moncada et al., who specifically studied the effect of the 
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thickness of the catalyst layer in structured reactors in the presence of argon [30, 31]. Pd 
was shown to suppress the formation of carbon, linked to the effective hydrogenation of 
acetylene on the metal [30], the latter further enhanced by mild heating at 75 °C [31]. In the 
study by Liu et al. comparing single-atom and nanoparticle Pt catalysts supported on CeO2, 
the abundance of low coordination sites on the single-atom case was found to promote C–H 
bond scission and hinder unselective coke formation pathways [32]. Recently, in the work 
of Nguyen et al. Pd-Ga bimetallic catalysts supported on 13X zeolite achieved higher CH4 
conversion and hydrocarbons yield compared to either Pd or Ga monometallic catalysts, 
suggesting that synergisms between the two metals limited the total dehydrogenation of 
CH4 [33]. Evidently, most recent works have focused on the use of Pt or Pd based catalysts 
with an exception being the study by Ghanbari et al. over a Ni–K2O/Al2O3 catalyst [34]. 
Nonetheless, the very high specific energy inputs and catalyst loadings used, in combina-
tion with no hydrocarbons formation being reported, suggested that the main reaction active 
in that work was methane cracking to carbon and hydrogen. Of particular note is the work 
of Lee et al., who combined a range of in situ/operando spectroscopic techniques to study 
plasma–surface interactions leading to carbon deposition over Ni during non-oxidative cou-
pling of methane [35].

Given the lower breakdown voltage of noble gases in comparison to methane [36], a 
range of studies has further investigated specifically their introduction in methane plas-
mas to reduce energy requirements and improve discharge homogeneity [37–42]. Jo et al. 
studied the impact of Ar, He and Ne [43], and Kr and Xe [44] in double-sided dielectric 
barrier discharge reactors, whereas different dielectrics in methane plasmas diluted in Ar 
were tested by Kundu et al. [45]. The cracking of methane diluted in Ar in pulsed DBD 
was studied by Barni et al. [46], while He excitation and its impact on methane pyrolysis 
in a radio-frequency plasma was investigated by Sun and Chen [47]. Finally, Huang et al. 
analysed the non-catalytic activation of methane in the presence of Ar at low temperatures 
using nanosecond pulsed plasmas [48]. A common finding in these works was that methane 
activation is enhanced due to Penning ionisation and dissociation pathways that are induced 
by electronically excited states of the noble gases.

Previous studies have been inconclusive on whether clear catalytic effects exist in the 
non-oxidative coupling on methane (NOCM) plasma catalysis [28], in cases reporting even 
negative impacts on methane conversion. The diverse conditions and designs used, includ-
ing catalyst pellet size and supports of different permittivity, feed mixture composition, 
and electrode configurations all impact the plasma properties, discharge mode, and electric 
field distribution to varying degrees. Negative effects induced by the catalyst presence have 
been specifically linked to the support dielectric constant affecting the discharge mode and 
consequently the strength of the electric field and the distance between plasma species and 
catalyst surface. Metal particles also have been reported to affect the formation of discharge 
streamers with effects being dependant on the metal. The size of the catalyst pellets further 
can affect the electric field intensity but also the number of electron collisions with walls. 
Finally, the wide range of species present within a plasma can contribute to the surface 
kinetics possibly negatively as, for example, hydrogen radicals promoting the reverse reac-
tion of methyl species to methane. The multitude of physical and chemical interactions 
between the plasma and the catalyst have been elaborated by Loenders et al. [49] and are 
particularly important to NOCM as both the activation of methane to methyl radicals and the 
coupling of the latter to ethane can take place within the plasma. Furthermore, most NOCM 
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studies have used specific metal/support combinations (typically Pd or Pt based) making 
discerning the role of catalysis even more challenging.

The present work focuses on NOCM in a DBD reactor at atmospheric pressure and with 
no external heating. We methodically aim to elucidate the specific roles of the active metal 
and the noble gases presence in the reaction pathways, activity, and selectivity of the reac-
tion. A range of transition and noble metals (Ni, Fe, Rh, Pt, Pd) supported on γAl2O3 are 
used as catalysts, while experiments are further carried out with the plasma only and the 
support only at equivalent conditions. Pt and Pd are selected due to their established hydro-
genation activity and consequent popularity in literature. Ni and Fe are chosen as low-cost 
metals frequently studied in high temperature reactions, whereas Rh is selected on account 
of its typically very high activity and stability in methane thermal catalysis [50]. Given the 
potential of noble gases to enhance the reaction performance, to discern the impact of their 
presence, all reaction modes and catalysts are studied either with pure methane or co-feed-
ing of helium or argon. The latter are selected as the cheapest and most frequently studied 
in relevant literature. Electrical diagnostics and BOLSIG+ calculations are used in all cases 
to consolidate the findings. In addition to the advancements in the methodological evalua-
tion of this reaction and in the understanding of the catalyst and noble gas effects, optimal 
activity achieved using Pd and argon co-feeding is among the highest reported in literature.

Methodology

Experimental Setup and Analysis

The experiments were carried out in a DBD plasma reactor setup at atmospheric pressure 
(Fig. 1) using a High Voltage (HV) AC power supply (PVM500-2500). A steel foil wrapped 
around a quartz tube (9 mm O.D., 1 mm wall thickness) acted as the HV electrode defining 

Fig. 1  Schematic of dielectric barrier discharge reactor setup
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a cylindrical discharge area of 6 cm length. The ground electrode consisted of a stainless-
steel wire (1 mm O.D.) placed inside of a second quartz tube (3 mm O.D., 0.9 mm wall 
thickness), resulting in a double dielectric barrier configuration with a gas gap of 2 mm. 
The voltage and charge data were sampled using a HV probe (Cal Test CT4028) and a 
differential probe (Micsig DP20003) that measured the voltage across a 955 pF ceramic 
capacitor placed to the ground line. Both probes were connected to a digital oscilloscope 
(Tektronix TDS2012B). The inlet gas composition and flow rate were controlled by a series 
of mass flow controllers (Bronkhorst EL-Flow) connected to the reactor. For plasma only 
experiments, methane flowrate was varied from 10 to 120 Nml min− 1 (99.9% CH4), which 
for the given reactor geometry amounted to a residence time variation from 11.3 s to 0.9 s. 
All plasma-catalysis experiments were performed using a constant flow rate of methane of 
25 Nml min − 1 with focus placed on the impact of catalyst and packing within the plasma 
zone. Given the particle size used (350–500 μm, see section “Catalyst preparation and char-
acterisation”) and assuming a bed porosity of 0.4, this flow corresponded to a residence time 
of 1.8 s. For the noble gas co-feeding experiments an additional flow of 75 Nml min− 1 He 
or Ar was used, decreasing the residence to 0.45 s. Further details on the rationale for flow-
rates selected during the different sets of experiments are provided in the respective results 
sections. The applied power was modified by manipulating the high voltage output of the 
power supply. The frequency in all experiments was kept constant and equal to the resonant 
frequency of the circuit, at a value of approximately 25 kHz. Gas products analysis took 
place using a HP 5890 Gas Chromatograph (GC) equipped with a Flame Ionisation Detector 
(FID) and a HayeSep T column that separated the C1-C6 hydrocarbons.

Following ignition, the plasma was allowed to homogenize for 15 min to ensure it is 
“fully bridged” across the discharge zone [51] and that the charge is evenly distributed 
[28]. A minimum of two consecutive GC samples were collected at each condition across 
a time frame of 60 min to ensure the stable operation and lack of pronounced deactivation. 
Thermogravimetric analysis (TGA) of spent catalyst samples was performed to quantify the 
amount of carbon deposited on the catalyst (see section “Catalyst preparation and charac-
terisation” for details).

The results presented in following sections, are expressed in terms of methane conver-
sion (XCH4), product selectivities (Si ) and carbon balance closure (CBal ):

	
XCH4

(%) =
FIn
CH4

− FOut
CH4

FIn
CH4

× 100� (1)

	
SCxHy (%) =

x · FOut
CxHy

FIn
CH4

− FOut
CH4

× 100� (2)

	

SCoke (%) =
wCTGA

/texp

12 ·
(
FIn
CH4

− FOut
CH4

) × 100 � (3)

	 SCunknown
(%) = 100−

∑
SCxHy − SCoke � (4)
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CBal (%) =

∑ (
x · FOut

CxHy

)
+ wCTGA

/ (12 · texp) + FOut
CH4

FIn
CH4

× 100� (5)

where FIn/Out
i

 is the inlet/outlet molar flow of compound i  (mol s-1), wCTGA  the weight of 
carbon deposited on the catalytic bed determined by TGA analysis (g), and texp  the duration 
of the experiment (s). In the case of non-catalytic experiments, any solid carbon formed was 
not possible to be quantified and is, hence, implicitly included in SCunknown . As the FID GC 
used did not allow the direct quantification of hydrogen, its flowrate and selectivity were 
determined based on the detected hydrocarbon products and stoichiometric reactions of the 
form xCH4 → CxHy +

4x−y
2

H2, according to Eqs. (6) and (7):

	
FOut
H2

=
∑

(
4x − y

2
· FOut

CxHy
) � (6)

	

SH2
(%) =

FOut
H2

2 ·
(
FIn
CH4

− FOut
CH4

)� (7)

Electrical Diagnostics

The discharge power, P  (W), was estimated from the voltage, V  (V), and charge, Q  (C), 
signals by integration of the area of the Q-V Lissajous plot [51, 52]. The specific energy 
input, SEI  (kJ l− 1), was estimated based on the discharge power and inlet flowrate, QIn  
(Nml min− 1).

	
SEI =

60 · P
QIn

� (8)

The gap, Cg , and dielectric, Cd , capacitances (F) were determined using tangential lines 
on the Lissajous plot, considering an equivalent electrical circuit comprising series capaci-
tances for the gap and dielectric (Fig. 2), as described in detail by Peeters and Butterworth 
[51]. In short, during “plasma-off” phases of an AC cycle in a DBD cell, no charge is trans-
ferred between the electrodes, hence the slope of lines AB and CD is equal to Ccell . The cell 
capacitance comprises of the gap and dielectric capacitances and is related to them through 
the standard formula for total capacitance of capacitances in series:

	

1

Ccell
=

1

Cd
+

1

Cg
� (9)

During “plasma-on” phases, plasma breakdown occurs so the slope of lines BC and DA is 
equal to the dielectric capacitance (Cd ) for a “fully bridged gap”. Having determined Ccell  
and Cd  from the Lissajous plot, Eq. (9) is used to obtain Cg . Given non-idealities of the 
Lissajous plot during experimentation, especially in the presence of a catalyst, the dielectric 
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capacitance should be considered an effective capacitance, Ceff , while the gap capacitance 
accounts for the contribution of the integrated gas and solid present in the region between 
dielectrics [53, 54]. In the following, Ceff  is used instead of Cd  to reflect this.

The minimum voltage, Umin , (voltage at zero charge on the Lissajous plot) was used to 
estimate the breakdown voltage of the plasma using Eq. (10) [53, 55, 56].

	

UB =
1

1 +
(

Cg

Ceff

) · Umin � (10)

The electric field strength, E  (V m− 1), and the reduced electric field strength, E/N  (V m2), 
were estimated from the gas gap, dgap  (m), and the breakdown voltage using Eqs. (11) and 
(12), respectively [57]. The number density, n0 (m− 3), was estimated using the ideal gas 
law at atmospheric pressure and the reactor temperature measured using an IR thermometer 
(Fluke 62 MAX) immediately after switching the HV power off to avoid any interference 
with emission from the plasma.

	
E =

UB

dgap
� (11)

	

E

N
=

E

n0
� (12)

The electron temperature, Te  (eV), and electron mobility, µ e  (m2 V− 1 s− 1), were calculated 
using the BOLSIG+ software (12/2019 version) [58], which solves the Boltzmann equation 
for electrons in weakly ionized gases. Inputs to BOLSIG+ comprised the gas temperature, 
gas concentration, reduced electric field strength (determined above), and relevant colli-
sional cross sections. BOLSIG+ calculations were carried out using both the inlet and outlet 

Fig. 2  Simple equivalent electrical circuit of a DBD comprising of dielectric and gap capacitances in 
series and corresponding ideal Q-V Lissajous plot indicating slopes used for the estimation of DBD ca-
pacitances. Other quantities annotated are discussed in the main text
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reactor concentrations. The works of Maitre et al. and cited sources therein were used to 
retrieve detailed partial cross sections for C1, C2 and C3 species [59], and Ar and He [60]. 
Due to lack of detailed data in databases for higher hydrocarbons, total cross sections were 
obtained from literature for butane, butylene and isobutane [61], and the C5 and C6 lumps 
[62].

The electron density, ne  (m− 3), was calculated using Eq. (13) [63–65]:

	
ne = − Je

c

e· µ e · E
� (13)

where e  is the elementary charge in C, and Je
c  the conduction current (A). The latter was 

estimated according to Eq.  (14) from the stored net charge ∆Q  (C) (approximated as 
∆Q = 2Qmin , with Qmin  being the charge at zero voltage on the Lissajous plot), discharge 
area A  (m2) and the period T  (s). The discharge area was approximated as the cylindrical 
area defined by the external diameter of the internal dielectric tube (3 mm) and the length 
of the discharge zone (6 cm).

	
Je
c = − ∆Q

A · T
� (14)

The energy cost, EC  (MJ mol− 1), for the conversion of methane and production of hydro-
carbons and hydrogen were estimated using Eq. (15) to (17).

	
ECCH4 =

P · 10−6

FIn
CH4

· XCH4

� (15)

	
ECC2+ =

P · 10−6

∑
FOut
CxHy

� (16)

	
ECH2 =

P · 10−6

FOut
H2

� (17)

Catalyst Preparation and Characterisation

A range of catalysts were procured from Alfa Aesar in powder form, namely Pd/Al2O3, Pt/
Al2O3, Rh/Al2O3, all with a 5 wt% metal loading. These catalysts were pelletized, crushed, 
and sieved to a particle size of 350–500 μm. Additionally, two catalysts, a 5 wt% Ni/Al2O3 
and a 5 wt% Fe/Al2O3, were prepared using a standard wet impregnation method. The metal 
precursors (Ni(NO3)2·6H2O or Fe(NO3)3·9H2O, both from Merck) were dissolved in deion-
ized water to obtain the desired metal loading. Support γ-Al2O3 (Alfa Aesar) was added to 
the solution and the resulting mixture was stirred for 4 h at 80 °C. The remaining liquid 
water was evaporated, and the resulting slurry dried in an oven overnight at 110 °C. The 
resulting solid was pelletized, crushed, and sieved to a size of 350–500 μm. The home-made 
pelletized catalysts were calcined with air at 500 °C for 4 h to remove the nitrates from the 
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precursors, and then allowed to cool and stored. The home-made calcined catalysts were 
reduced thermally at 600 °C under 100 Nml min− 1 flow of 5% H2/N2 for 1 h to obtain the 
reduced metal state. The commercial catalysts were procured in reduced state.

0.5 g of each catalyst were mixed with 0.5 g of γ-Al2O3 particles of same particle size 
and were loaded to the reactor. The catalyst bed was suspended by quartz wool plugs at both 
sides, ensuring that the quartz wool was located outside of the HV electrode zone to mini-
mise any effect on plasma chemistry [66]. Before reaction, all catalysts were reduced in situ 
in a 5% H2/He plasma and a power of 17 W for 1 h to ensure that the active metals are in a 
fully reduced state, as partial oxidation could have taken place during storage or loading in 
the reactor. Equivalent experiments with an empty reactor tube, and experiments with the 
reactor loaded with only γ-Al2O3 particles were also conducted for comparison using the 
same power and flowrate as that of the plasma-catalysis experiments.

Temperature Programmed Reduction (TPR) analysis of fresh oxidised samples of the 
home-made catalysts as obtained after calcination was carried out using a TPDRO 1100 
instrument with a TCD detector and a trap bed placed before the detector to remove the 
moisture. Samples were heated from 20 °C to 600 oC with a 10 oC min− 1 temperature ramp, 
using a 5% H2/N2 flow. XRD patterns of the same samples were obtained at room tempera-
ture on a Panalytical powder diffractometer over an angular range of 5o < 2θ < 80o with a 
step-size of 0.02o. Spent catalyst samples were examined by TGA using a Mettler Toledo 
TGA/DSC 3 + analyser to determine the amount of deposited carbon. Samples were heated 
from 20 °C to 800 °C under a flow of air at 10 Nml min− 1 followed by a holding time of 
30 min at 800 °C.

Results and Discussion

Non-Catalytic Results

Preliminary non-catalytic non-oxidative methane coupling experiments, in the absence of 
any solid packing in the reactor, took place to establish baseline reactivity at our conditions. 
The chromatographic analysis method during this set of experiments provided detection of 
C1-C3 compounds but was later improved to allow the separation of up to C6 hydrocarbons. 
As discussed in the following sections, C4+ species comprise only a small fraction of the 
total distribution of products, hence the impact of not quantifying these in the non-catalytic 
experimental trends should be considered minor.

Variation of Applied Power

The effect of SEI  on CH4 conversion and products selectivities, achieved through varia-
tion of applied power, P , from 10 to 26 kW (SEI  from 13 to 21 kJ l− 1), is presented in 
Fig. 3. For powers lower than 10 W conversion was negligible, with formed products below 
the GC detection limits. Increasing SEI  led to a roughly linear rise of CH4 conversion, in 
line with previous experimental and modelling studies [67–69]. Applied powers higher than 
26 kW led to deviations from this linearity, which, given the constant frequency applied, 
could indicate that at these conditions charge transfer per voltage cycle was negatively 
affected, further impacting electron impact dissociation rates [70]. It is further possible that 
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reverse pathways were promoted within the plasma or immediately after the discharge zone 
at higher applied powers that negatively affected conversion.

Products comprised primarily of saturated hydrocarbons (C2H6 and C3H8). C3 species 
are presented lumped as separation of C3H8 and C3H6 was not always attainable. Nonethe-
less, it is noted that C3H8 comprised in all cases the bulk of this lump. Increasing SEI  
had a limited effect on product selectivities, with that of C2H6 showing initially a small 
rise, subsequently stabilising, while, conversely, those of C2H4 and C2H2 at first decreasing 
before exhibiting a small increase. Given the minor changes in hydrocarbons selectivities, 
the selectivity to H2 also remained relatively stable at values slightly over 30%. Selectivity 
trends are consistent with prior works [9] and the primary activation mechanism of CH4 
being through electron impact reactions [59]. Simulations have estimated at 300 K reaction 
(18) to be most probable (79%), followed by (19) (15%) and (20) (5%) [71].

	 CH4 + e− → CH3 +H + e− � (18)

	 CH4 + e− → CH2 +H2 + e− � (19)

	 CH4 + e− → CH +H +H2 + e− � (20)

Subsequent recombination reactions in the plasma lead to higher hydrocarbons’ formation, 
with the high C2H6 selectivity indicating that methyl radical coupling (21) is pronounced 
[9, 59, 72].

	 CH3 + CH3 → C2H6� (21)

Fig. 3  CH4 conversion and product selectivities vs. SEI varying applied power in non-catalytic non-oxi-
dative methane coupling. Flowrate: 50 Nml min-1 (100% CH4), Residence time: 2.2 s, Voltage: 8–10 kV 
(amplitude)
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The high C3 selectivity further suggests that electron impact reactions with C2H6 lead to its 
dehydrogenation and further recombination with CH3 radicals according to reactions (22) 
and (23).

	 C2H6 + e− → C2H5 +H + e− � (22)

	 C2H5 + CH3 → C3H8� (23)

Unsaturated C2 hydrocarbons form from either electron impact reactions of C2H6 and C2H5 
or directly from coupling of methylidene and methylidyne radicals. The overall lower 
selectivity of C2H4 and particularly C2H2 indicates the low participation of these pathways 
at our conditions. Considering the higher threshold energies of the electron impact reac-
tions involved in the formation of CHx radicals versus those for C2Hy radicals, the slightly 
increased selectivity of C2 species observed at the highest SEI  tested suggests a promotion 
of the CHx-based pathways at higher applied powers.

The selectivity to unknown carbon products, SCunknown , ranges from approximately 17% 
to below 8% as SEI  increases. These unknown products are primarily suggested to be C4 
species, which were not possible to be identified by GC in these experiments. In the work of 
Xu and Tu [9], substantial production of butane was reported, suggested to originate from 
the direct coupling of C2H5 radicals:

	 C2H5 + C2H5 → C4H10 � (24)

C2H5 radicals are expected to be at high densities at our conditions, considering the high 
concentration of C2H6 across the range of conditions, supporting the possibility of C4 pro-
duction, as will also be demostrated in subsequent sections. Alternatively, C4 production 
could also be taking place via coupling reaction (25).

	 C3H7 + CH3 → C4H10� (25)

Given the high concentration of propane, the density of C3H7 radicals would be similarly 
high, while the rates of reactions (24) and (25) at our experimental conditions are compa-
rable at approximately 107 m3 mol− 1 s− 1 [73].

Nonetheless, the carbon lack can also partially be attributed to the inability to quantify 
precisely products at the very low conversions observed at low SEI . The carbon balance 
closure being above 98% in these experiments, despite the missing carbon and the almost 
linear decrease of the latter as conversion increases, further supports this argument.

Variation of Feed Flowrate

Figure 4 presents the effect of SEI  on conversion and product selectivities following a vari-
ation of CH4 inlet flowrate from 10 to 120 Nml min− 1 at constant applied power. For these 
experiments, the amplitude of the applied voltage was maintained at 10 kV, resulting in an 
applied power of approximately 35 W and an SEI  that ranged from 17 to 212 kJ l− 1 as the 
flowrate decreased. The substantial and relatively abrupt rise in the selectivity of unknown 
hydrocarbons at SEI  values above 50 kJ l− 1 is noteworthy and will be elaborated below. 
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At lower SEI  values, results are in line with the trends discussed in relation to Fig. 3, with 
C2H6 and C3 (primarily C3H8) again being the dominant products. The selectivity of C2H6 
in this low SEI  range is higher than that of the lumped C3; however, as SEI  increases 
the lumped C3 selectivity becomes the largest again. These trends further support the previ-
ously discussed mechanism of C3H8 formation primarily taking place via methyl addition 
to C2H5, the latter formed from the dehydrogenation of C2H6 via electron impacts. The rise 
in the selectivity of unknown hydrocarbons as SEI  increases is accompanied by an overall 
decrease in the selectivity of all C2 and C3 products, consistent with the stipulated formation 
of unidentified C4 hydrocarbons via reactions (24) and (25). It is noteworthy that the abrupt 
rise in the selectivity of unknown hydrocarbons at SEI  above 50 kJ l− 1 is accompanied 
by a similarly sharp drop in the selectivity of C2H6, in agreement with these pathways, and 
particularly that based on C2H5 coupling reaction (24), being active. In these experiments, 
the SEI  reaches values much higher to those obtained in Fig. 3, in further support of the 
proposed mechanism, as C2H5 radicals’ production via electron impacts would be promoted 
at higher SEI . The findings are in further agreement with those reported in the works of 
Xu and Tu [9] and Lü and Li [74] during similar residence time variation experiments. The 
selectivity to H2, as it is linked to the identified hydrocarbons, follows the inverse trend 
of SCunknown  decreasing with increasing SEI  from values close to 40% to slightly below 
20%. Soot-like deposits on the reactor walls were also observed at the higher SEI  values 
tested, indicating that a fraction of carbon imbalance is due to the formation of carbona-
ceous material either due to complete methane decomposition or due to polymerisation of 
higher hydrocarbons.

Fig. 4  CH4 conversion and product selectivities vs. SEI varying flowrate in non-catalytic non-oxidative 
methane coupling. Flowrate: 10–120 Nml min-1 (100% CH4), Residence time: 11.3–0.9 s, Voltage: 10 kV 
(amplitude)
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Catalytic Results

The catalytic experiments were performed at a fixed SEI  of ≈ 42 kJ l− 1 using constant 
power (17.6 W), flowrate (25 Nml min− 1), and frequency (≈ 25 kHz), to allow for discrimi-
nating the impact of the catalyst and packing materials placed within the plasma zone. The 
frequency was again the resonant value of the circuit, while the SEI  was set at approxi-
mately the middle of the range studied in relevant literature (typically from 1 to 100 kJ 
l− 1) [4]. The flowrate was selected to maintain a similar residence time to that of the non-
catalytic runs and achieve a measurable conversion at relatively low selectivity to unknown 
carbon products. Specifically, for the flowrate variation non-catalytic experiments (Fig. 4), 
at the applied power of 35 W, an SEI  of 42 kJ l− 1 was obtained at a CH4 flow of 50 Nml 
min− 1, which further corresponded to a residence time of 2.2 s for the empty tube. For the 
catalytic experiments, assuming a bed porosity of 0.4, the applied power of 17.6 W and 
CH4 flow of 25 Nml min− 1 corresponded to a similar residence time of 1.8 s. For this set of 
experiments, improved GC analysis allowed the detection of up to C6 hydrocarbons, signifi-
cantly reducing the amount of unidentified products.

The reducibility of the home-made calcined catalysts, Ni/Al2O3 and Fe/Al2O3, was 
investigated by TPR analysis, and the profiles are presented in Figure S1 in the Supplemen-
tary Information (SI). Regarding the Ni catalyst, two H2 consumption peaks are observed. 
The first peak at 320 oC is attributed to the reduction of NiO, while the second peak at 600 
oC is ascribed to the reduction of Ni species strongly interacting with the support. For the Fe 
catalyst, a single reduction peak at 440 oC is visible, indicating the presence of iron oxide at 
one oxidation state. The diffractograms of the home-made calcined catalysts are shown in 
Figure S2 in the SI. For the Fe sample, the hematite α-Fe2O3 structure is identified at 35.6° 
2θ, while for the Ni sample the peak at 37.4° 2θ indicates the NiO phase. In both cases, the 
peaks ascribed to Fe or Ni crystalline phases are hard to detect suggesting the good disper-
sion of the latter over the γ-Al2O3 support. Peaks characteristic of the γ-Al2O3 support are 
visible at 37°, 46° and 67° 2θ on both samples.

Methane Conversion and Electrical Properties Over Different Packings

CH4 conversion for all packings tested saw either a decrease in comparison to the empty 
reactor (for Ni/Al2O3, Rh/Al2O3 and pure Al2O3) or remained largely unchanged at approxi-
mately 40% (for Pd/Al2O3, Pt/Al2O3 and Fe/Al2O3) (Fig. 5). The drop in conversion over 
Rh/Al2O3, a typically high-activity formulation in C1 thermal catalysis, is particularly noted. 
Electrical diagnostics data (Table 1) further showed that the introduction of packing into the 
plasma zone led in most cases to a decrease of the peak-to-peak charge, Qpk−pk , and the 
net stored charge, ∆Q , indicative of a reduction of the charge deposited into the plasma. 
For Qpk−pk , the largest drop is observed over Fe/Al2O3, while the lowest value of ∆Q  is 
observed for the Rh/Al2O3 catalyst. The effective capacitance, Ceff , for all packings is also 
lower in comparison to the empty reactor, suggesting again a reduction of the overall dis-
charge area [53, 54]. As discussed by Tu et al. [53], the presence of catalyst pellets leads to 
a modification of the discharge behavior from microdischarges in the empty case to a com-
bination of surface discharges and possibly weak microdischarges in the packed case. The 
reduction in Ceff  could imply that the surface discharges are not spreading effectively over 
the catalyst, possibly focusing between the contact points between particles or metal par-
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ticles [28]. The latter possibility is further demonstrated by Ceff  being lower for all metal 
loaded catalysts in comparison to pure Al2O3. The drop in charge and effective capacitance 
led to a lower electron density as calculated by BOLSIG+, indicating a reduced availability 
of electrons for impact reactions in the cases of packed reactors. Nonetheless, the reduced 
electric field strength is seen to increase upon introduction of packing, which in principle 
should result in more effective plasma generation. As discussed in previous modelling stud-
ies, though, this enhancement is usually focused on the contact points between particles 
rather than affecting the entire discharge volume [53, 75–78]. The stronger electric field 
does lead to a higher electron temperature calculated by BOLSIG+ in all packed reactors 
in comparison to the empty case, which is expected to promote conversion and counterbal-
ance in part the negative effects induced by packing. We note however the work of Gadkari 

Table 1  Electrical properties for various catalyst packings in catalytic non-oxidative methane coupling. 
Flowrate: 25 Nml min-1 (100% CH4), Residence time: 1.8 s, Power: 17.6 W

Qpk−pk  
(nC)

∆Q  
(nC)

Ceff  
(pF)

E
N  (Td) ne,in

(m− 3)
ne,out

(m− 3)
Te,in  
(eV)

Te,out  
(eV)

Empty 184.3 54.9 11.91 30.08 2.12 × 1014 3.34 × 1014 2.26 1.11
Al2O3 182.8 53.0 11.37 37.55 2.02 × 1014 2.33 × 1014 2.58 1.82
Rh/Al2O3 183.9 51.2 11.13 37.14 1.95 × 1014 2.16 × 1014 2.56 1.90
Ni/Al2O3 184.2 52.4 11.22 39.32 1.97 × 1014 2.29 × 1014 2.65 1.84
Fe/Al2O3 177.8 53.2 10.99 39.18 2.01 × 1014 2.54 × 1014 2.64 1.66
Pt/Al2O3 183.3 54.7 11.17 39.61 2.05 × 1014 2.28 × 1014 2.66 1.81
Pd/Al2O3 181.8 51.9 11.19 38.12 1.96 × 1014 2.26 × 1014 2.60 1.71

Fig. 5  CH4 conversion and product selectivities for various catalyst packings in catalytic non-oxidative 
methane coupling. Flowrate: 25 Nml min-1 (100% CH4), Residence time: 1.8 s, Power: 17.6 W
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and Gu [76], who via 2D simulations observed that even though the average electric field 
strength and electron temperature increase in a packed DBD compared to the empty case, 
the average electron density decreases substantially possibly impeding reactor performance. 
As evidenced in Table  1, electrical diagnostics data are in excellent agreement with the 
observations of the authors.

The impact of packing on plasma generation is further evident in the Lissajous plots 
(Fig. 6), whose “almond” shape deviates from that of a parallelogram expected for ideal 
DBDs and obtained for the case of the empty reactor [51]. This shape, characteristic of the 
presence of surface discharges, indicates that the plasma is not “fully bridged” during the 
entire voltage cycle [51], a condition that leads to energy losses. For all packings, similar 
deviation from the ideal shape is observed, with the small differences in voltage and charge 
profiles affecting electronic properties in Table 1.

Product Selectivities and Energy Cost

Products selectivities vary over the different catalysts tested with the production of light 
hydrocarbons being enhanced for all catalysts in comparison to that over the empty reactor 
(Fig. 5). Considering that for all metals the differences in electrical properties were small, 
the selectivity trends provide evidence of the impact of the active metal phase. The com-
bined selectivity to C2-C3 hydrocarbons with plasma alone and Al2O3 was approximately 
50% and 55%, rising to as high as 71% and 76% for the Pd and Pt samples, respectively, 
the two best performing catalysts in terms of CH4 conversion. Similarly, C4-C6 cumulative 
selectivity drops from 27% for plasma alone to below 15% for Pd and Pt. These differences 
are mainly attributed to a large shift in C2H6 selectivity, which approached 60% for Pd and 

Fig. 6  Lissajous plots for various catalyst packings in catalytic non-oxidative methane coupling. Flow-
rate: 25 Nml min-1 (100% CH4), Residence time: 1.8 s, Power: 17.6 W
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Pt, much higher to the equivalent for an empty reactor (29%) and pure Al2O3 (34%). As dis-
cussed in “Non-catalytic results”, the production of C4 and higher hydrocarbons is linked to 
the coupling of C2Hy and CHx radicals, originating from C2H6 and CH4 electron impact dis-
sociations. The combined reduction in higher hydrocarbons and increased ethane selectivity 
indicate that Pt and Pd promote the hydrogenation of C2 radicals on the catalyst surface. 
This is further evidenced in the reduction in the selectivity towards unsaturated hydrocar-
bons, C2H4 and C2H2, over these catalysts in comparison to the other metals and pure Al2O3 
packing. Interestingly, over the empty reactor, selectivity to iso-butane (≈ 6%) and butene 
(≈ 6%) was higher than that of n-butane (≈ 2%). Over all catalysts, and particularly Pt and 
Pd, the selectivity to the branched and unsaturated C4 compounds exhibited a measurable 
drop to ~ 3%, while that to n-butane remained largely unaffected (≈ 1.5%). These observa-
tions further demonstrate the promotion of surface hydrogenation of C2 and C3 radicals and/
or unsaturated compounds over these two metals. Finally, there is a reduction in the selec-
tivity to unknown carbon, suggested to be long chain hydrocarbons that originate from the 
further coupling or polymerisation of C2 to C4 species. The selectivity to H2 reaches its high-
est values in the case of Rh, Pt and Pd due to the low selectivity in unknown hydrocarbons 
and in the empty reactor due to the low selectivity in C2H6. The decrease in unknown carbon 
species is also evident from the reduction of coke deposits over Pt and Pd in comparison to 
all other packings. It is noteworthy that the composition of products remained largely stable 
across the duration of each experimental run, suggesting an overall dominant effect of the 
plasma chemistry with specific contributions from the catalyst as discussed. Nonetheless, 
the formation of carbonaceous deposits, ranging in selectivity from 7% (for Pt) to as high as 
20% (for Fe), indicates that the long-term stability of the reactor operation would eventually 
be impacted. To quantify the level of deactivation over each metal, extended time-on-stream 
experiments would be required, however overheating issues with the HV AC power supply 
prevented these from being carried out in this work.

Qualitatively, results are in line with the well documented hydrogenation activity of Pt 
and Pd and prior works on NOCM [28–30], where a significant increase in light hydrocar-
bons with higher loadings of Pd or Pt was reported. Nonetheless, those works also observed 
that the introduction of the catalyst into the plasma zone led to mild to moderate decrease in 
the conversion of CH4. García-Moncada et al. suggested that it is the power that determines 
CH4 conversion and attributed the decrease in conversion over Pd catalysts versus the empty 
reactor to the hydrogenation of CH3 radicals back to CH4 [30]. Plasma-catalysis microki-
netic simulations over Ni by Maitre et al. further suggested that the catalytic hydrogenation 
of CH3 radicals negatively affected the conversion of CH4 [79]. The possibility of these 
pathways cannot be excluded in this work; however, as discussed, differences in electrical 
properties between packed and blank reactors indicate that plasma generation efficiency is 
overall negatively affected by the presence of the catalysts even at constant power. The Pd, 
Pt and Fe catalysts maintained CH4 conversion at the level of the blank reactor suggesting 
that moderate contributions from the catalysts manage to overcome in part this reduction 
in plasma generation efficiency. The optimum conversion and selectivity over Pd and Pt 
resulted in the maximum C2+ hydrocarbon yield of 34% achieved over these catalysts, com-
pared to approximately 30% for the empty reactor (Figure S3 in the SI). The energy cost 
for methane conversion over Pt and Pd was comparable to that over the empty reactor at 
approximately 2.4 MJ mol−1

CH4
; however, a significantly lower energy cost for the produc-

tion of C2+ hydrocarbons of 6.5 MJ mol−1
C2+

 is achieved over Pt and Pd versus 9 MJ mol−1
C2+
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over the empty reactor (Figure S3). On Fe, despite the high conversion, the pronounced 
selectivity to coke and unknown carbon products resulted in reduced C2+ yield of 25%, with 
all other catalysts performing even worse on account of, primarily, reduced conversion and, 
secondly, lower C2+ selectivities.

Co-Feeding of Noble Gases

Noble gases can have a significant effect on plasma generation, electrical properties, and 
methane conversion acting as energy transfer agents [43, 80]. These benefits can possibly 
counterbalance the cost of feeding, separating, and recycling them in plasma reactors [80, 
81]. As discussed in the Introduction, most relevant works have used high noble gas con-
centrations, typically above 90%, which would be challenging to apply in a realistic process. 
In our previous modelling work, energy efficiency enhancements were observed at methane 
concentration of 25% and below due to electron temperature improvements and in the case 
of Ar promotion of alternative methane activation pathways (elaborated also below) [60]. 
Based on these findings, and considering the cost of co-feeding expensive noble gases, the 
impact of noble gas co-feeding was investigated by carrying out experiments at a 75% dilu-
tion of helium or argon at a constant power of 17.6 W and frequency of ≈ 25 kHz. Methane 
flowrate was maintained at 25 Nml min− 1, as in “Catalytic results”, resulting in a higher 
total flowrate of 100 Nml min− 1 in these experiments and accordingly a lower SEI  of 
≈ 10.5 kJ l− 1. The increased flowrate implies that the space velocity is also higher in these 
experiments, which would in principle affect negatively the performance. Alternatively, the 
power or total flowrate could have been adjusted so that the SEI  or the space velocity are 
kept equal to that in the previous section, however that would imply a potentially drastic 
change in the energy provided per methane molecule. By keeping the methane molar flow 
rate and applied power constant, this ratio (J mol−1

CH4
) was also equal across all experiments 

making possible to evaluate if the addition of noble gases is justifiable from a performance 
perspective.

Methane Conversion Over Different Packings

Figures 7 and 8 present the results with He and Ar dilution, respectively, where noticeable 
differences are observed in comparison to the pure CH4 results (Fig. 5). For both He and 
Ar co-feeding, CH4 conversion for the empty reactor is lower than that for pure methane 
(13.9% for CH4/He and 20.4% for CH4/Ar vs. 39.4% for CH4), which is as expected consid-
ering the higher space velocity and lower SEI  in the co-feeding experiments. Contrarily, 
the conversion for pure CH4 that would result at a SEI  similar to that of the co-feeding 
experiments would be much lower than that observed in the co-feeding experiments (below 
5% according to Fig.  4), with the much higher molar flowrate of CH4 (100 vs. 25 Nml 
min− 1) clearly contributing to this difference. The presence of noble gases in the empty 
reactor does not appear to be able to overcome the large difference in SEI  that occurs 
when maintaining the same CH4 molar flow. Nonetheless, a positive impact on the electrical 
properties of the discharge is to be noted (Tables 1, 2 and 3), based on the Lissajous plots 
collected for the co-feeding cases (Figures S6 and S7 in the SI for He and Ar co-feeding, 
respectively). Higher peak-to-peak charge (215.5 nC for He and 203.2 nC for Ar vs. 184.3 
nC for pure CH4), effective capacitance (13.60 pF for He and 13.52 pF for Ar vs. 11.91 pF 
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Fig. 8  CH4 conversion and product selectivities for various catalyst packings in catalytic non-oxidative 
methane coupling under argon dilution. Flowrate: 100 Nml min-1 (25% CH4, 75% Ar), Residence time: 
0.45 s, Power: 17.6 W

 

Fig. 7  CH4 conversion and product selectivities for various catalyst packings in catalytic non-oxidative 
methane coupling under helium dilution. Flowrate: 100 Nml min-1 (25% CH4, 75% He), Residence time: 
0.45 s, Power: 17.6 W
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for pure CH4), inlet electron density (2.19 × 1014 m− 3 for He and 2.52 × 1014 m− 3 for Ar 
vs. 2.12 × 1014 m− 3 for pure CH4), and inlet/outlet electron temperatures (3.21/2.85 eV for 
He and 3.48/3.01 eV for Ar vs. 2.26/1.11 eV for pure CH4) values should all increase the 
successful electron impacts, promoting conversion. Similar observations were made by Jo 
et al., who reported increased electron temperatures with argon at all reduced electric field 
strengths and voltages tested, and with helium at low reduced electric field strengths [43]. 
Moreover, in the same work, higher CH4 conversion was achieved with argon co-feeding 
compared to with helium, also in agreement with the present study.

A complex interplay between reactivity and noble gases presence becomes evident from 
the catalytic results (Figs. 7 and 8). For all packings, a higher conversion in comparison to 
the empty reactor is observed for both He and Ar co-feeding. This is in stark contrast to the 
pure CH4 results (Fig. 5), where either a decrease or no measurable difference in conver-
sion was observed for packed cases in comparison to the empty reactor. For He co-feeding 
(Fig. 7), conversion over each catalyst is still lower than that observed with pure CH4 over 
the same catalyst, although this should again be largely attributed to the lower SEI  used. 
For Ar co-feeding (Fig. 8), a higher CH4 conversion is obtained for each catalyst in com-
parison to the equivalent pure CH4 results with the same catalyst, which is particularly note-
worthy when the large SEI  and residence time differences are accounted for (4 times lower 
to pure CH4 experiments). Over Pt and Pd, the two best performing catalysts in “Catalytic 
results”, Ar co-feeding led to an increase of conversion to 51% and 56%, respectively, vs. 
38% and 39% for pure CH4, and 32% and 32% for He co-feeding, strongly suggesting that 
synergistic effects or alternate pathways are active in the presence of argon.

Table 2  Electrical properties for various catalyst packings in catalytic non-oxidative methane coupling. 
Flowrate: 100 Nml min-1 (25% CH4, 75% He), Residence time: 0.45 s, Power: 17.6 W

Qpk−pk  
(nC)

∆Q  
(nC)

Ceff  
(pF)

E
N  (Td) ne,in

(m− 3)
ne,out

(m− 3)
Te,in  
(eV)

Te,out  
(eV)

Empty 215.5 46.8 13.60 21.66 2.19 × 1014 2.18 × 1014 3.21 2.85
Al2O3 206.1 46.9 12.37 23.97 2.06 × 1014 2.07 × 1014 3.42 2.96
Rh/Al2O3 208.1 46.3 12.39 23.73 2.02 × 1014 2.02 × 1014 3.40 3.02
Ni/Al2O3 205.6 49.6 12.65 26.53 2.00 × 1014 2.06 × 1014 3.62 3.05
Fe/Al2O3 184.4 54.1 12.52 32.45 1.88 × 1014 1.98 × 1014 3.99 3.38
Pt/Al2O3 192.3 51.3 12.64 29.02 1.97 × 1014 1.96 × 1014 3.79 3.07
Pd/Al2O3 195.1 53.6 12.48 31.41 1.92 × 1014 1.96 × 1014 3.93 3.18

Table 3  Electrical properties for various catalyst packings in catalytic non-oxidative methane coupling. 
Flowrate: 100 Nml min-1 (25% CH4, 75% Ar), Residence time: 0.45 s, Power: 17.6 W

Qpk−pk  
(nC)

∆Q  
(nC)

Ceff  
(pF)

E
N  (Td) ne,in

(m− 3)
ne,out

(m− 3)
Te,in  
(eV)

Te,out  
(eV)

Empty 203.2 50.0 13.52 24.13 2.52 × 1014 2.27 × 1014 3.48 3.01
Al2O3 200.9 51.3 12.30 26.81 2.49 × 1014 2.21 × 1014 3.67 3.14
Rh/Al2O3 198.6 48.9 11.65 25.79 2.44 × 1014 2.09 × 1014 3.60 2.96
Ni/Al2O3 197.7 48.4 11.78 25.76 2.39 × 1014 2.10 × 1014 3.60 2.98
Fe/Al2O3 181.5 58.5 12.61 38.60 2.40 × 1014 2.23 × 1014 4.29 3.58
Pt/Al2O3 192.8 57.4 12.46 35.31 2.46 × 1014 2.08 × 1014 4.15 3.19
Pd/Al2O3 191.4 55.7 12.44 34.73 2.42 × 1014 2.14 × 1014 4.12 3.10
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Electrical Diagnostics and Electron Properties

For all catalysts, most electrical properties are either enhanced (Qpk−pk , Ceff , ne,in ) or 
show minor variation (∆Q , ne,out ) for both He and Ar co-feeding when compared to the 
equivalent values for pure CH4 (Tables 1, 2 and 3). The increase in inlet electron tempera-
ture is particularly pronounced, rising from 2.66 eV and 2.60 eV, over Pt and Pd, for pure 
CH4 to 3.79 eV and 3.93 eV for He co-feeding and to 4.15 eV and 4.12 eV for Ar co-feeding. 
Moreover, it is noteworthy, that during co-feeding the electron temperature decreases a lot 
less between inlet and outlet conditions in comparison to pure CH4. For the latter, Te,out  is 
typically 30% lower than Te,in , whereas for He and Ar co-feeding this drop ranges from 
15 to 20%, indicating that noble gas co-feeding assists in sustaining a high electron energy 
across the catalyst bed.

Even though the ionization threshold energies of noble gases are higher than methane 
(He 24.6 eV, Ar 15.8 eV, CH4 12.6 eV), noble gas plasmas have lower breakdown voltages 
than molecular ones [36, 60]. Indeed, for all packings the breakdown voltage was estimated 
from the Lissajous plots to be approximately 1.3 kV for pure CH4 results, while for He and 
Ar co-feeding it averaged at 0.96 and 1.06 kV, respectively (Table S1 in the SI). This behav-
iour is linked to the small size of the noble gas atoms that result in longer mean free paths 
and less frequent electron collisions in comparison to a pure methane plasma. Consequently, 
electrons are accelerated more for a given field, leading to higher electron temperatures [36, 
60]. The latter enhancement (in agreement with electron temperature results presented in 
Tables 1, 2 and 3) is critical to the ability of noble gases to promote CH4 conversion [60]. 
Argon ionisation threshold energies are lower than those of helium, further justifying the 
higher electron temperatures calculated for the former (Tables 2 and 3).

Electron Impact Collision Rates, Penning Pathways, and Impact on Catalytic Rates

The impact of these effects is further evident in Fig. 9 that presents collision rates of the 
electron impact dissociation reactions of CH4 towards CH3, CH2 and CH radicals as calcu-
lated with BOLSIG+. Specifically, rates are presented for all cases studied, at both inlet and 
outlet conditions using the experimental reactor compositions and the electrical diagnostics 
as presented in Tables 1, 2 and 3. For each set of experiments carried out (pure CH4, CH4/
He and CH4/Ar), the differences among catalysts are overall limited, with the main improve-
ment being observed in comparison to the empty reactor case. Comparing, however, the 
cases of noble gas co-feeding with that of pure methane reveals major enhancements in 
the collision rates for all catalysts studied. At reactor inlet conditions, there are at least two 
orders of magnitude higher methane dissociation rates calculated in the presence of Ar or 
He compared to pure CH4, with the difference increasing to six orders of magnitude at the 
reactor outlet conditions. Moreover, the favourable electron temperature in noble gas pres-
ence enables even the high threshold energy dissociation to methylidyne radicals to proceed, 
whereas in pure CH4 this reaction is essentially not taking place. An equivalent comparison 
of BOLSIG+ electron collision rates is presented in the SI in Figure S8 for CH4 excita-
tions and in Figure S9 for CH4 ionizations. For the low threshold energy vibrational excita-
tions to CH4(ν24) and CH4(ν13) the differences for all catalysts and feed compositions 
are minor. For the high threshold energy processes, though, namely electronic excitation to 
CH∗

4(7.9eV) and ionizations to CH+
4 , CH+

3 , CH+
2  the collision rates in noble gas presence 

1 3



Plasma Chemistry and Plasma Processing

are substantially larger than those in pure CH4. The promotion of the electronic excitation is 
of notice as the pathway has been identified in plasma-kinetic simulations to be contributing 
as high as 70% of methane’s conversion towards CH3 formation via the self-dissociation of 
CH∗

4(7.9eV) [59].
Electrical diagnostics and BOLSIG+ results underline the beneficial effects on discharge 

formation due to noble gas presence. A further contributing factor is the ability of electroni-
cally excited states of noble gas species to act as collision partners transferring energy to 
CH4 according to Penning dissociation and ionisation reactions, where the multiple possible 
processes are presented in equations (26) and (27), respectively [43, 82–84].

	

CH4 +He∗/Ar∗ → CH3 +H +He/Ar

→ CH2 + 2H +He/Ar

→ CH2 +H2 +He/Ar

→ CH +H2 +H +He/Ar

� (26)

	

CH4 +He∗/Ar∗ → CH+
4 + e− +He/Ar

→ CH+
3 +H + e− +He/Ar

→ CH+
2 +H2 + e− +He/Ar

� (27)

These processes, to the degree that have been documented in literature, are characterised 
by rate constants that are typically two orders of magnitude higher for argon in comparison 
to those for helium [37, 42]. In the modelling work of Maitre et al., it was found that Pen-
ning dissociation channels had a measurable contribution to methane conversion in CH4-Ar 

Fig. 9  BOLSIG+ reaction rates for major electron impact CH4 dissociation reactions calculated as de-
scribed in “Electrical diagnostics” using the electrical diagnostics data in Tables 1, 2 and 3 and the inlet 
or outlet reactor composition from experiments using various catalyst packings in catalytic non-oxidative 
methane coupling at flowrate of 25 Nml min-1 (100% CH4) or 100 Nml min-1 (25% CH4, 75% Ar/He) 
and power of 17.6 W
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mixtures when CH4 concentration was below 50% [60]. This was primarily due to the lower 
electronic excitation threshold energies of argon compared to helium, which resulted to a 
significant fraction of the electrons’ energy being channelled into the creation of Ar excited 
states. All these observations are in line with presented experimental results and the overall 
higher activity observed for Ar co-feeding experiments.

The latter effects cannot however explain the conversion differences observed among 
catalysts tested, as they pertain mainly to the activation of methane within the plasma and 
not on the catalyst surface. Vibrationally excited states have been discussed in literature to 
affect NOCM turnover frequencies depending on the binding strength of the metal [85]. 
Nonetheless, based on the collision rates calculated in this work (Figure S8), the popula-
tions of CH4(ν24) and CH4(ν13) are not expected to be significantly affected by noble gas 
co-feeding, while during the pure CH4 case there were no metal-dependent positive effects 
on turnover observed. However, as evidenced from the collision rates in Fig. 9, Ar or He 
co-feeding promotes the rates of electron impact CH4 dissociations, which would enhance 
the population of CHx radicals in noble gas presence. Microkinetic simulations have further 
demonstrated that plasma-produced radicals can significantly affect surface chemistry dur-
ing NOCM [79] and CH4 partial oxidation [86] with effects expected to be metal-dependent. 
Alternatively, collision induced surface reactions is a mechanism proposed in literature 
wherein impinging noble gas atoms provide the energy required to overcome surface reac-
tion energy barriers [19]. The latter process has been observed both in relation to the dis-
sociative adsorption of CH4 on Ni(111) aided by Ar presence [19, 87, 88], but also for the 
formation of CO2 from co-adsorbed CO and O2 on Pt(111) aided by Xe atoms [89, 90]. 
Hence, co-feeding of He or Ar is suggested to be assisting both in the activation of methane 
on the catalyst surface but also in the promotion of subsequent surface reactions of CHx 
species either by enhancing the population of the latter or by altering the energetics of their 
pathways.

Product Selectivities and Energy Cost

Selectivities obtained are largely similar between the co-feeding and pure CH4 cases (Figs. 7 
and 8). Pt and Pd are again characterised by their hydrogenation activity and coking resis-
tance [30], as evidenced by the high selectivity to ethane (44-59% depending on noble 
gas and metal) and low amount of carbon deposits. Selectivity to higher hydrocarbons and 
unknown carbon products is accordingly lower over Pt and Pd. As with the pure CH4 trends, 
selectivity to H2 is higher in cases that the selectivity to unknown carbon products is lower, 
namely Pt, Pd and pure Al2O3 for both He and Ar co-feeding. Notably, equivalent selectivity 
trends are observed for all catalysts regardless of the gas composition (e.g., Fe and Pt have 
the lowest and highest selectivity to C2H6 for all feed compositions tested), suggesting that 
the surface reactions proceed in a similar manner over each metal and that methyl radical 
generation is what is primarily affected by the noble gas presence. Nonetheless, there is a 
relative increase in unsaturated C2 hydrocarbon production with noble gas co-feeding in 
comparison to pure CH4 over the same catalysts, evidencing a more effective generation of 
CH2 and CH radicals which further couple to form C2H4 and C2H2. The latter observation 
is further in agreement with the higher collision rates for electron impact methane dissocia-
tions presented in Fig. 9 and the higher electron temperatures obtained from BOLSIG+. 
A further exception to these trends is the Rh catalyst with Ar co-feeding which showed a 
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higher conversion compared to Al2O3, in contrast to the conversion order obtained with 
He co-feeding and pure CH4. This evidences that surface activity was low with pure CH4 
and He presence but was able to be promoted due to the enhancement from Ar co-feeding, 
resulting in the catalyst performing better that the pure support. The selectivity to unknown 
hydrocarbons is higher in most cases with the Ar co-feeding in comparison to the pure 
CH4 and He co-feeding cases. These unknown hydrocarbons are most likely long chain 
molecules deposited on the walls or post-catalyst part of the reactor as coke deposits on the 
bed are lower with Ar co-feeding in most cases. Moreover, dark yellow waxy residues were 
observed on the reactor walls during Ar co-feeding, in agreement with Jo et al. who attrib-
uted similar formations to carbonaceous deposits [80]. Scarduelli et al. moreover analysed 
these residues with a range of spectroscopic techniques finding they consisted of a mixture 
of hydrocarbons, with the most represented moiety being the gem-dimethyl group [91].

The overall effect of noble gases co-feeding on C2+ yield and energy cost in comparison 
to pure CH4 is shown in Fig. 10, while detailed energy cost and yield data for Ar and He co-
feeding are provided in Figures S4 and S5 in the SI. Besides the empty reactor and the pure 
Al2O3, for each metal catalyst the highest yield is obtained with Ar co-feeding, while He 
co-feeding results in yields even lower than those of the pure CH4 case. The highest overall 
yields of 41% and 44% are achieved with Pt and Pd, respectively, during Ar co-feeding, in 
line with the higher methane conversion and selectivity to hydrocarbons attained with these 
two catalysts. This optimal performance leads to the lowest C2+ energy costs achieved in 
this study of 4.8 and 4.7 MJ mol− 1. Considering the lower SEI  during noble gases co-
feeding, these results clearly underline the beneficial effects of Ar presence in the non-oxi-

Fig. 10  C2+ energy cost and yield for various catalyst packings in catalytic non-oxidative methane cou-
pling. Flowrate: 25 Nml min-1 (100% CH4) or 100 Nml min-1 (25% CH4, 75% Ar/He), Power: 17.6 W
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dative coupling of methane, which coupled with active Pt or Pd catalysts can substantially 
enhance the process efficiency. This is further evidenced in Table 4 which compares the 
optimal results achieved in this study with those reported in equivalent works in literature, 
namely plasma-catalysis NOCM studies in DBD reactors. In studies where some data were 
not available, approximate values based on provided information are displayed. For studies 
that further presented time-on-stream data, the initial (and typically highest) values are used. 
The energy cost for methane conversion in this work in the presence of Ar over the Pd/Al2O3 
catalyst is the second lowest of all studies. Interestingly, only the work of Kasinathan et al. 
reported a lower energy cost [27], although on an oxide-based catalyst and at a much lower 
conversion (23% vs. 56%) and higher percentage of argon in the feed stream (90% vs. 75%). 
Furthermore, the optimal combination of CH4 conversion and C2+ selectivity achieved in 
the present work for the Pd/Al2O3 catalyst and Ar cofeeding result in the highest reported 
C2+ yield amongst all the studies.

Conclusions

The non-oxidative coupling of methane was investigated in a DBD reactor over a range 
of metals and noble gas co-feeding cases, further supported via electrical diagnostics and 
BOLSIG+ calculations. When pure CH4 was used, and depending on metal, minor (Pt, Pd, 
and Fe) or negative (Ni, Rh) impact on conversion was observed. All catalysts affected 
the production of C2 hydrocarbons, with Pt and Pd found the most performant in terms of 
enhancing C2 selectivity and minimizing carbon deposits. Electrical diagnostics and BOL-
SIG+ calculations overall revealed similar enhancement of properties, namely an increase of 
electron temperature but a decrease of deposited charge. Selectivity differences evidenced 
that the observed improvements over Pt and Pd were driven by the hydrogenation activity 
of the metals, which impacted primarily the pathways of C2 and C3 radicals. Co-feeding of 
helium or argon was not able to enhance the performance of plasma only reactors; however 
substantial conversion and selectivity differences were observed during plasma catalysis. 

Table 4  Comparison of performance for NOCM plasma-catalysis studies in DBD reactors
Reference Catalyst P  (W) XCH4 

(%)
SC2+ 
(%)

QIn   
(ml min-1)

CH4 
in 
(%)

Ar 
in 
(%)

SEI  
(kJ l-1)

EC 
(MJ mol−1

CH4
)

[25] Zn-Cr mixed 
oxide

80.0 50 50 30 100 0 160.0 7.17

[27] MgO/Al2O3 3.3 23 71 200 10 90 1.0 0.96
[28] Pt/Al2O3 14.0 16 65 336 10 90 2.5 3.50
[34] Ni–K2O/Al2O3 130.0 88 -a 80 12.5 87.5 97.5 19.85
[29] Pd/Al2O3 8.0 57 65 50 5 95 9.6 7.55
[30] Pd/Al2O3 2.8 37 70 20 6 94 8.4 8.48
[32] Pt/CeO2 54.0 38 80 20 50 50b 162.0 19.10
[33] Pd-Ga/13X 10.0 70 31 5 100 0 120.0 3.84
This work Pd/Al2O3 17.6 40 86 25 100 0 42.2 2.37
This work Pd/Al2O3 17.6 56 79 100 25 75 10.6 1.69
a Only hydrogen data reported
b Helium instead of argon
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Argon co-feeding specifically was able to enhance the conversion achieved over each cata-
lyst in comparison to the pure CH4 case, despite large differences in SEI  and residence 
time. Electrical diagnostics indicated substantial enhancements in electron temperature 
induced by noble gas co-feeding, which promoted electron impact dissociations of methane 
as demonstrated via BOLSIG+ calculations. Optimal performance over argon was attributed 
to Penning pathways that promote the dissociation and ionization of methane in the plasma 
phase, while differences among catalysts were ascribed to collision induced surface reac-
tions enhancing catalytic methane and CHx pathways. C2+ yields over 40% were achieved 
with Pt and Pd during Ar co-feeding at an energy cost of ≈ 4.7 MJ mol−1

C2+
.
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