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A B S T R A C T   

Carbon dioxide decomposition is a challenging target to combat climate change. Nonthermal plasmas are ad
vantageous for this purpose because they operate at ambient conditions and can be easily scaled-up. In this study, 
we attempt the CO2 splitting into CO and O2 in a parallel plate packed-bed plasma reactor moderated with Lead 
Zirconate Titanate (PZT) as ferroelectric component, achieving conversion rates and energy efficiencies higher 
than those obtained with BaTiO3 in our experimental device. The analysis of the reaction mechanisms with 
optical emission spectroscopy under various operating conditions has shown a direct correlation between energy 
efficiency and intensity of CO* emission bands. These results and those obtained with a LiNbO3 plate placed onto 
the active electrode suggest that high temperature electrons contribute to the splitting of CO2 through an 
enhancement in the formation of CO2

+ intermediate species. Results obtained for CO2 + O2 mixtures confirm this 
view and suggest that back recombination processes involving CO and O2 may reduce the overall splitting ef
ficiency. The study of mixtures of CO2 and dry air has proved the capacity of ferroelectric packed-bed reactors to 
efficiently decompose CO2 with no formation of harmful NXOY subproducts in conditions close to those in real 
facilities. The found enhancement in energy efficiency with respect to that found for the pure gas decomposition 
supports that new reaction pathways involving nitrogen molecules are contributing to the dissociation reaction. 
We conclude that PZT moderated packed-bed plasma reactors is an optimum alternative for the decompositon of 
CO2 in real gas flows and ambient conditions.   

1. Introduction 

The growing concern about the continuous increase in carbon di
oxide concentration and other greenhouse gases in Earth’s atmosphere 
has fostered the development of new remediation strategies and tech
nologies. One possible way to reverse this situation consists of applying 
Carbon Capture Storage (CCS) or Utilization (CCU) systems to either 
hold back or transform CO2 or other carbon containing harmful gases 
into valuable products before their release to the atmosphere [1]. Also, 
carbon dioxide conversion processes have gained much interst for the 
oxygen production in the CO2 rich (95%) Mars atmosphere, where 
promising results have been obtained recently by the Moxie experiment 
carried out in the red planet applying a high temperature decomposition 
technique [2]. 

Current strategies for CO2 decomposition and/or revalorization face 
the problem of the high stability of this molecule. From a 

thermodynamic point of view, either its dissociation breaking or just its 
activation are highly demanding energetic processes (e.g., C = O 
doubled bound energy is 783 kJ/mol, while the Gibbs free energy of 
formation of CO2 is 394 kJ/mol [3]). The energetic requirements 
imposed by these internal energy parameters are particularly relevant if 
the intended process is the splitting of CO2 into CO and O2 induced by 
plasma. Plasma technologies promote this splitting through the excita
tion of CO2 molecules by different elemental processes followed by a 
series of subsequent intermediate reactions ending up in the production 
of the desired products. In particular, in nonthermal plasmas far from 
the thermodynamic equilibrium, such as those based on a dielectric 
barrier discharge (DBD) at atmospheric pressure, mean electron tem
peratures typically vary between 1 and 10 eV, a wide range enabling the 
direct activation of the CO2 molecule by electron impact through either 
electronic excitation, ionization or dissociation mechanisms [4]. 

Due to their operational advantages, DBD reactors and packed-bed 
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systems filled with different materials have been extensively utilized 
during the last decade to induce various CO2 conversion or decompo
sition processes [5-10]. In fact, DBD methods are safe, easily scalable, 
have relatively low energetic requirements, have short induction times 
and can be easily coupled to renewable (and intermittent) wind or solar 
electricity. Additionally, packed-bed reactors can easily incorporate 
catalytic materials to promote plasma and catalysis synergies. Examples 
of dielectric materials used to moderate the CO2 plasma splitting reac
tion include Al2O3, ZrO2, or SiO2 beds among others [3,11-13]. In 
general, energy efficiencies around 5% have been obtained with these 
conventional dielectrics, with some exceptions like the 12% obtained by 
Ozkan et al., using power modulation strategies operating in burst mode 
instead of a conventional AC mode [14,15]. More recently, non- 
conventional materials such as polyurethane foams or core–shell struc
tures have been also utilized as dielectric bed materials, but reported 
energy efficiencies of plasma processes only amount to ca. 5% for 
meaningful splitting rates [16-18]. 

To overcome such an apparent energy efficiency limit of packed-bed 
reactors moderated with dielectric materials, ferroelectrics, particularly 
the most common BaTiO3, and/or catalytically active beds, have been 
essayed as moderator materials for the CO2 plasma conversion 
[6,10,12,19-26]. Using some of these approaches, the CO2 plasma 
spliting mechanism has been also extensively studied seeking for pro
cedures favouring the most efficient processes. For example, Xin tu et al. 
have reported that catalyst surfaces with oxygen vacancies can effi
ciently promote the dissociation of the CO2 molecule and, based on 
additional evidences, proposed a decomposition mechanism triggered 
by the breaking of the C = O bond upon interaction with plasma elec
trons [19,24,25]. This mechanism differs from that proposed for the CO2 
decomposition induced in microwave (MW) and gliding arc (GA) re
actors that, operating at boundary conditions between thermal and 
nonthermal plasmas (i.e., conditions usually referred as “warm 
plasmas”), seem to favour a CO2 decomposition mechanism mediated by 
the vibrational excitation of the molecule [27-29]. In DBD and packed- 
bed reactors the average electron temperature uses to be too high to 
efficiently induce the dissociation through vibrationally excitations, a 
fact that explains in part the energy efficiency limitations of this tech
nology [4,30]. 

In the present work, we study the usage of a ferroelectric packed-bed 
plasma reactor with a parallel plate configuration to induce the 
decomposition of CO2 at ambient temperature and atmospheric pres
sure. As a way to overcome the aforementioned energetic limit, we 
propose the use of Lead Zirconate Titanate (PZT) as moderator to induce 
the decomposition of CO2 into CO and O2. This ferroelectric material has 
provided remarkable reaction yields for the synthesis of ammonia in the 
same reactor and without catalysts [31,32]. The high dielectric 
permittivity of PZT and its much higher Curie temperature than BaTiO3 
(i.e. 120 ◦C, lower than the actual temperature of common plasma- 
catalysis processes) have been recently claimed as key factors account
ing for the high performance of packed-bed plasma reactors moderated 
with this material [33]. 

The motivation of this work is twofold. Firstly, to determine the ef
ficiency of PZT moderated packed-bed reactors for the splitting of CO2 
and, secondly, to advance in the understanding of the basic mechanisms 
involved in this reaction, either with pure CO2 or with mixtures of this 
gas with oxygen (i.e. CO2 + O2) and dry air (i.e. CO2 + air). For this 
purpose, some experiments have been also carried out incorporating a 
LiNbO3 plate onto the active electrode, a procedure enabling to assess 
the influence of the average energy of plasma electrons onto the reaction 
process and intermediate reaction mechanisms. The utilized configura
tion is similar to that proposed in a previous work where an extra 
ferroelectric material barrier was used to increase the removal efficiency 
of pollutants in air [34]. The analysis of the reaction efficiency under 
different flow rates and electrical excitation conditions has been com
plemented with the characterization of the plasma species with the 
optical emission spectroscopy (OES) technique. This analysis has 

provided useful data to interpret the reaction and electronic excitation 
mechanisms of the CO2 molecules. In line with previous works by Zhang 
and Harvey [20] and Wolf et al. [35], we have also studied CO2 + O2 
mixtures and confirm that back-reactions (i.e. the recombination of CO 
and O2 into CO2) can be detrimental for the overall CO2 decomposition 
yield. Finally, considering that in most CO2 industrial procedures this 
gas appears combined with air, we have studied mixtures of CO2 with 
dry air. Snoeckx et al. have shown an increased absolute conversion rate 
for the CO2 decomposition reaction when igniting a CO2 + N2 plasma 
[36]. Our results show an increasing energy efficiency for a mixture with 
15% air and, unlike previous results in literature where harmful NXOY 
compounds were found as by-product of a plasma reaction of nitrogen 
and CO2 [10,36], no traces of nitrogen oxides have been found under our 
working conditions. 

2. Materials and methods 

2.1. Reactor setup and electrical diagnosis 

The packed-bed plasma reactor consisted of a stainless-steel vessel 
with two parallel plate aluminium electrodes separated by the packing 
material (see supplementary material S1 for a detailed description of the 
reactor). The bottom electrode was grounded and the upper electrode 
was connected to a high voltage amplifier (Trek Inc., Model PD05034), 
coupled to an AC sinusoidal function generator (Stanford Research 
Systems, Model DS345). The voltage amplitude was varied between 2 
and 5 kV and the frequency was fixed at 1 kHz, if not otherwise stated. 
The applied voltage was measured by means of a high voltage probe 
connected to the active electrode, while the current was determined 
both with a current transformer (Pearson, Current Monitor Model 6585) 
and a capacitor (2.5 µF) connected to the ground, the latter to directly 
acquire the charge transferred through the circuit. All electrical signals 
were recorded by an oscilloscope (Agilent Tech., Model DSO-X 3024A). 
Applied power was determined from the area of the Lissajous curves, i. 
e., from the plots of the transferred charge versus the applied voltage. All 
the experiments were carried out at atmospheric pressure and ambient 
temperature. A fan was used to cool down the metal walls of the reactor. 
All measurements were repeated twice to confirm the results. Reported 
data are an average of the obtained results for each experimental 
condition. 

The packing material situated between the electrodes consisted of 
pellets of Lead Zirconate Titanate (PZT). The PZT ferroelectric pellets, 
supplied as powder by APC International Ltd, were sintered in our lab
oratory following the procedure described in a previous article [7]. Its 
relative permittivity is around 1900, its Curie Temperature 332 ◦C and 
the pellets have a diameter comprised between 2 and 3 mm. For some 
experiments the upper electrode was covered with a ferroelectric 
LiNbO3 plate, a procedure previously utilized by us to change the elec
tron energy distribution function (EEDF) in the plasma for a given 
operational voltage [34]. The ferroelectric plate (Roditi International 
Corporation Ltd) was one-side polished and has a diameter of 10 cm, a 
thickness of 0.5 mm, a Curie Temperature of 1210 ◦C, and a relative 
permittivity tensor with diagonal-values of T11 = T22 = 85.2 and T33 =

28.7. See supplementary material S1 for a more detailed description of 
the reactor and the experimental set-up. Table 1 summarizes the 
different barrier architectures utilized in this work. To highlight the 
advantages of using PZT, some comparative experiments have been also 
done using pellets of BaTiO3 (see characteristics of pellets in Table 1). 

All utilized gases (CO2, O2, and dry air) were supplied by Air Liquide 
(Alphagaz). Different CO2 flow rates were used to study the effect of the 
residence time (15, 25 and 40 sccm). Gas mixtures of Carbon Dioxide 
with O2 and dry air were analyzed for a total flow rate of 25 sccm and 
CO2 concentrations varying from 100 to 90% for O2 mixtures and from 
100% to 80% for air mixtures. 
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2.2. Conversion rate, reaction efficiency and carbon balance 

Reaction products were characterized with a Quadrupole Mass 
Spectrometer (QMS, Pfeiffer Vacuum, QMG 220 Prisma Plus). The CO2 
conversion rate, χ(%) , determined following the intensity of the m/z =
44 signal, was defined as: 

CO2 Conversion Rate, ​ χ(%) =
Int m/z=44 (off) - Int m/z=44 (on)

Int m/z=44 (off)
⋅100 (%)

(1) 

where Int m/z=44 (off) and (on) are the signal intensities associated 
with the CO2

+ ion determined by QMS in a stationary state for plasma off 
and on conditions, respectively. 

For the gas mixtures (i.e. CO2 plus O2 or dry air), the conversion rate 
has to be corrected multiplying the absolute CO2 conversion rate, χ(%) , 
by the dilution factor: 

Effective CO2 Conversion Rate, χeff (%) = χ(%) ⋅
CO2 flow rate (L/s)
Total flow rate (L/s)

(2) 

The specific input energy (SIE) is defined as [3]: 

SIE (kJ/L) = Power (kW)/Total flow rate (L/s) (3) 

where the average power is determined by calculating the area of the 
Lissajous figure recorded in each case. Electrical measurements were 
taken at the beginning and at the end of each experiment. If not other
wise stated, to vary the power, and thus the SIE, we changed the applied 
voltage at constant frequency. 

Process efficiency is referred to the standard reaction enthalpy using 
the energy efficiency term, ζ(%). To determine ζ(%) , we relate the CO2 
conversion rate (absolute or effective, this latter utilized for CO2 mix
tures with other gases) with the SIE and the standard enthalpy of the CO2 
dissociation reaction into CO and O2, ΔH0 (283 kJ/mol) [3]. 

Energy Efficiency, ζ (%) =
χ (%) ⋅ ΔH0 (kJ/mol)

SIE (kJ/mol)
(4) 

Although the dissociation of CO2 into CO and O2 has been supposed 
to be the main reaction pathway, other reactions could occur, in 
particular, carbon deposition on the packing material and/or on the 
electrode surfaces. To quantify the amount of deposited carbon, a Car
bon Balance parameter, CB (%), has been defined as the ratio between 
the outlet flows of the formed CO and unreacted CO2 and the inlet flow 
of CO2 initially fed into the reactor: 

Carbon Balance, CB (%) =
(CO out + CO2 out) (mol)

CO2 in (mol)
⋅100 (5)  

2.3. Optical emission spectroscopy 

Plasma optical emission spectra were collected using a collimator 
that was placed at a lateral window of the reactor, and connected 
through an optical fiber to a spectrometer (Horiba Ltd, Jobin-Yvon 
FHR640). The measurements were taken by means of a diffraction 
grating that has a density of 1201 lines/cm and is centered at 330 nm. 
The integration time was 0.5 s and the resolution 0.2 nm. Table 2 
summarizes the characteristic optical emission bands recorded for a 
typical CO2 plasma and their association to the corresponding excited 
species and electronic transitions according to literature [10,37-42]. 

3. Results and discussion 

3.1. Effect of PZT as packing bed material 

Recent results in our laboratory have shown that PZT performs better 
than BaTiO3 for the ammonia synthesis in an atmospheric pressure 
plasma process. Bassically, the higher performance and energy effi
ciency found for PZT was due to a lowering of the breakdown voltage 
and an enhancement of the electric field through the packed-bed, both 
features contributing to reduce the power consumption [31,33]. A first 
issue in the present investigation is to asses whether similar effects occur 
with PZT for the CO2 splitting process. 

Fig. 1 shows the CO2 conversion rate and the energy efficiency for the 
CO2 splitting process determined as a function of the SIE for the PZT 
reactor configuration and various gas flow rates (15, 25, and 40 sccm). 
SIE has been chosen as x-axis variable to properly compare reaction 
efficiency at different flow rates and configurations. SIE was changed 
varying the power for a given flow rate while increasing the applied 
voltage between 2.5 and 4 kV. The frequency was maintained constant 
at 1 kHz. The plots in Fig. 1 clearly show an increase in conversion rate 
and a sharp drop in energy efficiency for increasing values of SIE. This 
behaviour is common in plasma-driven CO2 decomposition processes 
operated in AC mode [6,18,19,43-45] and agrees with results obtained 
by numerical modelling [46]. 

Another interesting finding evidenced by the plot in Fig. 1(a) is that 
the conversion rate, χ (%), increases with the gas flow (or analogously 
when the residence time decreases). This behaviour differs from that 
found by other authors that usually report maximum conversion rates 
for lower CO2 flows (i.e., for higher resident times) [11,13,44]. We 
tentatively attribute this difference to the occurrence of back-reactions 
taken place on the pellets surfaces and/or in the plasma bulk (e.g., 
CO + O → CO2), as it has been claimed by some authors for the CO2 
plasma splitting at high pressures and different reactor configurations 
[17,35]. From the plots in Fig. 1(a) it is also remarkable that conversion 
curves almost converge into a single trend for flow rates higher than 25 
sccm. Conversely, the fact that the energy efficiency decreases with the 
SIE and for lower gas flow rates (higher resident time) (c.f. Fig. 1(b)) 
further supports that back-reactions migh be involved and may detri
mentally affect the process efficiency. 

Results plotted in Fig. 1 show that, for the PZT configuration, a 

Table 1 
Experimental configurations and packed-bed characteristics for different ferro
electric components and inter-electrode distances.  

Configuration Pellets 
diameter 

Active electrode 
covered by the 
ferroelectric plate 

Inter-electrode 
(metal–metal) 
distance 

PZT 2 – 3 mm No 5 mm 
PZT-D 2 – 3 mm LiNbO3 5.5 mm* 
BT 2 mm No 5 mm 

*Note that when incorporating the LiNbO3 ferroelectric plate, the inter-electrode 
metal–metal distance is lengthened to compensate the incorporation of the plate 
and to keep costant the residence time of the gases in the packed bed. 

Table 2 
Emission bands for pure CO2 plasmas taken from [38-41].  

System Transition λ (nm) 

CO2
+ (B) B2 Σ+ →X2 Π 288.3 – 289.6 

CO2
+ (A): Fox, Duffendack and Barker’s (FDB) System 1 A2 Π → X2 Π 304.8, 324.6, 313.9, 337.0, 337.7, 355.1, 356.5, 362.1, 369.1, 383.8, 387.0, 396.0, 412.0, 413.7 

Third Positive System of CO b3 Σ+ →a3 Π 283.3, 297.7, 313.4, 330.5, 349.3, 369.9  

1 For the Fox, Duffendack and Barker’s System, only high intensity bands are shown (i.e., bands whose intensity is higher than 0.6 in a scale normalized to the most 
intense line) 
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conversion rate of 11% and an energy efficiency of 10% were reached 
for a SIE of 17 kJ/L, which represents a good trade-off between these 
two magnitudes. Remarkably, these energy efficiencies were obtained 
with PZT as packing material, in the absence of a carrier gas or another 
catalytic material. The corresponding I(t) curves plotted in Fig. 2(a) 
show that, in agreement with other authors under similar working 
conditions [14,43], the plasma contains a significantly high amount of 
microdischarges. 

3.2. Some insights into the reaction mechanisms 

Fig. 3 shows the optical emission spectrum recorded for the reactor 
in the PZT configuration, an applied voltage of 3.25 kV, a frequency of 3 
kHz, and a CO2 flow rate of 25 sccm. The assignment of the recorded 
bands, gathered in Table 2, confirms the presence in the plasma of CO* 
and CO2

+* excited species. Following this assignment, the third Positive 
System of CO and the FDB System of CO2

+ (i.e., CO2
+(A)) are marked 

with different solid lines in the figure (black and blue respectively), 
while the dobble band located between 288 and 290 nm, attributed to 
CO2

+(B) emissions, is marked with a dashed line. Differentiating the 
288.3 nm and 289.6 nm bands associated to CO2

+(B) was not possible 
because of their small intensity and the low spectral resolution available 
in the packed-bed reactor, where only the light coming from the free 
space between the pellets contributes to the spectrum. 

Fig. 1. (a) CO2 conversion rate and (b) energy efficiency represented versus the 
SIE values. Experiments were carried out for CO2 flow rates of 15, 25, and 40 
sccm, a frequency of 1 kHz, and voltage amplitude varying between 2.5 and 4.0 
kV for the PZT configuration. 

Fig. 2. (a) Measured current and (b) Lissajous curves determined for the 
indicated experimental configurations (see Table 1) for a CO2 flow rate of 25 
sccm, an applied voltage of 4.0 kV, and a frequency of 1 kHz. 

Fig. 3. Characteristic emission spectrum obtained for the PZT configuration, an 
applied voltage of 3.25 kV, a frequency of 3 kHz, and a CO2 flow rate of 25 
sccm. Bands are assigned according to Table 2. 
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According to the review by Snoeckx and Bogaerts on CO2 excitation 
under DBD conditions (for a reduced electric field higher than 200 Td), 
the partition of the available electron energy between electronic exci
tations, dissociation, ionization, and vibrational excitations processes is 
70–80%, 5%, 5%, and 10%, respectively [3]. Ferroelectric packed-bed 
plasmas are characterized by a EEDF that extends to rather high en
ergies (see supplementary material, Figure S2 (c)). In these conditions, 
even if both surface reactions involving excited species [47] and CO2 
vibrational excitation might contribute to the dissociation reaction (e.g., 
as in MW plasmas [27,29,48]), it is likely that electron impact dissoci
ation induced by electronic excitation is the dominant mechanism for 
the CO2 splitting reaction. The detection in the plasma of both the 
CO2

+(B) band between 288 and 290 nm and the CO2
+(A) FDB emission 

system supports this assumption (CO2
+ formation from CO2 requires 

ionization energies around 18 eV [40]). In addition, the recording of the 
characteristic finger print bands of CO* species in our experiment with a 
relative intensity much higher than in spectra recorded by other authors 
[10,37,42]), also supports the involvement of high energy electrons. In 
literature there is not agreement about the spectral characteristics and 
formation routes of CO* species in CO2 plasmas. For example, Brehmer 
et al. proposed that the detection of CO* emission bands is the result of 
reaction intermediates directly leading to the formation of CO in an 
excited electronic state [37]. Conversely, Du et al. proposed that CO is 
initially formed in its ground state and subsequentially excited through 
electron impact processes [49]. In the PZT moderated packed-bed 
reactor, we assume that, in addition to the aforementioned excitation 
processes of CO2 proposed in ref. [3], the interaction of CO2 molecules 
and CO2

+ species with high energy electrons efficiently contribute to the 
CO2 decompostion through intermediate reactions that lead to the for
mation of CO* species- : 

CO2 + e− (high energy)→ CO+
2

(
CO+

2
∗)

+ 2e− (6)  

CO2 + e− (high energy)→CO* + O+ e− (7)  

CO+
2

(
CO+

2
*)

+ e− (high energy)→CO* + O (8)  

where CO2
+* refers to ionized carbon dioxide molecules in the excited 

states A or B. 
To further support the involvement of high energy electrons in these 

intermediate reactions we performed two complementary experiments 
(chemical kinetics modeling would also aid to confirm the occurrence of 
those reactions). In the first one we used the same 5 mm PZT barrier and 
placed a LiNbO3 plate directly onto the active electrode (i.e., what is 
called PZT-D configuration, see Table 1). In a previous work dealing 
with the removal of air contaminants we proved that the incorporation 
of a ferroelectric disk in a similar packed-bed ferroelectric reactor served 
to modify the EEDF, keeping constant the current and increasing the 
applied voltage [34]. Herein we followed a different strategy, consisting 
of comparing results for the PZT and PZT-D configurations working at 
the same voltage which, in the latter case would entail a decrease in the 
values of the reduced electric field between the pellets. Second experi
ment consisted of using BaTiO3 instead of PZT as moderator material 
(BT configuration, see Table 1). A comparative assessment of the CO2 
splitting reaction was therefore carried out with the PZT, PZT-D and BT 
reactor configurations under similar conditions: a flow rate of 25 sccm, 
voltage amplitude of 3.25 kV and frequencies of 1, 2, and 3 kHz. 

Comparison in Fig. 2(a) of the measured I(t) curves for the PZT and 
PZT-D configurations shows that microdischarges present a slightly 
lower intensity in the latter case. This result reflects the increase in 
system impedance expected because of the incorporation of the LiNbO3 
plate. An expected consequence is that, for the same applied voltage, the 
mean electron energy should be smaller for the PZT-D configuration 
because the plate will reduce the effective electric field through the 
barrier of packed bed pellets. These considerations are confirmed by the 
Lissajous curve in Fig. 2(b) showing a similar but somewhat smaller area 

for the PZT-D configuration than for the PZT one (note the area of the 
Lissajous figure is directly related to the consumed power). Electric field 
distribution and EEDF have been estimated for the two configurations 
using Comsol Multiphysics [50] and the BOLSIG+ code [51] respec
tively (see supplementary material S2). These calculations clearly show 
that the mean electron energy is higher (8.2 eV versus 7.4 eV) and the 
tail of higher energy electrons larger for the PZT than for the PZT-D 
configuration. 

As expected, conversion rate, energy efficiency and SIE values were 
smaller for the PZT-D configuration in comparison with the values of 
these parameteres for the PZT (c.f., Table 3). Very remarkalby, the OES 
analysis of the plasma also suggested considerable mechanistic differ
ences for these two configurations. Fig. 4 shows a normalized repre
sentation of the OES zoomed at the 280–300 nm zone as a function of the 
SIE/frequency values the three experimental conditions: PZT, PZT-D and 
BT (a comparison between the complete spectra is reported in the sup
plementary material S3). Fig. 4 (a) shows that for the PZT configuration, 
the higher the frequency/SIE value the higher the intensity of the CO* 
band. This tendency is not observed for the PZT-D configuration. We 
attribute this difference to that the larger population of high energy 
electrons in the interpellet space predicted by Comsol/BOLSIG+ for the 
PZT case efficiently contributes to increase the probability of reactions 
[7-8] (see supplementary material S2). The relatively higher conversion 
rate of CO2 into CO found for the PZT system (see Table 3) also agrees 
with this assumption (in this case conversion doubled when the fre
quency was multiplied by a factor of 3, in line with the progressive 
formation of more CO* plasma species revealed by OES). Conversely, for 
the PZT-D configuration, the fact that the intensity of the CO* emission 
bands remains constant (c.f. Fig. 4 (b)) while the conversion rate in
creases (Table 3) supports that CO* emission is not only related to the 
CO concentration in the outlet products (i.e., to the CO2 conversion 
rate), as proposed in [48], but rather to the population of high energy 
electrons in the plasma. In other words, we attribute the lower and 
almost invariable CO* population found for the PZT-D configuration to 
the lower concentration of energetic electrons in this case (see Comsol 
and BOLSIG+ simulations in the supplementary material S2 and the 
experimental results in supplementary material S4, showing that for all 
applied voltages, the incorporation of the ferroelectric disk rendered 
lower conversion yields). 

Fig. 4(c) and Table 3 show results of the second complementary 
experiment carried out to prove the importance of high energy electrons 
for the splitting of CO2 in ferroelectric packed-bed reactors. In this 
experiment we used BaTiO3 pellets instead of PZT as packing material. 
Both conversions and energy efficiencies were lower for the BT than for 
the PZT reactor configuration (see supplementary material S5). For 
example, the maximum conversion found for BT and 25 sccm of CO2 was 
9.1 %, with an energy efficiency of 4.5%, results that were worse than 
those obtained for PZT (see Table 3). These findings correlate with the 
smaller dielectric constant of BaTiO3 in comparison with PZT at the 
relatively low working temperatures utilized in this experiment [33] and 
support the hypothesis that a high dielectric constant contributes to 
intensify the electric field strength in a packed-bed reactor and to in
crease the mean electron energy. Recent fluid modelling studies carried 
out by Van Laer and Bogaerts reported such an effect in the channels of 
voids between pellets [52,53]. The discharge mode might also depend 
on the dielectric constant of the pellets. By fluid modeling and iCCD 
imaging, Wang et al. have demonstrated that the discharge mode may 
evolve from surface discharges over the whole packing material to a 
local filamentary mode as the dielectric constant of the material in
creases [54]. This evolution would also favor the CO2 splitting process in 
the PZT moderated packed-bed reactor, because of an increase in the 
average electron energy in the filamentary mode. The existence of 
different EEDFs for the BT and PZT reactor condigurations was also 
supported by the comparion of the OES spectra recorded in each case (c. 
f., Fig. 4 (a,c) and S3 for the complete spectra). The absence of high 
intensity bands due to the Third Positive System of CO for the BT case (i. 
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e., a similar behaviour than with the PZT-D configuration) agrees with a 
lower electric field and, consequently, a lower concentration of high 
energy electrons in the plasma phase in this case. 

3.3. Minority and side-reaction processes 

Besides the direct splitting of CO2 into CO and O, other minority 
global processes could also take place under our reaction conditions. 
These include, for example, the direct transformation of CO2 into carbon 
and oxygen: 

CO2→C+O2 (9) 

or the Boudouard reaction: 

CO→CO2 + C (10) 

among others [55]. Note that chemical equations (9) and (10) denote 
global processes that may encompass intermediate reactions taking 
place in the plasma bulk or onto the surface of the pellets and, therefore 
involve quite different reactions pathways. Direct evidence of such mi
nority global processes was gained by X-Ray Photoelectron Spectroscopy 
(XPS) analysis of the packing material before and after plasma exposure 
(see supplementary material S6). This surface analysis revealed the 
formation of a carbon deposit, evidenced by a significant increase of the 
C1s band at 284.6 eV attributed to graphite-like carbon, and a consid
erable incorporation of carbonate like species, deduced by the deploy
ment of a intense C1s contribution at around 290 eV [56]. A rough 
estimation from the intensity of the C1s and Ti2p peaks suggests that at 
least 6 equivalent monolayers of carbonaceous products have been 
deposited on the surface of ferroelectric pellets utilized for operation 
periods longer than 20 h (see supplementary material S6). 

On the other hand, the analysis of the evolution of carbon balance for 
the CO2 splitting reaction indicates that not all the CO2 entering the 
reactor gets out in the form of CO or unreacted CO2. The results reported 
in the supplementary material S7 show that carbon balance is never 
100% and decreases up to values around 85% at higher SIEs. We 
tentatively relate the occurrence of these alternative splitting reactions 
with the high energy of electrons existing in the ferroelectric packed-bed 
reactor filled with PZT. This hypothesis is confirmed by the higher 
carbon balance always found for the BT and PZT-D configurations, as 
reported in Figure S7. 

3.4. CO2 + O2 mixtures 

Small percentages of oxygen usually appears mixed with CO2 in, for 
example, outlet gases from power plants where it is common to find a 
5% O2 after water removal [57]. To analyse the CO2 splitting process 
under more realistic conditions, we studied the CO2 decomposition re
action using mixtures of CO2 and O2. From a mechanistic point of view, 
we must note that O2 is a product of the CO2 splitting reaction and a 
potential source of O atoms and other excited species of oxygen that 
might contribute to the occurrence of reaction pathways leading to the 
formation of CO2. Taking into account the C deposition mentioned in the 
previous section and the main reaction products (CO and O2), all those 
reaction pathways could be included in the following global chemical 
equations: 

C+O2→CO2 (11)  

CO+O+M→CO2 +M (12)  

O2 +CO→CO2 +O (13)  

Where (11) is referred to a global process that considers the interaction 
between oxygen molecules and the deposited carbon on the pellet sur
faces, and processes (12–13) are the most important recombination re
actions (at high pressures) considered by Berthelot and Bogaerts for a 
zero-dimensional chemical kinetics model [58]. The occurrence of 
these global processes would contribute to decrease the overall CO2 
conversion rate. A deeper chemical kinetics analysis would be necessary 
for a detailed description of the reaction pathways. 

Fig. 5(a) depicts the effective CO2 conversion rates and energy effi
ciences obtained for CO2 + O2 mixtures with the reactor operated in the 
PZT configuration and the conditions providing optimum results for CO2 
alone (see Fig. 1). Experiments were carried varying the oxygen per
centage in the mixture (5, 10%) at a constant flow rate (25 sccm). The 
voltage amplitude and frequency were 3.25 kV and 3 kHz, conditions 
that ensured a considerable conversion and a high intensity of the OES 
spectra. It is noteworthy here that for the CO2 + O2 mixtures we could 
not work at constant SIE (that is, constant consumed power) because the 
measured current changed when oxygen was added to the gas mixture. 
These changes in the electrical operating conditions suggest that CO2 
conversion rate and SIE values might account for both changes in the 
reaction mechanisms and in the physical properties of the discharge. 

As observed in Fig. 5(a), the effective CO2 conversion rate decreases 
from 13% to 8.5% with the addition of 10% O2. Absolute CO2 conversion 
rate (see supplementary material S8) and energy efficiency follow an 
analogous tendency, the latter parameter decreasing from 6.8% to 3.8%. 
Similar tendency was obtained by Zhang and Harvey in a cylindrical 
packed-bed reactor and BaTiO3 as packing material (see also S8 for a 
more detailed comparative analysis). Nevertheless, the efficiencies 
found here are higher (5% for 95/5 mixtures - SIE of 17 kJ/L - versus the 
2% reported by these authors - SIE of 103.2 kJ/L -) [20]. 

Fig. 5(b) shows the optical emission spectra recorded for various O2 
containing mixtures. It is apparent that the relative intensity of the CO* 
species decreases with respect to that of CO2

+(B) as the proportion of 
oxygen in the mixture increases. This tendency agrees with the lower 
CO2 splitting yield obtained for the mixture and supports that collisional 
reaction pathways involving oxygen species could contribute to back 
global processes of the type (11) and likely (12). 

In the spectra of Fig. 5(b) it is also noteworthy the detection of a band 
around 308–309 nm, that can be attributed to OH* species (common 
emission at 308.9 nm) [41]. This impurity presumably comes from the 
interaction between O2 and the pellets, in agreement with the known 
capacity of PZT to incorporate hydrogen (e.g., as OH– or in other forms) 
onto their surface and in its bulk, a phenomenon that has been recently 
discussed by us in a previous work [59]. 

3.5. CO2 + air mixtures 

The CO2 plasma splitting process has been widely studied using 
mixtures of CO2 with other gases, usually referred to as “carrier gases”. 
Data are available for mixtures CO2 + O2 [20,60], CO2 + N2 

Table 3 
Conversion rate, energy efficiency and SIE values for the reaction carried out with PZT, PZT-D, and BT reactor configurations (see Table 1) at different frequencies, a 
constant applied voltage of 3.25 kV and a flow rate of 25 sccm CO2.   

PZT PZT-D BT 
f (kHz) χ(%) ζ(%) SIE (kJ/L) χ(%) ζ(%) SIE (kJ/L) χ(%) ζ(%) SIE (kJ/L) 

1 6.6 15 5.1  2.7 11  2.9  1.9  3.6 6.2 
2 11 9.7 13  3.8 6.5  3.2  5.8  4.8 14 
3 13 6.8 20  4.7 9.3  6.9  9.1  4.5 23  
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[10,36,61,62], CO2 + Ar [10,18,61,63] and CO2 + He [61,63]. How
ever, despite that this is a typical composition of industrial and direct air 
capture CO2 outlets, to our knowledge no previous studies have been 
carried out for mixtures of CO2 and air in DBD reactors, though a recent 
study reports the dry reforming of methane adding N2 and O2 in a 
gliding arc reactor [64]. Herein, we have studied the plasma reaction of 

mixtures of CO2 with up to 20% dry air (total flow rate of 25 sccm in all 
cases) at constant voltage amplitude of 3.25 kV and a frequency of 3 
kHz. Results are shown in Fig. 6, where both the effective conversion 
rate and the energy efficiency are plotted as a function of air percentage. 
Plots show that the effective CO2 conversion rate changes from 13 to 
9.9% when the air percentage varies from 0 to 20%. The energy effi
ciency increases from 6.8 to 8.1% for the 15% air mixture. Looking at the 
absolute CO2 conversion rate (see supplementary material S9), values 
vary between 7 and 13%. It is important to remark that, as in the case of 
mixtures with oxygen, SIE was not maintained constant for the experi
ments (we kept constant the voltage and frequency and let vary the 
current). Furthermore, from literature it is known that adding small 
percentages of nitrogen to a CO2 plasma modifies the electrical behavior 
of the discharge in a DBD process. Snoeckx et al. [36] attribute this 
change to a transition from a filamentary discharge mode (pure CO2) to 
a more homogenous discharge upon N2 addition. Aditionally, these 
authors studied a wider range of N2 contents and reported a good 
agreement between simulation and experimental results [36]. For low 
nitrogen percentages, similar to those existing in the air mixtures used in 
this work, they obtain a negligible variation in the energy efficiency of 
the reaction, concluding that the presence of metastable nitrogen species 
could influence the reaction mechanisms and compensate the lower CO2 
proportion in the mixture. The authors obtained an energy efficiency of 
4.5%, for a mixture of 15% N2 and a SIE of about 12 kJ/L, while we have 
reached an efficiency of 8.1% for similar operation conditions. On the 

Fig. 4. Optical emission spectra normalized to the intensity of the 288/290 nm 
band recorded for the (a) PZT, (b) PZT-D, and (c) BT reactor configurations at 
different frequencies, a constant applied voltage of 3.25 kV and 25 sccm of CO2. 

Fig. 5. (a) Effective CO2 conversion rate and energy efficiency for CO2 + O2 
mixtures with different O2 percentages. (b) Associated emission spectra. Ex
periments were carried out at a frequency of 3 kHz, voltage amplitude of 3.25 
kV, and a total flow rate of 25 sccm. 
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other hand, S. Xu et al. studied highly diluted N2 mixtures (from 30% up 
to 80% of N2) in a BaTiO3 packed-bed reactor, obtaining that the ab
solute CO2 conversion rate increased with the amount of nitrogen in the 
mixture, though at the expense of a decrease in the energy efficiency 
[10]. 

From these studies it is a likely assumption that the noted differences 
in these articles from literature and our own results could be due both to 
changes in the reaction mechanism due to the presence of nitrogen 
molecules and/or to the discharge mode. In our experiment, we assume 
that the use of PZT as moderator is the main cause of the higher reaction 
efficiency obtained. Unlike the results in the previous section, showing 
that the presence of oxygen contributes to diminish conversion and 
energy efficiency, for the 15% air mixture the combined effect of the 
major air components - molecular nitrogen and oxygen - results in a 
reduction of the CO2 conversion rate and in an increase in energy effi
ciency by more than 20% with respect the initial value without air. We 
attribute this behaviour to the occurrence of more efficient reaction 
pathways involving nitrogen species, as discussed below. For an air 
percentage of 20% the conversion rate still increases but at expenses of a 
drastic decrease in the energy efficiency that drops to 4.3% (this reflects 
the drastic increase in the SIE to 26 kJ/L, because of the increase in the 
current intensity for this gas mixture). A similar behaviour has been 
reported for CO2 + N2 mixtures and attributed to the increase in the 
nitrogen concentration in the mixture [36]. 

Fig. 6(b) shows that the addition of air entirely modifies the plasma 

emission spectra with respect to those recorded with pure CO2. The CO* 
signal significantly decreased for the 10% mixture to disappear with 
15% of dry air. Meanwhile no traces CO2

+(B) emissions could be 
detected for the mixtures. These bands are replaced by those of the 
second positive system of N2* (i.e., [ C3Π→B3Π ] transition), with the 
main band situated at 357.9 nm (note that the spectra did not provided 
any hint of the formation of the rather common N2

+ species, usually 
identified by its first negative system at 391.4 nm). These changes in the 
OES spectra prove that N2 from air changes radically the plasma exci
tation mechanisms and, as a result, the CO2 splitting pathways. Since the 
dissociation of the neutral, CO2, and ionized molecule, CO2

+, through 
the intermediate reactions (6-8), as well as excitation mechanisms for 
CO2

+(B) and (A) require a substantial energy cost (between 17 and 18 
eV) we propose that their occurrence might in part have been replaced 
by other lower-energy reaction pathways as, for example, the electron 
impact excitation of N2 and the formation of other metastable states able 
to promote an efficient dissociation of CO2 [36]. 

An important feature of these experiments with CO2 + air mixtures is 
that, unlike previous results for CO2 + N2 mixtures in similar reactors 
[10,36], no NxOy species have been detected as reaction by-products 
(see supplementary material S10), even if no additional reactant is 
added to the gas mixture (e.g., Snoeckx et al. recently published the 
addition of CH4 to act as chemical oxygen scavenger to diminish the NO 
and NO2 production in CO2 + N2 mixtures [65]). We attribute this 
finding to the specific conditions of the PZT moderated packed-bed 
reactor and to the ignition of mixtures of CO2 with air, and not only 
with N2. On the one hand, and as stated in the literature, for CO2 + N2 
plasmas the formation of NO and NO2 is supposed to proceed via oxygen 
interaction with nitrogen atoms and electronically excited N2 molecules 
[36]. Threshold electron energies required for nitrogen dissociation and 
excitation by electron impact are 18.5 eV [66] and 7.7 eV [10], 
respectively. Taking into account these values and the results in Fig. 6 
(b), where only the N2* system is observed upon air addition, we hy
pothesize that the nitrogen excitation by electron impact is the main 
process taking place, a fact that could be related to a decrease in the 
electron temperature (not enough to produce CO2

+* species). On the 
other hand, the presence of oxygen molecules from the air could affect 
the chemical reactions, thus hampering the interaction between oxygen 
and nitrogen atoms to produce NxOy species. This assumption agrees 
with the recent study by Slaets et al., where no traces of NxOy species 
were detected in a gliding arc plasmatron working with methane and 
carbon dioxide in mixtures containing nitrogen and oxygen [64]. 
Nevertheless, further computational studies would be needed to unravel 
the reaction mechanisms occurring in ferroelectric packed-bed 
configurations. 

4. Conclusions 

In this work we have studied the CO2 dissociation process into CO 
and O2 in a ferroelectric packed-bed plasma reactor operated at atmo
spheric pressure and ambient temperature. The obtained results have 
shown that PZT is an optimum ferroelectric packing material to mod
erate the plasma discharge in packed-bed reactors, outperforming the 
more widely used BaTiO3. Its usefulness have been proved not only for 
the activation of pure CO2 plasmas, but also for mixtures of CO2 and air. 
The high reactor performance achieved with PZT has been attributed to 
that, at low operation temperatures, its relatively higher dielectric 
constant contributes to enhance the electric field in the channel of voids 
between pellets, where high energetic electrons will trigger a series of 
intermediate reactions contributing to the overall reaction yield. 

Analyzing the effect of the barrier architecture (PZT vs. PZT-D con
figurations, see Table 1) and the CO2 flow rate (15, 25 and 40 sccm), it is 
found that best results are obtained with the PZT configuration and high 
CO2 flow rates, i.e., for relatively shorter residence time of reactants in 
the reactor. Moreover, the thorough OES characterization of the plasma 
carried out in this work for various experimental conditions and the 

Fig. 6. (a) Effective CO2 conversion rate and energy efficiency for CO2 + air 
mixtures with different air percentages. The SIE values are indicated in the 
graph. (b) Associated emission spectra. Experiments were carried out for a 
frequency of 3 kHz, voltage amplitude of 3.25 kV, and a total flow rate of 
25 sccm. 
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lower reaction performance obtained when adding a ferroelectric plate 
to the barrier architecture has been justified because of changes in the 
EEDF and a decrease in the average energy of plasma electrons in this 
latter case. We conclude that high energy electrons generated in the 
discharge moderated with PZT are decisive to produce CO* species and 
to improve the overall reaction efficiency. 

The incidence of back-reactions in diminishing the process efficiency 
has been scarcely studied experimentally. Our experiments with CO2 +

O2 mixtures have shown that reactions between excited species of oxy
gen and CO in the plasma bulk may occur under our working conditions 
and contribute to the observed decrease in the CO2 conversion rate when 
using low flow rates. In this regard, the higher energy efficiency ob
tained when igniting pure CO2 plasma at higher flow rates, i.e. for lower 
residence times, is a result that further supports the occurrence of back- 
reactions. It is also possible that these back or recombination reactions 
take place on the surface of the pellets, involving the carbonaceous 
residues proved by XPS and suggested by the carbon balance analysis. 

Finally, a remarkable result of this investigation is that CO2 
decomposition was rather efficient when using CO2 + air mixtures, 
reproducing common conditions in real facilities. The good trade-off 
between conversion rate (9%) and energy efficiency (8.1%) obtained 
for a 15% air mixture has been accounted for by the involvement of 
excited nitrogen species in alternative energetically favourable CO2 
decomposition processes. The absence of any NXOY as reaction 
byproducts is another remarkable result that proves the suitability of 
packed-bed plasma reactors moderated with PZT for CO2 splitting at 
ambient conditions and mixtures with air. 
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[1] R.M. Cuéllar-Franca, A. Azapagic, Carbon capture, storage and utilisation 
technologies: A critical analysis and comparison of their life cycle environmental 
impacts, J. CO2 Util. 9 (2015) 82–102, https://doi.org/10.1016/j. 
jcou.2014.12.001. 

[2] MOXIE for Scientists - NASA Mars, (n.d.). https://mars.nasa.gov/mars2020/ 
spacecraft/instruments/moxie/for-scientists/ (accessed June 16, 2021). 

[3] R. Snoeckx, A. Bogaerts, Plasma technology-a novel solution for CO2 conversion? 
Chem. Soc. Rev. 46 (19) (2017) 5805–5863, https://doi.org/10.1039/ 
C6CS00066E. 

[4] A. George, B. Shen, M. Craven, Y. Wang, D. Kang, C. Wu, X. Tu, A review of non- 
thermal plasma technology: a novel solution for CO2 conversion and utilization, 
Renew. Sustain. Energy Rev. 135 (2021) 109702, https://doi.org/10.1016/j. 
rser.2020.109702. 

[5] M. Mikhail, P. Da Costa, J. Amouroux, S. Cavadias, M. Tatoulian, S. Ognier, M. 
E. Gálvez, Electrocatalytic behaviour of CeZrO: x-supported Ni catalysts in plasma 
assisted CO2 methanation, Catal. Sci. Technol. 10 (14) (2020) 4532–4543, https:// 
doi.org/10.1039/D0CY00312C. 

[6] D. Mei, X. Zhu, Y.-L. He, J.D. Yan, X. Tu, Plasma-assisted conversion of CO2 in a 
dielectric barrier discharge reactor: Understanding the effect of packing materials, 
Plasma Sources Sci. Technol. 24 (1) (2015) 015011, https://doi.org/10.1088/ 
0963-0252/24/1/015011. 

[7] A.M. Montoro-Damas, J.J. Brey, M.A. Rodríguez, A.R. González-Elipe, J. Cotrino, 
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[8] A. Gómez-Ramírez, V.J. Rico, J. Cotrino, A.R. González-Elipe, R.M. Lambert, Low 
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