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A B S T R A C T

The valorisation of carbon dioxide in chemical plasmas implies as a principal reaction step its energy efficient 
dissociation into carbon monoxide. For hydrogen production, the reaction carbon monoxide with water (WGS) 
may lead to the generation of green hydrogen and reusable carbon dioxide. Beyond hydrogen, most valorisation 
processes require the removal of O2 to avoid its recombination with CO on any downstream hot catalytic surface. 
Moreover, if the oxygen scavenging is performed directly inside the plasma volume, it can also shift the disso
ciation equilibrium that is responsible for the well-known trade-off between energy efficiency and conversion, 
thus improving efficiency when larger specific energy densities are applied. In this paper we first report on the 
plasma dissociation of pure CO2 in a water cooled, high power(<2 kW), Dielectric Barrier Discharge with high 
gas flow regime (<3600sccm), and then we explore the synergistic oxygen removal by the partial oxidation of 
methane for syngas production. The presence of CH4, even in small amounts, removes oxygen from the outstream 
and from the discharge region, as confirmed by mass and optical emission spectroscopies, and enhances the 
process in two ways: it allows to feed the system with gas having a low CH4 to CO2 ratio (0.1–0.3) instead of pure 
CO2, where landfill and waste gases are undesired climate altering emissions with a similar composition that 
currently require flaring; it will allow to use directly the reactor outstream into a WGS reactor, or any other CO 
valorisation process without the necessity to remove downstream O2.

1. Introduction

The Dielectric Barrier Discharge (DBD) technology is currently 
among the best suited plasma generation technologies [1] for the 
reproducible, stable, and clean plasma processing: the absence of direct 
currents and the electrode-less discharge effectively inhibit thermal 
runaways and arching, at a time of history that benefits of the avail
ability of high power and frequency switching components in silicon and 
other materials (Si, SiC, GaAs, GaN), for high frequency, high power 
electric driver design.

The plasmo-chemical generation of hydrogen [2,3] is a concept 
proposed in the final quarter of the last century, based on a closed loop 
CO2 cycle: its dissociation in CO and O2, the separation of CO, its re
action with H2O to produce H2 and CO2, the separation of H2 and the 
reuse of CO2.

This method of producing H2, if made sufficiently energy efficient, 
implements a power to gas scheme with some interesting points: namely 
the absence of components based on critical, toxic or precious metals, 
the absence of catalysts in the main dissociation reaction step, and the 

fast on-off capabilities of high power discharge plasmas that can digest 
low value, fast electric energy transient excesses from renewable sources 
and production excesses that drive to negative energy prices.

While such “benchmark” scheme for the plasmo-chemical produc
tion of H2 uses CO2 in an ideal closed loop, CO and H2 can also be applied 
as reaction intermediates in any number of other power-to-fuel and 
power-to-gas carbon neutral [4–6] or even negative, schemes. Here on 
the feed stream side, a pure CO2 feed is necessary if one wants to avoid 
expensive noble gas dilution [7], however CO2 is readily available as a 
largely undesired climate altering emission either as a combustion flue 
gas (CO2/N2=0.1–0,2) [8] or as industrial low grade waste gas or 
landfill gas (CO2/CH4>1), or as high grade biogas from organic waste 
(CO2/CH4<0.3) [9].

The energy efficiency of plasma dissociation of high purity CO2 in 
microwave excited plasmas has been reported to reach large values, up 
to 90 % in microwave (MW) excited supersonic flows [10], but always 
with a trade-off between energy efficiency and conversion rate: large 
efficiency could be achieved only at low conversion rates [3,11,12].

All subsequent studies so far confirmed some version of this trade-off 
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between energy efficiency and conversion. Energy efficient operations 
imply low conversions, that brings up the importance of gas separation 
for any practical application of the scheme. Beside the energy efficiency 
of the dissociation process itself, mainly limited by the difficulties in 
achieving ideal plasma parameters for the vibrational dissociation by 
the impact of a large population of low energy (≈1 eV) electrons [3,13], 
also the energy efficient separation of the different gas phases involved 
in the process must be achieved, both on the input (pure CO2) and output 
side (no O2) of the process.

In recent years the concept for the removal of oxygen from the 
plasma regions by inserting oxygen selective solid state membrane 
barriers has been developed [14], but the permeate flow remains short 
of the required oxygen flow, while there are severe membrane sealing, 
scaling, and lifetime issues [15].

The possibility to implement the dry reforming of CH4 inside a 
plasma reactor has been widely investigated [16,17], both with and 
without catalysts inside the reactor. While most of the studies focused on 
the enhancement of the typical reforming process (CH4/CO2=2/1), by 
approaching the conversion of methane into hydrogen with a “plasma 
hammer”, we instead investigated the enhancement of CO2 dissociation 
with the help some methane when CO2/CH4>3.

Interestingly this reaction, in methane poor conditions (CO2/CH4=4) 
was investigated in a high power (500 W) DBD reactor by Kogelshatz 
group [17] aiming at the formation of higher hydrocarbons.

Instead, in processes aiming at the valorisation of CO2, and specif
ically for methanation, it is difficult to imagine how the presence a 
plasma that splits CO2 into oxygen may benefit the process, since CH4 
and H2 readily react and “burn” with it into water under plasma acti
vation, scavenging hydrogen and plasma energy, and impairing the 
overall conversion process.

The reforming of even CH4, CO2 mixtures (CH4/CO2=1/1) at 15slm 
each in a high power, atmospheric pressure microwave plasma torch 
[18] did result into the dissociations of most of the methane and almost 
70 % of the CO2 to syngas at 6 kW plasma power. Similar studies have 
been conducted in DBD reactors at lower power and smaller gas flows 
studying methane rich [19], with a few percent methane conversion, 
and methane poor mixtures [20], where larger methane conversions 
were observed, aiming at the production of hydrogen from biogas.

In this paper instead we report the on the effects of adding small 
amounts of methane that undergo partial oxidation, up to 1/3 of the 
main CO2 flow, to increase the conversion into CO and add H2 to the 
outstream and evaluate the possible benefits for the overall CO2 disso
ciation process: a low grade gaseous input stream, higher conversion and 
energy efficiency, and the removal of oxygen from the outstream, while 
we also extended the study of the process pressure up to 3 bar.

With respect to the microwave plasma torch [18] where the gas 
temperature was spectroscopically measured to reach nearly 6500◦C, we 
also expect to maintain a lower gas temperature in the water cooled DBD 
discharge [12].

The combination of CO2 and CH4 to produce syngas was also 
investigated in a multi electrode DBD discharge [21] in principle 
capable to excite large gas flows, applying up to 120sccm of CH4 and 
CO2 and 90 W power.

Summarising, the main objective of the present study is to find out if 
by the addiction of small quantities of CH4 to a main CO2 flow that 
undergoes partial oxidation, it is possible to increase its conversion in 
CO, produce some H2, and to get rid of the O2 that impairs the down
stream application flow from the flow as condensed water.

By applying the high-power water cooled DBD reactor that operates 
at low temperature and high pressure we expect to drive the reaction 
towards the condensation of water with no mole increase, with respect 
to syngas production, that doubles the moles. In this vision, in the “limit” 
case of full CO2 dissociation into CO, the quantity of methane in the inlet 
should be limited to one fourth of the total to aim at their complete 
reaction into monoxide and water: 

3CO2 +CH4⇒plasma 4CO+2H2O (1) 

The main idea behind this reaction scheme and stoichiometry is the 
partial oxidation of CH4 [22,23] by the oxygen available from the 
dissociation of CO2, imagining that the overall process might occur in 
two steps, the first being the plasma dissociation itself: 

CO2⇒plasma CO+
1
2
O2 (2) 

That may also occur into atomic oxygen without the formation of O2, 
unlike (2).

The second reaction is the reaction of methane with oxygen, 
involving the CH4 molecule or plasma generated atoms and radical 
fragments that become available in the plasma. This reaction is simpli
fied here (3) and (4) as a partial oxidation, since also CH4 is dissociated 
in the plasma and in this path to pyrolysis [3] many intermediates will 
form and will be available to react with oxygen [21,22]. 

CH4 +
1
2
O2⇒plasma CO+2H2 (3) 

CH4 +O2⇒plasma CO+H2 +H2O (4) 

It is worthy to notice that following the plasma dissociation of 
molecules, the produced O and H atoms do not need to recombine into 
their respective molecules for the set of reactions to proceed into the 
desired produces: H2O, CO and H2.

Overall, the different possible atomic, radical, and atomic reaction 
channels contribute towards reaction (1).

Given that the reactor discharge is efficiently water cooled and can 
operate at atmospheric pressure and above, up to 3 bar in the current 
study, the aim of the present work is to investigate the hypothesis that 
the efficient subtraction of oxygen and its condensation into liquid water 
may drive the CO2 dissociation reaction towards higher conversions 
rates so that the reactions (2) and (3,4) may act synergistically.

It is also interesting to speculate whether the presence of a positive 
enthalpy driving the reactions (3,4) (a kind of flame plasma [22]) could 
also be beneficial towards plasma ignition, and for driving the discharge 
plasma into a better regime (lower electric field and higher electron 
density) for the CO2 dissociation process itself.

It should be added that due to the absence of oxygen may also drive 
some of the CO to disproportionate into solid carbon if appropriate 
conditions are sought of and engineered for, such a hot downstream 
catalytic or carbon bed [24] suggesting strategies beyond hydrogen 
generation by WGS [25] for CO2 valorisation [26].

The two main channels for the plasma dissociation of CO2 are the 
energy efficient vibrational excitation by successive low energy (≈1 eV) 
electron collision into auto-dissociative states and the less efficient 
direct dissociation by electron impacts [3]. On the downside, the pres
ence of some amount of hydrogen (and water) in the plasma reaction (1) 
will probably have a negative effect on the dissociation of CO2, an effect 
that was well known, and sought for, in CO2 laser science [27,28]. The 
proposed a mechanism was based on the quenching of the vibrational 
(auto-dissociative) excitation of CO2 by collisions with light He and H2 
[29], while others had proposed the reaction of CO with OH radicals 
back into CO2 [22], and even attributed the effect to the oxygen 
sequestration in the oxidation of the electrodes [30].

There are two main reasons for considering an oversimplified ki
netics. The first is that at the core of the practical aim of the process 
presented here is (or eventually it will be) the energy efficient vibra
tional dissociation of CO2 by a large population of low energy electrons 
and the synergistic sequestration of the oxygen that is liberated, by the 
partial oxidation of methane to produce an oxygen free CO and H2 
stream.

If the first part of the process (i.e. the efficient vibrational dissocia
tion of CO2) will be eventually achieved in DBD reactors, then we expect 
that the second part (i.e. the reaction of oxygen with methane) will occur 
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spontaneously and fast.
All the other plasma reactions, the generation excited species, the 

direct electron impact dissociation of molecules and radicals, the plasma 
pyrolysis of methane, the ionization of atoms, radicals and molecules are 
all “unwanted” processes that are deemed to reduce the energy effi
ciency, that is critical for the feasibility of the greater goal of reducing 
overall greenhouse gas footprint.

In conclusion the reason for considering a more complex kinetics has 
more to do with the DBD drawbacks and failure in pairing microwave 
results [31] (due to the excessively high reduced electric field that ac
tivates too many reaction channels), than to the achievement of useful 
goals for an energy efficient process.

Also, the failure of the DBD systems to maintain the energy efficiency 
when scaling both gas flow and power [12] indicates that discharge 
filamentation [32] and inhomogeneous discharge filling and time 
structure are probably to blame where also thermal effect play greater 
than a more complex kinetics. The prominence of discharge in
homogeneities that leads to the formation of streamers and arching with 
respect to kinetics [33] was already recognized for chemical plasma 
lasers.

In the current paper, first we extent the range of the explored pa
rameters of our previous study [12] by presenting the results on the 
dissociation of pure CO2 up to high power, 2 kW, high flow, up to 
3600sccm, and small gap, d≈1 mm, applying water cooled inner elec
trodes made of different metals with different thermal conductivity and 
surface chemistry: stainless steel AISI316 (SS), copper and aluminium. 
We want to investigate if a lower thermal conductivity and better sur
face passivation for steel, a higher thermal conductivity and the possi
bility of a different surface chemistry for aluminium and copper play a 
role.

Then we introduce the effects of adding different amounts of 
methane with and overall flow of 1000sccm (up to 1CH4+4CO2) and 
360sccm (up to 1CH4+3.5CO2) using the same water cooled electrodes. 
In one experiment involving the SS electrode we also suppressed the 
inner electrode cooling, letting it reach a surface temperature >300◦C in 
order explore the effect of temperature on the process. In the experi
ments with methane, a small Ar flow was added for calibrating the total 
downstream flow. In selected conditions we also extended the investi
gation up to 2 and 3 Bar absolute pressure.

In Fig. 1 we report the power required for the dissociation of two of 
the mixtures explored in the present work, namely the more methane 
rich conditions at the two flows. The power was simply calculated based 
on the bond energies of chemical species in reaction (2) and (4), on the 
hypothesis of the formation of highest bonded species first. Although 
this is a crude approximation, it shows how the presence of methane 
progressively lowers the reaction power. These values of power can be 
applied in principle to calculate the correct relation between conversion 
and energy efficiency of the process, if one wants to consider the energy 

given into the system by methane, which is then considered a high value 
resource.

In the current study we have been considering these low amounts of 
methane as an undesired waste gas, and then we have calculated the 
energy efficiency only based on the dissociation enthalpy of pure CO2.

In all the experiments, the chemical environment typical of a 
methane-poor dry reforming leads to the formation of hydrogen and 
some quantity of higher hydrocarbons [17]. The formation of hydro
carbons was also monitored by mass spectroscopy by performing com
plete mass scans up to mass 80 at selected, high plasma power 
conditions. In the experiments reported here they were observed in 
small quantities, especially when applying the more methane rich, 
higher plasma power and hotter electrodes. However, although an 
interesting phenomenon worthy of further investigation, we did not 
observe these (CnHm) in amounts that altered the main energetics of the 
process. This is especially true at low reactor temperature and in the 
absence of a catalyst, where the main components of the outstream are 
CO2, CH4, unreacted or recombined, CO, H2 and H2O, the reaction 
products, where O2 was always effectively removed from the stream by 
the presence of any inlet amount of CH4.

2. Experimental

The experimental set-up is like that described in a previous work 
[34] and is schematized in Fig. 2. It consists in a quartz tube (40 mm OD, 
36 mm ID) single barrier DBD system with outer water cooling and an 
inner metal electrode (34 mm OD) that constricts the gas flow into a 
≈1 mm discharge gap, for a discharge volume of 13.2 cm3 in the region 
at the reactor centre. The inner electrode is supported vertically on a 
tight-fitting water-cooled copper tube by means of steel and PTFE 
spacers, visible in figure S2. The outer electrode consists of a steel grid 
close-fitted to the outer quartz reactor wall that is polarized with a high 
voltage, variable frequency HF AC power supply (100–500 kHz), that 
must be tuned to the parasitic capacitance “LC” frequency to achieve 
plasma ignition. The outer electrode is immersed in water, improving 
the coupling to the quartz barrier, favouring its cooling, inhibiting ozone 
formation and finally with little loss towards the 400kω electrical 
resistance (DC measured) to the ground of the water laboratory tubes.

Gases are fed via digitally controlled mass flow controllers (MKS 
179). A vacuum membrane pump can either serve to operate below 
atmospheric or to evacuate the system, but mainly helped to remove 
water after the experiments in the current set of experiments. In figure 
S1b) we show the inner electrodes and their cooled copper support.

The reaction products were measured by mass spectrometry (Hyden 
Analytical HPR-20 R&D) of the gas downstream of the reactor, by 
following the time evolution of selected fragments, while electrical 
measurements allowed to measure the plasma power, and optical 
emission spectroscopy (OES, Ocean HDX-XR with quartz fibre and 

Fig. 1. The power required to drive the reaction of CO2 and CH4, respectively 280 and 80 sccm on the left, 800 and 200 sccm on the right, calculated for various 
dissociation values of CO2 and CH4 (values in the legend and x axis).
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collection lens)) over the UV-Vis-NIR spectra allowed qualitative as
sessments on the process, mainly to assess the O2 removal.

The plasma power is measured by measuring the plasma voltage and 
current with an oscilloscope (Tektronix TDS 200 and MSO44). The 
plasma voltage is measured by a high voltage high frequency probe 
(Tektronix P6015A) and the current by a probe connecting the inner 
electrode to the system ground. In this study we applied two different 
probes and methods for the current measurement. Initial measurements 
were performed with a 1 Ohm resistive shunt and by a point-to-point 
product [34], later a 1.4nF capacitor was applied instead and the inte
gration [35] of the traces was performed both on the oscilloscope or 
off-line. The two methods were cross checked for consistency with 
excellent agreement, especially when large waveform records are 
applied. In figure S2a) we report typical oscilloscope probe traces (and 
fits) applied to measure power in one of the conditions of the current 
study, and the relative elliptical QV Lissajous plot in figure S2b)

The power absorbed by the power supply that excited the plasma was 
also measured by taking the product of the RMS AC input current and 
voltage by means of commercial current meters (FLUKE 117 the AC 
voltage, FLUKE 325 the AC current).

In the current study we applied three different electrodes, as seen in 
figures S1a) and b), made of aluminium, stainless steel and copper. The 
three different materials were applied for evaluating different surface 

temperatures and different surface chemistry including some catalytic 
effect: steel has reduced thermal conductivity with respect to copper, 
while we expect better passivation for aluminium and steel with respect 
to copper. As seen in figure S1c) a simple radial heat transfer calculation 
shows that the steel electrode surface can reach 100◦C and more despite 
water cooling.

In one set of experiments with SS electrode we suppressed the inner 
water cooling in the electrode support, inserting a thermocouple and 
measuring the temperature from the inner side of the copper electrode 
support, expecting the electrode surface to be consequently higher than 
that measured by the thermocouple of the values of figure S1c).(Table 1)

For each experimental condition, summarized in Tale 1 and Table 2, 

Fig. 2. Scheme of the experimental set-up, comprehensive of gas feed and diagnostics.

Table 1 
Experimental conditions for the dissociation of pure CO2. In the last column is 
the specific energy input or SEI.

Pressure (bar) CO2 (sccm) Electrode Power (W) SEI (kJ/mol)

1 225 SS, Al, Cu 200–1500 1200–9000
1 450 SS, Al, Cu 200–1500 600–4500
1 900 SS, Al, Cu 200–1500 300–2250
1 1800 SS, Al, Cu 200–1500 150–1125
1 3600 SS, Al, Cu 200–1500 75–560
2 3600 SS 200–1500 75–560
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where different electrodes, pressure, gas composition, and total flow 
were changed, the plasma power was varied and measured to build 
power conversion curves.(Fig. 3)

3. Experimental results

3.1. CO2 dissociation at high flow and power

In Table 1 we summarize the applied conditions and in Fig. 4 the 
results of the dissociation of pure CO2 with the three different electrodes, 
for flows larger than previously reported by our group [34].

The results are overall similar for the three electrodes, with moder
ately better performances for the steel electrode (3a and 3b), apparently 
the lower heat conduction and increased surface temperature does not 
impair the dissociation by increasing the recombination of CO and O2 
into CO2, on the contrary both conversion and efficiency are improved. 
The curves for Aluminium and Copper are respectively in figure S3, both 
as function of power and SEI(kJ/Mol), and figure S4. Overall, the con
version decreased when the CO2 flow is increasing, linked to the pro
gressively shorter plasma gap residence time, that ranges from 1.6 s at 
500sccm to 0.2 s at 4000sccm. At the same time the energy efficiency 
increases with the flow, while it decreases with the applied plasma 
power by the well-known trade-off law.

Table 2 
Experimental conditions for the reaction of CO2 and CH4.

Pressure 
(Bar)

CO2 
(sccm)

CH4 
(sccm)

Flow 
(sccm)

Electrode Power 
(W)

SEI (kJ/ 
mol)

1 1000 0 1000 SS, Al, SS 
Hot

200–1500 270–2000

1 975 25 1000 SS 200–1500 270–2000
1 950 50 1000 SS 200–1500 270–2000
1 900 100 1000 SS 200–1500 270–2000
1 800 200 1000 SS 200–1500 270–2000
1 360 0 360 SS, Al, SS 

Hot
200–1500 750–5600

1 330 30 360 SS, Al, SS 
Hot

200–1500 750–5600

1 280 80 360 SS, Al, SS 
Hot

200–1500 750–5600

2 280 80 360 SS, Al 200–1500 750–5600
3 280 80 360 SS, Al 200–1500 750–5600

Fig. 3. a) Conversion and energy efficiency with Stainless Steel AISI316 electrode, 1Bar. b) conversion and efficiency for a large 3600sccm flow of CO2 at 1 and 2 Bar 
for Copper and SS electrodes.
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3.2. Plasma reaction of CO2 and CH4

In Table 2 we summarize the conditions explored in the current 
study, where we have performed two sets of experiments at higher 
(1000sccm) and lower flow (360sccm) conditions. When using methane, 
we did not apply copper but only water-cooled SS and aluminium 
electrodes, and hot uncooled SS.

By adding even small CH4 amounts the suppression of O2 in the 
outstream is observed. In Fig. 4, we show that when adding just 25sccm 
of CH4 in a 1000sccm CO2 flow, oxygen in the outflow can be detected 
only in small quantities (axis on the right) compared to the oxygen levels 
of dissociation of pure CO2 (left axis). Oxygen is not generated at low 
power (little CO2 is dissociated) ant it is removed by CH4 at higher 
plasma power explaining the bell-shaped curve. In Fig. 4 and Fig. 5, the 
effect of adding CH4 is shown when using the cooled SS electrode. 
(Fig. 6)

The conversion of CO2 into CO, the dissociation of CH4 and the 
production of H2 are reported in Fig. 5, for plasmas of various power and 
CH4 content for two different flow conditions 1000sccm and 360sccm, 
when using water cooled SS electrodes. At low methane content the 

Fig. 4. Oxygen molar fraction in the outstream (solid line) at different plasma 
power at 1000sccm in pure CO2 and with 25sccm of CH4 (dashed line). Water 
cooled SS electrode.

Fig. 5. The effect of different CH4 flow on the CO2 conversion and CO molar fraction a) and CH4 dissociation and H2 molar fraction b), at 1000sccm. Water cooled 
SS electrode.
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presence of CH4 lowers the CO2 conversion at all power levels, while 
CH4 dissociation is high. On the other hand, with at 10 % methane 
content the conversion matches that of pure CO2, while at 20 % it be
comes higher, especially at the higher plasma power side, where the 
typical saturation behaviour of pure CO2 plasma dissociation is not 
observed. The effect is seen in Fig. 5a) for the larger 1000sccm flow, but 
it is far more evident at 360sccm in Fig. 5b). Here, at high power, 
dissociation of pure CO2 not only saturates but decreases at high plasma 
power, probably due to less optimal plasma parameters and non-linear 
phenomena. Highest CO2 conversions are observed to reach 40 % at 
low flow and high power.

The same picture emerges from figure S5 and figure S6, when we use 
the water-cooled aluminium electrode instead and applied the same 
flow and conditions in a different set of experiments. Here the CO2 
conversions is observed to be similar if somehow higher than for the SS 
electrodes, especially for the larger 1000sccm flow. Currently it is un
clear if this is due to better cooling, to a different surface chemistry, 
including different surface passivation, or to small unaccounted differ
ences in electrode alignment that lead to homogeneities of power 

deposition in the discharge volume. All considered, large differences did 
not emerge.

Further we investigated the effect of suppressing the inner electrode 
cooling for the SS electrode and the results are reported in Fig. 7. In 
figure S7, we show the measured value of the inner electrode temper
ature as measured by a thermocouple placed inside the copper electrode 
support, the surface electrode temperature is expected to be higher than 
that, of the amounts reported in figure S1c).(Fig. 8)

At higher temperature the conversion of CO2 and CH4 dissociation 
are similar to the water-cooled inner electrode case, with apparently less 
CO and H2 being produced at the overall flow of 1000sccm and more at 
360sccm, especially for the methane rich conditions with a CO2 con
version of 45 % and the almost complete CH4 dissociation.

It is interesting to notice that for the pure CO2 flow case the CO2 
conversion in this set of experiments (the continuous line with circles) 
are lower than the values reported in the previous section in Fig. 3, 
which had been performed earlier on the same system and electrodes. 
We observe that now the conversion saturates and may decrease when 
increasing plasma power (most evident in the solid line with circles of 

Fig. 6. The effect of different CH4 flow on the CO2 conversion and CO molar fraction a), CH4 dissociation and H2 molar fraction b), at 360sccm. Water cooled 
SS electrode.
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Fig. 6a, 7a and 8a) in contradiction with the monotonic increase with 
power seen in Fig. 3.

Later experiments showed that this effect is due to the presence of 
surface modifications (and deposits) occurring at the electrode surface, 
the deposition of (hydrogenated)carbons, that temporarily limit the 
dissociation reaction in pure CO2 until the deposit is removed and the 
electrode surface is recovered to its initial, oxygen passivated surface. To 
confirm this effect in figure S8 we show a time trace of CO content in the 
outflow under constant plasma power, that demonstrates the recovery of 
the conversion of the water-cooled SS electrode. Under pure CO2 flow 
and a plasma power of 1200 W, it takes about 30 min of continuous 
operations for the restoration of the electrode surface. These deposits 
form during the experimental runs when CH4 rich, high plasma power 
conditions are applied and need time to clean off once CH4 is suppressed 
from the inlet.

Finally, the effect of working at higher pressure was investigated, by 
operating the discharge at one selected condition (280 sccm CO2 + 80 
sccm CH4) at 2 and 3 bar, and results are compared in Fig. 8 with op
erations at 1 bar.

Overall, the curves are similar, despite the larger residence time in 
the plasma gap at higher pressure. The different behaviour of the curve 

at 2 Bar with Al electrode of figure S9 at lower plasma power can be 
attributed to the imperfect coaxial alignment of the inner electrode, that 
was corrected for the experiment at 3 bar.

This effect is due to the incomplete and uneven filling by the 
discharge plasma of the inter-gap volume at lower power. In case of 
good coaxial alignment, operating at lower power (<700 W) results in a 
discharge that initially fills the electrode gaps coaxially, often starting 
from the gas inlet side, but if the alignment is not optimal (consider that 
the gap is 1 mm only) it may lead to the partial filling of only one 
discharge sector, a geometry that leaves available through paths for 
unreacted gas that is not excited by the plasma.

Overall, we conclude that the system can be operated up to 3 Bar 
pressure without large losses in efficiency, and probably at higher 
pressure with small modifications to the power supply, mainly to avoid 
external arching due to the increase of the discharge voltage.

3.3. Conversion and energy efficiency

The evaluation of the CO2 dissociation process efficiency in the 
presence of methane is not as straightforward as in the case of pure CO2. 
For the latter case is easily calculated as the product of the conversion 

Fig. 7. the conversion of CO2 and CO molar fraction a), CH4 dissociation and H2 molar fraction b), with hot, uncooled SS electrode at 1000sccm. The electrode 
temperature is in Fig. S7.
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and the CO2 flow times the dissociation enthalpy divided by the plasma 
power.

If the energy efficiency is relevant for the practical application, as in 
perspective for large scale greenhouse mitigation systems, we may 
reason as follow. If CH4 is considered a waste, as in the case of a landfill 
gas that is either emitted in the atmosphere or flared, its energy content 
can be neglected, and we can continue to calculate the energy efficiency 
applying the same formula based on the dissociation enthalpy of CO2 
alone. In other words, if the energy content of CH4 is not recovered, from 
the engineering point of view, it is fair to neglect its energy contribution 
in the energy efficiency calculation.

Therefore, the applied formulas for CO2 conversion (Eq.5), CH4 
dissociation (Eq.6) and Energy efficiency in the case of pure CO2 (Eq.7) 
were: 

XCO2 =
Ftot,in•γCO2 ,in − Ftot,out • γCO2 ,out

Ftot,in•γCO2 ,in
(5) 

XCH4 =
Ftot,in•γCH4 ,in − Ftot,out • γCH4 ,out

Ftot,in•γCH4 ,in
(6) 

ηCO2
(%) =

XCO2 • FCO2

22.414( Nl
mol)

• 60(
s

min
) •

ΔH0,diss.

Pplasma
(7) 

Where Ftot,in and Ftot,out are the total molar flow at the inlet and outlet of 
DBD reactor respectively, •γi is the molar fraction, Pdiss.is the theoretical 
CO2 dissociation enthalpy, Pplasma is the power discharged in the DBD.

Instead, if the CH4 is regarded as an energy vector, as for the case of a 
methane fraction of a high-quality biogas that is not scrubbed for the 
specific purpose, then its energy content that is lost to the grid should be 
considered. In the latter case the global reaction enthalpy should 
consider the contribution of CH4, mainly in the form of the energy 
released by the formation of all the reaction products.(Fig. 9)

We have calculated the scaling factor between CO2 conversion and 
efficiency for the conditions explored in this work and reported for 
Table 2. The scaling between conversion and energy efficiency is re
ported in Fig. 10 for the overall flow of 1000sccm and 360sccm. For 
convenience the values are plotted in a logarithmic scale. Here the 
continuous, top curve represents the scaling factor for pure CO2, to be 
applied if one considers CH4 as a waste, which obviously leads to a 
higher “energy efficiency per conversion”. 

Fig. 8. the conversion of CO2 and CO molar fraction a), CH4 dissociation and H2 molar fraction b), with hot, uncooled SS electrode at 360sccm. The electrode 
temperature is in Fig. S7.
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Fig. 9. CO2 conversion and CO molar fraction a), CH4 dissociation and H2 molar fraction b), for respectively 280 and 80 sccm at ambient and high pressure: 
comparison between 1, 2 and 3 Bar using water cooled SS electrode.

Fig. 10. The adimensional ratio between energy efficiency and conversion, for various gas mixtures and plasma power. In the legend is reported the flow of CO2 (left) 
and CH4 (right).
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η(%) =
XCO2 • FCO2

22.414( Nl
mol)

• 60(
s

min
) •

∑

i
ΔHf ,i • ṅi/ṅtot

Pplasma
(8) 

On a secondary x-axis we have reported the plasma power density 
(w/cm3), to supplement information on the SEI (kJ/mol) values re
ported in Tables 1 and 2.

The curves were calculated based on bond energy differences of the 
main products, considering full CH4 and CO2 dissociation and reaction. 
The continuous line was applied for the calculation of the energy effi
ciency in Fig. 3, for the pure CO2 case.

3.4. Optical emission spectroscopy

Some insight on the reactions occurring inside the discharge plasma 
was provided by optical emission spectra collected during the opera
tions. The spectra were measured through the water, cooling the outer 
mesh electrode and dielectric, and the double quartz reaction wall as in 
Fig. 2.

The spectrometer does not have a sufficient resolution to provide 

quantitative evaluations of the plasma temperature and of the rotational 
gas temperature [36] neither was it possible to apply the line ratio 
method for the Ar atomic lines [37] since the method only works at low 
pressure. However, it is possible determine the changes in the main 
excited species in the different discharge conditions, that gives some 
clues on the plasma chemistry, complementary to the downstream ob
servations carried by mass spectroscopy.

The spectra were analysed, and the lines identified using the 
“Spectrum Analyzer” software package [38]. At high plasma power 
(2 kW), the situation is exemplified in figure S10 to S13. Different 
spectral regions are dominated by different band systems from ionized 
atoms and molecules. At shorter wavelength the C I atomic line at 
297 nm, the CH I lines at 314 nm and 431 nm, then the band system of 
CO2 I lines between 300 and 400 nm, at intermediate wavelengths the 
emission from CO (mainly the Angstrom system) between 400 and 
700 nm, then the Ar I lines around 700 nm and the oxygen O I line at 
777 nm. In figure S10 the spectrum of a pure CO2 plasma shows a strong 
CO2 I and CO I emission, and strong emission from O I. The O I emission 
is almost fully quenched by the addition of a small quantity of CH4 in 

Fig. 11. The full spectrum of fragments during CH4 CO2 operations.
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figure S11: just 25 SCCM reduces the emission from CO I and already 
fully suppress the O I emission at 777 nm, in line with what is observed 
respectively in Fig. 6a (reduced CO conversion) and in Fig. 4 (no O2 
outflow).

Figures S12 and S13 apply instead to the 800 CO2 200 CH4 case. 
Fig. 11 is collected in the middle of the discharge and shows that with 
higher methane content we have very strong CO emission (high con
version as in Fig. 5a), the CH I 431 nm band appears and the C2 Swan 
bands also intensify indicating the formation of C2 and higher carbon 
compounds [17]. Here, stronger CH I line emission at 314 nm and 
431 nm is evident together with lower CO and higher CO2, and corre
sponds to the visual observation of a discharge section that exhibits a 
different colour at the inlet. Instead, if we point the OSE collecting lens 
towards the top of the discharge where the gas inlet is, the spectrum 
changes as reported in figure S13.

It is interesting to notice that as soon as CH4 is added to the plasma 
the O I lines is strongly reduced to almost naught, confirming that the 
two plasma reactions, (2) and (4), are strongly coupled and oxygen is 
readily scavenged by methane and its fragments ad soon as it is pro
duced, correspondingly such small methane flow inhibits the CO2 
dissociation as seen in Figs. 5a and 6a.

As seen also in Figs. 4 and 5 the presence of the smallest amount of 
CH4 suppresses oxygen but it also strongly inhibits the process of 
dissociation itself, wither this is due to the formation of H that cools the 
vibrational excitation of CO2 or to the formation of OH that reacts with 
CO it is not clear. As discussed in the introduction it was found that 
adding small amounts of H2 and He to CO2 gas mixtures inhibited the 
dissociation and was in the past functional to increase the laser 
efficiency.

3.5. Water, hydrocarbons, and carbon formation

The formation of water was documented by copious condensation at 
the bottom of the reactor, on the surface of the inner cooled electrode 
and on the inner quartz wall as seen at the bottom of figure S14a). 
Although we did measure water vapor with the mass spectrometer, we 
found that measurement unreliable in the actual experimental set-up, 
since the vapour content in the outstream heavily depends on the tem
perature, pressure, of all reactor parts and on flow.

The formation of larger molecules and hydrocarbon was investigated 
by performing full mass scan at selected plasma conditions. We present 
here the more methane rich conditions CO2 800 sccm and CH4 200 sccm 
with cooled SS electrodes.

As reference the data for 1000 sccm of CO2 (for comparison with 
experiments with CH4 a 2 %v/v of Ar was added) are presented in figure 
S15 with 750 W power. Beyond Ar, the mass spectrometer fragmenta
tion evidences the presence of CO2, CO and O2. The fragments in ex
periments with CH4 with a water cooled steel electrode, are reported in 
Fig. 11 (800 CO2, 200 CH4, 20 Ar with 1200 W as in Fig. 5) and highlight 
the presence of higher hydrocarbons up to C3 and C4 and relative ox
ides/alcohols, in line with previous reports [17]. The scan was per
formed after reaching stationary conditions during plasma operations. 
The overall measured quantities of these compounds in Fig. 11 in the in 
the actual experimental conditions do not alter the main reaction en
ergetic, but should be considered in developing the reactor technology.

After tests performed at 3 Bar and at high power (>1 kW) with 
cooled aluminium electrodes we found that some dark deposits had 
formed on the electrode surface, as seen in figure S14b).

The position on the electrodes of the solid deposits were consistent 
with the location of random hot spots that were observed on the elec
trode surface during the operation of the discharge, that showed an 
optical emission spectrum typical of thermal emission (red and IR con
tinuum, not reported here). We attribute these deposits to CO dispro
portionation driven by pressure and high CO concentration on hot spots.

One may speculate that operating at higher pressure it may be 
possible to investigate if some form of plasma driven solid carbon 

sequestration [24] with water condensation from CH4 and CO2 may 
deserve some further investigation for practical application.

4. Conclusions

In conclusion in this work, we have investigated the dissociation of 
CO2 into CO and O2 using pure CO2 as a feed gas, applying different 
electrode materials, pressures, flow, and plasma power. The tests were 
performed in a water cooled DBD system that is capable to operate with 
up to 2 kW of plasma power. The results are overall comparable to 
previous research literature data, that confirm the well-known trade-off 
between conversion and energy efficiency. It confirms that the DBD 
plasma system does not have the correct electric field and electron 
density for energy efficient CO2 dissociation.

Furthermore, we have investigated the effect of adding small quan
tities of CH4, (up to 1/3.5 of the CO2 flow) to the CO2 inlet in order to 
take two possible advantages: the first is the possibility to apply the 
system to the fully electric valorisation of waste or landfill greenhouse 
gases that are actually flared, the second being the suppression of O2 
from the dissociated flow and the production of H2. Removing O2 is vital 
for the use of a main CO output, for example for its downstream con
version in H2 by WGS.

At the same time, adding very small amounts of CH4 completely 
removed oxygen form the products, but also negatively influenced the 
dissociation process. The results show that when high plasma power is 
applied to the CO2 CH4 mixture high dissociation is achieved for CH4 
and high conversion for CO2 into CO, and that the presence of CH4 
effectively scavenges for the oxygen released by the dissociation.

We believe that the same will apply when better, CO2 plasma 
dissociation systems will be found more energy efficient than the actual 
DBDs, providing a viable approach to the valorisation and management 
of greenhouse wastes. We also remark that high power plasma, devoid of 
catalysts can contribute to remove and destroy a wide spectrum of 
pollutants, being mostly insensitive to their presence, providing strongly 
oxidising environment when applied to CO2, that tuning the flow to CH4 
becomes reducing.

Finally, we have observed the formation of higher hydrocarbons and 
graphitic deposits when the system is operated.
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