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The dissociation of CO2 and the formation of CO, O3, and O2 were studied in a dielectric barrier

discharge (DBD) at atmospheric pressure by means of ex-situ infrared absorption spectroscopy.

CO mixing ratios of 0.1%–4.4% were determined for specific injected energies between 0.1 and

20 eV per molecule (0.3–70 kJ/l). A lower limit of the gas temperature of 320–480 K was estimated

from the wall temperature of the quartz reactor as measured with an infrared camera. The

formation of CO in the DBD could be described as function of the total number of transferred

charges during the residence time of the gas in the active plasma zone. An almost stoichiometric

CO:O2 ratio of 2:1 was observed along with a strongly temperature dependent O3 production up to

0.075%. Although the ideal range for an efficient CO2 dissociation in plasmas of 1 eV per molecule

for the specific injected energy was covered, the energy efficiency remained below 5% for all

conditions. The present results indicate a reaction mechanism which is initiated by electron impact

processes followed by charge transfer reactions and non-negligible surface enhanced O and CO

recombination. While electron-driven CO2 dissociation is relatively energy inefficient by itself, fast

O recombination and the low gas temperatures inhibit the synergistic reuse of atomic oxygen in a

secondary CO2þO dissociation step. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896132]

I. INTRODUCTION

The decrease in fossil fuel consumption is undoubtedly

one of the most demanding missions in the next decades to

cut down the emission of greenhouse gases and to reduce the

reliance on fossil fuels, along with energy security and geo-

political issues. Obviously, both the transport and the indus-

trial sectors will play key roles during the transformation into

a low-carbon, energy-efficient society. However, the intermit-

tency of renewable sources in conjunction with the absence

of useful storage solutions hamper presently an integration of

wind or photovoltaics into energy-intensive industries.

Additionally, the direct introduction of sustainable energy

into, e.g., the value chain of chemical industry remains chal-

lenging: Heat is the desired form of energy, whereas renew-

ables are frequently harvested in the form of electricity.1

Therefore, carbon dioxide is often considered as the key

molecule, also called energy vector, in many strategies to

replace conventional energy sources by renewable ones.

Although the dissociation of CO2 is a strongly endothermic

process, a sustainable production of CO or synthesis gas

(syngas, COþH2) would be an elegant route to implement

renewable energy into the chemical production chain while

adding value to the waste gas CO2.1,2 At the same time,

renewable energy would be stored in high energy-density

chemical fuels, also known as solar or CO2-neutral fuels,

which can straightforwardly be integrated into the existing

transport infrastructure. Carbon capture will thereby help

closing the carbon cycle and reducing the global CO2

emissions.3,4

Promising candidates to dissociate CO2 energy-

efficiently in the gas phase are cold, non-thermal plasmas.2

These electrical discharges are characterized by non-

equilibrium conditions under which electrons, ions, and

neutral species have different translational and — in case of

molecules — internal energies. The corresponding energy

distribution functions may be described by separate tempera-

tures. Therefore, non-thermal plasmas with unequal electron,

gas, and vibrational temperatures provide an entirely different

environment for chemical reactions than known from conven-

tional processing under thermal equilibrium. Thus, particu-

larly for endothermic chemical processes increased energy

efficiencies or conversion yields may be obtained.5,6

Already in 1925 Wendt and Farnsworth reported such

effects in a corona discharge used for the dissociation of

CO2.7 The most promising energy efficiencies and dissocia-

tion degrees of CO2 in non-equilibrium plasmas were shown

in the in the 1970s using radio frequency and microwave dis-

charges at sub-atmospheric pressure conditions. These stud-

ies tried to highlight the importance of vibrationally excited

states, more specifically of the asymmetric stretch vibration,

in order to efficiently dissociate CO2 and obtain energy effi-

ciencies as high as 80%.8–10 Later, the experimental results

were theoretically supported.11,12 According to this theory,

the energy efficiency can be maximized at specific injected

energies in the range of 0.5–2 eV per molecule (1.9–7.7 kJ/l)

while keeping the averaged electron kinetic energies rela-

tively low at around 1–2 eV.

Although such low electron energies are difficult to

achieve in Dielectric Barrier Discharges (DBDs) the
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non-equilibrium character of these plasmas at atmospheric

pressure conditions makes them suitable for large scale

chemical processing. In particular, ozone production and

polymer surface treatments have successfully been applied

for decades.13–16 Due to relatively low investment costs and

the capability of instantaneous response to intermittently

available electricity from renewable sources, DBDs are con-

sidered as building-block in plasma-assisted CO2 reduction

routes. The shortcomings of plasma processes mentioned in

Ref. 2 could be overcome by using DBDs since up-scaling is

possible without changing the discharge conditions, as suc-

cessfully shown in the case of ozonizers.14

CO2 dissociation studies in DBDs at atmospheric pres-

sure have a long history: the probably first experiments car-

ried out by Thenard date back to 1872.17,18 Thenard observed

4%–8% CO2 dissociation in a classical ozonizer17 and could

increase the CO yield to 26.5%.18 Unfortunately, the reaction

products were de-ozonized with potassium hydroxide solu-

tion while separating them from CO2.19 Brodie corrected for

this and found a dissociation degree of 1.5%–2.7%, in which

an average of 50% of the produced oxygen was ozonized.20

Interestingly, this study initially aimed at increasing the O3

yield in a DBD by using a gas that was expected to be inert,

namely, CO2, as substitute for O2. However, the final gas

mixtures contained more O2 than injected into the discharge

tube. The apparent net production of O2 triggered experi-

ments on undiluted CO2. More systematic studies on the dis-

sociation of CO2 in a sealed ozonizer under static gas

conditions followed in 1909. Holt observed a CO concentra-

tion of 2.6% at 860 mbar that increased at lower pressure and

smaller discharge gap.21 Surprisingly, Chapman et al.22

detected the same dissociation degree when exposing the gas

for several hours to ultraviolet radiation only.

The majority of these early studies do not provide values

for energy consumed by the processes. Progress in under-

standing of the non-equilibrium properties of plasmas in gen-

eral and of DBDs, in particular, led in the 1960s to renewed

interest in their capability to boost endothermic chemical

reactions, like the reduction of CO2.23 Dissociation degrees

around 30% were reported by Andreev and co-workers for

values of the specific injected energy up to 250 eV per mole-

cule (970 kJ/l). The decomposition under flowing gas condi-

tions was found to be dependent on the (controlled)

temperature of the reactor wall. A significant influence of the

detected O3 on the plasma chemistry was suggested. To fur-

ther elucidate the processes, the plasma reactor was modified

to establish a recirculating gas flow.24 Gas samples were taken

and analysed in intervals of a few minutes. The temperature

independent conversion degree saturated at slightly reduced

levels as compared to the non-circulating experiments. A

complementary study on the formation of CO2 from CO and

O2 carried out by the same authors in 1966 led to an explana-

tion of the ozone behaviour in the recirculation reactor: first,

the oxygen from the dissociation of CO2 is mainly converted

into O3. Second, after a few minutes of recirculation, the O3

seemed to be decomposed by electron impact into O2.25

The plasma chemistry of CO2 containing DBDs attracted

again new attention in the 1990s in the framework of dry

reforming of methane. Kogelschatz and co-workers studied

plasma-catalytical effects in a cylindrical reactor both experi-

mentally and theoretically.26–28 The theoretical treatment

showed that a maximum of 40% of the electron energy could

be used for dissociation of CO2.27 The discharges were oper-

ated in the mid-frequency range (10–30 kHz) encompassing

the option of sinusoidal and pulsed excitation. The reaction

products were quantified ex-situ by means of gas chromatog-

raphy. For plasmas containing undiluted CO2 conversion

yields and energy efficiencies were determined to be between

1.8%–13% and 0.2%–3%, respectively.26,28 More impor-

tantly, a temperature dependent decrease in conversion rate

and energy efficiency was recognized as soon as catalytic

materials were inserted into the discharge gap. These results

imply an undesirable catalytically enhanced re-oxidation of

CO to CO2. Notably, gas discharges in mixtures of CO2/CH4

are more complex and behave considerably different than

“clean” CO2 plasmas. In the aforementioned studies, CO2 dis-

charges were considered as extreme case of a dry reforming

mixture. To reduce complexity this paper will focus on CO2

plasmas without admixtures of additional gases.

More recently Paulussen et al.29 have developed a sinusoi-

dally driven cylindrical DBD reactor. The exhaust of the plasma

was analyzed by gas chromatography which inherently hinders

the determination of ozone concentrations. Interestingly, the

reported CO yields are smaller than the decrease in CO2 sug-

gesting another sink of carbon in their system. The energy effi-

ciency was around 2% and did not change significantly while

tuning the excitation frequency between 30 and 90 kHz. Aerts

et al. established thereupon a numerical model to scrutinize the

trends observed in these experiments.30 Based on the assump-

tion that the CO2 dissociation occurs dominantly through elec-

tron impact processes, an energy efficiency around 4% was

predicted. Probably due to a lack of appropriate cross sections

the kinetics of higher vibrational levels, specifically of the asym-

metric stretch mode, was not implemented.

Despite the meanwhile numerous experimental studies

on CO2 dissociation at various excitation frequencies, gas

flow rates, and reactor configurations, there still is a lack of

fundamental knowledge on the prevailing mechanisms

occurring in CO2 DBDs at atmospheric pressure. Conversion

rates and energy efficiencies are frequently below 10%.

Experimental in-situ studies of the spatially and temporally

highly transient plasmas are highly desirable. On the other

hand they are challenging as well. Additionally, the question

remains as to whether vibrational excitation, as proposed by

Ref. 11 for discharges using higher excitation frequencies,

plays a dominant role in atmospheric pressure DBDs.

The aim of the present study is thus two-fold. First, a

flow-tube reactor, particularly optimized for optical access to

the active discharge zone, is established and characterized

electrically. The reactor facilitates in-situ studies at high spa-

tial or temporal resolution where required. Quartz, known as

chemically relatively inert surface,31,32 was chosen as dielec-

tric material for the symmetric DBD reactor to reduce poten-

tial surface-catalytic effects to a minimum. Second,

quantitative Fourier-Transform Infrared (FT-IR) absorption

spectroscopy is applied at the exhaust of the reactor to deter-

mine the CO2 conversion yield and energy efficiency.

Special care is thereby taken to quantify the ozone
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production. In this way, links to earlier studies focussing on

the O3 formation at low residence times23–25 as well as on

the CO production in DBDs operated in the mid-frequency

range29 are provided.

The material presented in this paper is organized as fol-

lows: the DBD reactor is described in Sec. II. Data processing

of the results obtained with the applied diagnostic methods

are detailed in Sec. III. Among them are the electrical charac-

terization of the system (Sec. III A), optical emission spectros-

copy (Sec. III B), and ex-situ infrared absorption spectroscopy

(Sec. III C). In Sec. IV, the dissociation of CO2 into CO and

by-products is qualitatively discussed. Potential reaction

mechanisms are suggested and summarized in Sec. V.

II. EXPERIMENTAL SETUP

The plasma reactor is designed as a flow tube of about

250 mm total length and is entirely made of quartz. Since

quartz is known to be relatively inert, a catalytic enhance-

ment of the inevitable plasma-surface interactions is mini-

mized.31,32 Carbon deposits have never been observed on the

surface of the flow tube reactor even after hours of operation

and at elevated surface temperatures. A symmetric parallel

plate configuration with dielectric barriers of equal thickness

is chosen for the active discharge zone with a gap width,

dgap, of 1 mm. Flat metal electrodes are glued to the outside

of the plates. The active plasma phase of 70 mm length is

centred between two quartz pipes (Figure 1). The total dis-

charge volume is nearly 2 cm3. Several flow tube reactors

with thicknesses of the dielectric barriers between 1 and

2 mm and a constant dgap were manufactured. More details

on the plasma reactor are collected in Table I.

Standard stainless steel tubes serve as gas connections at

inlet and exhaust of the reactor. The entire system is sealed

and continuously pumped by a rotary pump to establish

well-defined gas flow conditions and to avoid gas exchange

with laboratory air. The base pressure of the reactor is typi-

cally less than 100 Pa. CO2 (Linde, 4 l foodgrade, 99.9%) is

injected along the tube axis through a mass flow controller

(Bronkhorst, El-Flow F-201C) at gas flow rates, U, of 0.058,

0.15, 0.52, and 1.7 slm (standard liter per minute). The total

pressure in the reactor, which is atmospheric throughout all

experiments, is controlled by means of a regulating valve

that adjusts the effective pumping speed to the above men-

tioned CO2 flow rates. Residence times in the active dis-

charge zone of s¼ 2070, 800, 230, and 70 ms are achieved.

Figure 1 shows a schematic diagram of the electric reso-

nance circuit that is used to excite the plasma together with

the accompanying diagnostics used to characterize the I-V

behaviour. The power supply (AFS, G10S-500K) is coupled

resonantly to the primary side of a transformer. The second-

ary coil of the transformer determines the main characteris-

tics and thus the frequency range of the resonance circuit.

Fine adjustment of the resonance frequency is achieved by a

high voltage vacuum capacitor (CM) through which the reso-

nance can be tuned steplessly. In this study excitation fre-

quencies of f¼ 60, 90, and 130 kHz are used. The

specifications of individual electrical components are sum-

marized in Table I.

The voltage amplitude applied to the reactor (Uappl) is

measured by a custom-made voltage divider (10 000:1), which

also serves as electronic trigger device (E.T. in Figure 2) to

synchronize the diagnostic equipment to the plasma excita-

tion. The discharge current (Imeas) is measured by means of

two different methods: A current transformer (Pearson, model

6585) at the high voltage side is used to measure the current

directly. Additionally, transferred charges are collected on a

capacitor (CQ) and are detected by the use of a commercial

voltage probe (Testec, TT-HV 250, 100:1). All signals are

recorded using a fast digitizing oscilloscope (LeCroy,

WaveRunner 610Zi).
To study the plasma chemistry ex-situ, infrared (IR)

absorption spectroscopy is applied. For this purpose, a 49 cm

long stainless steel cell is used downstream the plasma reac-

tor (Figure 2). The effluent of the discharge is pumped at the

same gas flow rate and total pressure through the cell to

avoid artificially induced changes in the gas composition

during the sampling process. The pressure drop across the

FIG. 1. Schematic diagram of the electronic matching circuit employed to oper-

ate the DBD reactor along with accessories used for electrical characterisation.

TABLE I. Relevant measures and values of used components.

Symbol Value Symbol Value

Discharge zone Thickness of quartz plates dbarrier 1/1.5/2 mm

Length … 70 mm Diameter gas connection tubes … 10 mm

Width … 28 mm Resonance circuit (Fig. 1)

Gap distance dgap 1 mm Transformer inductance LT 38 mH

Volume V 1960 mm3 Transformer capacitance CT 30 pF

Electrodes Vacuum capacitor (variable) CM 18–762 pF

Length … 70 mm Charge measurement capacitor CQ 595 pF

Width … 16 mm Voltage divider “E.T.” … 1.2 pF

Area … ca. 1060 mm2 Resonance frequency f 30–135 kHz
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entire system is negligible and is continuously monitored by

two pressure gauges (MKS Instruments, Baratron models

122AA and 722A) at the exhaust of the plasma reactor and

the entry of the sampling cell, respectively. Custom-made

fibre optics are used to guide the IR radiation of a Fourier-

Transform Infrared (FT-IR) spectrometer (Bruker, IFS 66/S)

on-axis through the sampling cell. The IR beam at the exit of

the absorption cell was focussed onto a liquid nitrogen

cooled HgCdTe detector (Grasby Infrared, FTIR-M16-1.00).

The flexibility of this fibre-optic based approach enables the

gas connections to be kept as short as possible, i.e., to mount

the absorption cell as close as possible to the plasma reactor.

On the other hand, the gas temperature in the absorption cell

can be considered to be room-temperature which simplifies

the analysis of the absorption spectra as the temperature de-

pendence of spectroscopic line data can be neglected.

Additionally, the wall temperature of the reactor is

monitored using an IR camera (FLIR, A320). Although emis-

sivity of the entire setup is unknown, which may induce a

systematic error to the temperature measurements, these val-

ues provide a lower limit for both wall and gas temperature.

The discharge reactor is constantly air-cooled by a fan, but

the wall temperature could not actively be controlled.

Therefore, the individual FT-IR measurements are delayed

until a steady state of the reactor wall temperature is

achieved after ignition of the plasma.

For advanced optical access to the active discharge zone

the flow tube design as depicted in Figure 1 was slightly

modified by two cylindrical quartz viewports which were

added perpendicular to the gas flow (Figure 2). The optical

emission from the plasma was recorded with a spatial resolu-

tion of �400 lm. Two spherical lenses with focal lengths of

40 mm and 150 mm, respectively, formed a telescope configu-

ration that was applied to image the emission of excited states

in the plasma onto an optical fibre of about 100 lm diameter.

A Czerny-Turner grating spectrometer (Andor, Shamrock,
SR-303i-A) was used to spectrally resolve the radiation col-

lected by the optical fibre. For the detection of survey spectra,

a grating with 150 lines per mm blazed at 500 nm was

employed along with an intensified CCD (I-CCD) camera

(Andor, istar, DH734-18U-03). Synchronization to individual

AC cycles of the applied voltage is provided by the custom-

built electronic trigger (E.T., Figure 2). To account for the

wavelength dependence of both the transmission

characteristics of the optical components and the sensitivity of

the I-CCD chip, the spectrometer was calibrated relatively in

intensity using a tungsten ribbon band lamp (k> 350 nm) and

a deuterium lamp (k< 400 nm).

III. CHARACTERIZATION OF THE PLASMA REACTOR

A. Electrical characterization

The analysis of the current and voltage characteristics of

the reactor is mainly based on the algorithm described by

Pipa et al.33 The injected energy per AC cycle, Ecyc, is calcu-

lated from a Q-V-plot (Figure 3(a)) where the transferred

charges are plotted against the applied voltage, as originally

proposed 1943 by Manley34 and generalized later (see, e.g.,

Refs. 33 and 35). The area enclosed by a loop, which is

formed during one AC cycle, represents Ecyc and is directly

proportional to the injected power P via the excitation fre-

quency f (P¼Ecyc � f). As indicated in Figure 3(a), the charges

transferred through the discharge during one half of an AC

cycle, qmax, can be inferred from the Q-V-Plot as well.36 The

voltage across the discharge gap ugap(t) and the plasma cur-

rent iplasma(t) (Figure 3(b)) are derived from the recorded sig-

nals Uappl(t) and Imeas(t) (Figure 1). As can be further seen

from iplasma(t) in Figure 3(b), the nature of a DBD in CO2 at

atmospheric pressure is highly transient in time.

As the determination of the reduced electrical field, E/n,

is experimentally challenging, an approximation is employed

here: the reduced electrical field at the time t0, just before

breakdown in each half-cycle, can be found from ugap, the

size of the discharge gap dgap and the neutral gas density ntot:

E

n
� ugap t ¼ t0ð Þ

dgap ntot
: (1)

It is clear that such an estimate neglects the filamentary

character of the plasma. The use of ugap in Eq. (1) should be

therefore considered as an estimate for E/n (at t¼ t0). A

more detailed treatment, e.g., of local effects, is outside the

scope of this paper and not necessary for the qualitative dis-

cussion below. Strictly speaking, the neutral gas density, ntot,

is a function of the gas temperature. As this calculation

serves only as approximation of the order of magnitude of

E/n, a gas temperature, Tg, of 300 K is assumed. Thus, a

reduced electrical field in the range between E/n� 90–150

Td is obtained for all the flow tubes of 1.0 mm gap width

used in this study. These E/n values should be considered as

lower limit since any increase in gas temperature will change

the electrical field accordingly.

To assess the efficiency of plasma chemical processes

the specific injected energy per particle, Espec, is frequently

applied. It follows from the injected energy per AC cycle:

Espec ¼
Ecyc f

U
¼ P

U
: (2)

Note that the gas flow rate, U, refers to norm conditions

(T0¼ 273.15 K, p0¼ 1013.25 mbar) throughout this paper

and is measured in standard litres per unit time. The specific

injected energy Espec is usually expressed in J/l and may eas-

ily be converted into eV per molecule. Basically, Espec

FIG. 2. Diagnostic techniques applied to characterize the CO2 plasma in the

flow tube reactor. The optical emission was recorded by means of a Czerny-

Turner spectrograph equipped with an I-CCD camera. Synchronization to

the applied high-voltage signal was achieved by an electronic trigger unit

(E.T.). The CO2 conversion was determined downstream in a sampling cell

which was fibre-coupled to a FT-IR spectrometer.
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represents the average amount of energy that is spent on

each molecule of CO2 thereby neglecting whether it is disso-

ciated or not. For reasons that will become clear later

throughout the discussion of the results it can be useful to

express Espec differently using the residence time, s, of the

gas in the active plasma volume V

s ¼ V

U
� pT0

p0Tg
; (3)

where index “0” is used for norm conditions. With the above

mentioned simplification of Tg¼ 300 K � T0 and p¼ p0 for

all experiments s � V/U and Eq. (2) simplifies to

Espec ¼
Ps
V
: (4)

Specific injected energies of 0.4–72.7 kJ/l (0.1–18.8 eV

per molecule) are used in this study. The parameters to vary

Espec are the applied voltage, Uappl, and the gas flow rate, U.

The plasma power P was controlled via Uappl in a range of

5–80 W. High values of Espec are achieved by low gas flow

rates leading simultaneously to increased residence times.

B. Optical emission spectroscopy

The emission collected from the plasma is typically very

faint under all experimental conditions. Hence, undesirably

long integration times were required in case commercially

available CCD-based spectrometers were employed. To

facilitate more detailed optical emission spectroscopy (OES)

studies in the future the plasma reactor is equipped with a

gated I-CCD mounted to a spectrograph of medium base

length (0.3 m). Vertical binning of camera pixels is applied

to further increase the signal-to-noise ratio of the spectra. A

typical survey spectrum of a CO2 plasma at atmospheric

pressure is shown in Figure 4. The spectrum contains the

time-averaged emission detected during one full AC cycle.

The observed emission is typically concentrated in the

UV spectral range between 280 nm and 420 nm. Similar

spectra of this characteristic shape have been reported earlier

for CO2 discharges at elevated pressures.37 Main spectro-

scopic features in the observed spectral window are

electronically excited states of CO2
þ (A, B).38 Surprisingly,

excited states of CO, even the long-living CO(a) state, are

not observed. The lifetime of the latter is probably efficiently

reduced to below 1 ns by collisions.39 On the other hand,

these recorded CO2
þ features suggest a non-negligible high

energy tail of the electron energy distribution function

(EEDF) since excitation into both the A and B state require

at least 17.31 eV and 18.08 eV, respectively,40 (and referen-

ces therein). A detailed analysis of excitation and de-

excitation channels requires better knowledge of the EEDF

and electron density and will be subject of future spatially

and phase-resolved emission studies.

C. FT-IR absorption spectroscopy

The focus of this paper is on the formation of (stable)

species in the plasma. Therefore the number densities of CO

and O3 are quantified by FT-IR spectroscopy in the exhaust

of the discharge. Typical transmission spectra of carbon

monoxide and ozone are shown in Figure 5 which also

depicts the steps carried out during the data processing.

Although the beam path for the IR radiation was purged,

absorption features from laboratory air are inevitably pres-

ent. Thus, a spectrum under plasma-off conditions is firstly

measured. When the wall temperature of the plasma reactor

FIG. 3. (a) Typical Q-V plot showing the transferred charges through the reactor (Qcap) as a function of the applied voltage (Uappl). The area of the Q-V plot

was used to determine the energy injected per cycle to the plasma (Ecyc). The determination of qmax is indicated. (b) The plasma current (iplasma) was derived

from measured quantities as detailed in the text. (150 sccm, 997 mbar, 62 kHz, 23 W).

FIG. 4. Optical emission spectrum of a CO2 plasma recorded during a full

AC cycle (149 sccm, 995 mbar, 61.6 kHz, 29 W). The spectrum is dominated

by emission features of CO2
þ (A and B states).
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is stabilized, an FT-IR spectrum is acquired under plasma-on

conditions. Thermal equilibration of the reactor after chang-

ing the conditions is usually of the order of a few minutes

and takes thus longer than the gas renewal of the flow sys-

tem, i.e., plasma-on measurements reflect the gas mixture in

the DBD reactor. The entire system consisting of flow tube

reactor and sampling cell is then evacuated and refilled for

the next experimental condition. Accumulation of, e.g.,

ozone has been carefully avoided through sufficiently long

pumping intervals. Finally, the ratio of the plasma-on and

plasma-off spectra was determined and fit to transmission

graphs that are calculated on the basis of spectroscopic data

as given in the HITRAN database.41 Commercially available

software (Q-MACS Soft HITRAN Tool, neoplas control) is

used to calculate sample spectra of CO and O3 in well-

defined, interference-free spectral windows of a few wave-

numbers. These spectra are compared with those ones

obtained from experiments to determine molecular concen-

trations. The approach outlined here requires knowledge of

the instrumental broadening of the spectrometer that was

carefully calibrated on a well-defined N2O gas sample. The

instrumental broadening, which was 0.15 cm�1 in this case,

clearly exceeds any other line-broadening mechanisms, even

at atmospheric pressures, and hinders therefore a straightfor-

ward treatment of the acquired transmission spectra. A direct

calculation of the absorbance, ln(I0/I), would neglect the

convolution with the transmission function of the instrument.

The approach chosen for the present study is only applicable

to molecular species where spectroscopic line data are avail-

able. As molecular oxygen is not infrared active, O2 number

densities will be established on the basis of an oxygen bal-

ance. Since the measurements were performed with an initial

gas composition of 100% CO2, the ro-vibrational transitions

belonging to the strong asymmetric stretch vibration at

4.3 lm are saturated. As will be shown below, the DBD dis-

sociates CO2 only weakly. The changes in the CO2 concen-

tration of a few percent are therefore not detectable in the

recorded spectra.

Measured absolute number densities (in cm�3) and corre-

sponding mixing ratios (in %) of CO and O3 are displayed as

function of the specific injected energy (Espec) in Figure 6.

Bottom and top axis are used to express the energy spent per

CO2 molecule in terms of kJ/l and eV, respectively. The dotted

line indicates the detection limit of the FT-IR spectrometer for

O3 which is at 50 ppm. The symbols in Figure 6 correspond to

different types of flow tube reactors. As mentioned earlier the

thickness of the dielectric barriers used in this study are 2, 1.5,

and 1 mm. Different colours symbolize the applied frequencies

between 60 kHz and 130 kHz. The yield of CO increases

monotonously with Espec and varies between 0.1% and 4.4%

for specific injected energies between 0.4 and 72.7 kJ/l

(0.1–18.8 eV per molecule, Figure 6). The CO2 conversion is

thereby independent of the barrier thickness and the excitation

frequency. Clearly, as the injected power and thus the specific

injected energy are linear functions of the frequency, any

change will affect Espec, i.e., the x-axis in Figure 6.

Surprisingly, the corresponding CO mixing ratio follows

exactly the same trend that is established by other excitation

frequencies. Ozone is clearly visible for the majority of dis-

charge conditions. Mixing ratios up to 750 ppm (parts per mil-

lion) are detected. However, scatter in the O3 data is more

pronounced than for CO. The uncertainties of the O3 data can-

not explain such behaviour.

IV. RESULTS AND DISCUSSION

In this section, the results obtained experimentally and

possible reaction mechanisms will be discussed in more

detail. First, the energy efficiency of the dissociation process

in a DBD is assessed (Sec. IV A). Second, the behaviour of

ozone is examined (Sec. IV B), and finally, the production of

carbon monoxide will be scrutinized (Sec. IV C).

A. Energy efficiency

An important aspect with respect to the conversion of

CO2 is the energy efficiency of the CO production process.

FIG. 5. FT-IR transmission spectra of stable CO2 conversion products (1700

sccm, 1004.5 mbar, 61.7 kHz, 22 W): O3 (110 ppm, upper) and CO

(2100 ppm, lower). Plasma-off measurements (grey) exhibit transitions of

different vibrational bands of CO2. Plasma-on spectra corrected for these

features (black, bold) were used to quantify CO and O3 through comparison

with calculated spectra (orange, thin).

FIG. 6. Number densities (n) and corresponding mixing ratios (mr) deter-

mined for CO (full) and O3 (open) in different flow tube reactors as function

of specific energy (Espec). The reactors were characterized by different

dielectric barrier thicknesses (square: 2 mm, circle: 1.5 mm, triangle: 1 mm).

The applied frequency was varied between 60 kHz (red), 90 kHz (black),

and 130 kHz (orange). The dotted line indicates the detection limit of

50 ppm for O3.
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Throughout this paper the term energy efficiency is defined

as the ratio of the dissociation enthalpy of CO2 (DH) and the

injected energy per CO molecule produced in the plasma

(ECO):

g ¼ DH

ECO
: (5)

The total dissociation enthalpy, DH, in Eq. (5) is de-

pendent on the reaction mechanism. The most desirable

chemical route to produce CO from CO2 would be obviously

a process or a sequence of processes requiring the smallest

amount of energy for this endothermic reaction. Conversion

through vibrationally excited CO2 is suggested as such a

route42

CO2 ! COþ O; DH6 ¼ 5:5 eV: (6)

In case the atomic oxygen produced in step (6) is

recycled, dissociation of a second vibrationally excited CO2

molecule may occur

Oþ CO�2 ! COþ O2; DH7 ¼ 0:3 eV: (7)

The net reaction for the dissociation of one molecule of

CO2 yields then

CO2 ! COþ 1

2
O2; DH8 ¼ 2:9 eV: (8)

Hence the enthalpy value that is used to calculate the

energy efficiency in Eq. (5) is DH8¼ 2.9 eV per molecule

(279.8 kJ/mol). A complete discussion on this reaction mech-

anism may be found in Ref. 11.

It is essential to distinguish between ECO in Eq. (5) and

the specific energy injected to the plasma, which is linked to

the total number of CO2 molecules. ECO is calculated from

the specific energy input Espec as detailed in Sec. III A and

the mixing ratio mr¼ nCO/ntot:

ECO ¼
Espec

mr
¼ P s

mr ntot V
: (9)

Applying the aforementioned considerations, the equa-

tion to calculate the energy efficiency transforms into

g ¼ mr

Espec
� DH8: (10)

For the experimental data displayed in Figure 6, the CO

mixing ratios of mr< 4.4% convert into energy efficiencies

of g< 5%.

B. Ozone production

In what follows the ozone densities shown in Figure 6

are assessed. Although the upper limit of the O3 densities as

function of Espec follows a similar trend as observed for CO,

the O3 data show a (weak) dependency on the excitation fre-

quency. Moreover, even for a constant frequency a signifi-

cant scatter in the data can be seen, that (i) clearly exceeds

the deviations detected for CO, and (ii) is bigger than the

estimated uncertainties. Since the air-cooling of the reactor

is not adjusted the wall temperature stabilizes at a given

equilibrium between injected power (heating) and external

cooling capacity. It is well-known that both the formation

and destruction of ozone are temperature dependent.43,44

Therefore, the correlation between the wall temperature of

the reactor and the O3 number density, n(O3), is examined.

In Figure 7, a colour map of the apparent wall temperatures

measured with the IR camera is depicted. It is merged with

an enlarged plot of the O3 densities taken from Figure 6 as a

function of the specific injected energy Espec. The tempera-

tures between the experimental data points are linearly inter-

polated. Since Espec is proportional to the injected power and

hence the excitation frequency, a change in frequency leads

to a variation of Espec, assuming all other parameters (such

as flow rate and applied voltage) are kept constant. Higher

excitation frequencies, and thus higher Espec, enhance the

CO (and O) production (Figure 6) and would suggest an

increase in O3 densities. However, Figure 7 clearly shows

temperature gradients for elevated Espec, i.e., heat accumula-

tion effects become more pronounced in the reactor. More

importantly, the ozone densities are reduced as soon as fre-

quency and temperature are rising although at least the O

production is enhanced as confirmed by the trend in CO. A

similar effect can be observed for reduced thicknesses of the

dielectric barrier. The O3 densities for the reactor with 1 mm

wall thickness, for which considerably higher temperatures

are recorded, are frequently below the detection limit of

50 ppm (cf. Sec. III C).

A similar behaviour was reported earlier for a recirculat-

ing system.25 Semiokhin and Andreev found decreasing levels

of ozone at higher wall temperatures as well. In their case the

reactor wall was actively temperature controlled. The compar-

ison of O2 and O3 densities led to the conclusion that the oxy-

gen from the dissociation of CO2 is initially converted into

O3, which is then subsequently decomposed by electron

impact into O2 after a few minutes recirculation. Since the

timescales between the formation and decomposition of O3 in

FIG. 7. Detailed view on O3 number densities shown in Figure 6 in conjunc-

tion with a colour map of the apparent (wall) temperature of the reactor.

Heating of the reactor is strongly dependent on the applied frequency

(x¼ 60 kHz; #¼ 90 kHz; þ¼ 130 kHz) as well as on the thickness of the

dielectric material. O3 densities for the reactor with 1 mm wall thickness

(indicated by a circle around the symbol) were typically below the detection

limit of 1.3� 1015 cm�3.
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their study are much longer than the residence times used in

the present study, the proposed formation and destruction

routes cannot explain the scatter in the ozone data in Figures 6

and 7. It should be mentioned that Andreev et al.23 observed a

temperature dependent degree of dissociation of CO2 into CO

while working with a reactor equipped with an actively con-

trolled wall temperature. This observation suggests a signifi-

cant contribution of surface processes (i) to the primary

dissociation and the re-association of CO2 in a DBD at atmos-

pheric pressures, and (ii) especially to the ozone production.

The latter fact was suggested by Andreev et al., however,

confirmation by experimental data on O3 was absent at that

time.23

On the other hand, it is obvious that an increase in the

reactor wall temperature correlates with higher gas tempera-

tures. The apparent reactor temperatures shown in Figure 7

should be considered as a lower limit for the gas temperature

(320–480 K) in the active plasma zone.45 Assuming a gas

temperature of Tg¼ 450 K the rate for the dominant forma-

tion mechanism of ozone43

Oþ O2 þ O2 ! O3 þ O2; (11)

where k11¼ 6� 10�34 (Tg/300)�2.8 cm6 s�1 decreases by a

factor of 3 compared to room temperature while the rates for

the majority of quenching reactions

O3 þ X! O2 þ products; (12)

exhibit an increase of at least a factor of 10 or more.43

Although their individual contribution might be relatively

small, the most efficient quenchers, X, are O2(1R), O2(1D),

O2, and O. Note that the present ex-situ measurements are

not suitable to conclude whether the formation is hindered or

the destruction is enhanced. Nevertheless, these two compet-

ing mechanisms may also explain the (wall) temperature de-

pendence of the ozone levels in the recirculating system used

by Semiokhin and Andreev in Ref. 25.

C. Carbon monoxide formation

1. Macrokinetics and scaling parameter

In this sub-section, the measured data are used to discuss

the plasma chemistry of CO formation globally. A more

detailed treatment would require a thorough modelling

which is beyond the scope of this paper. Based on the experi-

mental results in Ref. 29 an attempt has recently been made

to model the CO2 dissociation in a DBD.30 Aerts et al. used

a single 30 ns microdischarge to study important reaction

channels in the plasma and its afterglow. A direct compari-

son of these zero-dimensional numerical results with experi-

mental ones obtained in a filamentary discharge of

cylindrical29 or parallel-plate geometry, such as used here, is

difficult. Moreover, the model in Ref. 30 does not include

surface reactions which makes a comparison between the

quartz flow tube, where both electrodes of the DBD reactor

were covered, and the DBD employed by Paulussen et al.
even more challenging. In the latter case one electrode was

still metallic, so that the surfaces exposed to the CO2 plasma

were of stainless steel and alumina.29 From fundamental

studies on heat shields it is known that the chemistry of

metal and dielectric surfaces in mixtures of CO and O is con-

siderably different.46 Although the model used by Aerts

et al. might be not suitable for a direct comparison with the

present measurements, links will be made where appropriate.

The specific injected energy Espec¼ s � (Ecyc/V � f) (Eqs.

(2) and (4)) is the typical global parameter used to describe

plasma-assisted conversion processes. It embodies three dif-

ferent time scales in the form of individual microdischarges

(nanoseconds), the AC cycle (microseconds), and the resi-

dence time (milliseconds). As can be seen in Figure 3(b)

recorded at 60 kHz, microdischarges at atmospheric pressure

were usually present for about 4 ls per AC half-cycle. A

change in the excitation frequency from 60 and 130 kHz

very likely does not change the individual microdischarges,

but reduces the effective length of the “on-phase,” in which

they appear, by about 50%. Similarly, the “off-phase” per

half-cycle will become shorter. However, it turned out that

changes in frequency at constant s had no influence on the

CO concentration as long as (Ecyc � f) was constant. Doubling

the excitation frequency is then accompanied by a reduction

of the injected energy per cycle Ecyc to 50%, probably due to

fewer microdischarges per cycle. In other words, the CO pro-

duction does not seem to be dependent on reactions that are

occurring on the microsecond time-scale or in the “off-

phase.” The CO yield remained unchanged when the power

was injected in one phase (4 ls) in a half-cycle or in subse-

quent phases (2 ls per half-cycle) with short afterglow peri-

ods in between. On the other hand, the “off-phase” was still

insufficiently long to sustain a reasonable level of vibration-

ally excited CO2 that would facilitate dissociation through

vibrationally excited CO2. An estimate of typical lifetimes of

vibrational levels yields a few microseconds47 and agrees

with recent calculation.30 Note that the residence time, s, of

CO2 molecules in the active plasma was s� 1/f for all con-

ditions, i.e., a CO2 molecule will encounter tens or hundreds

of AC cycles while travelling through the active discharge.

Next, the application of the specific injected energy as

key parameter suggests to assess a macrokinetic description

as introduced by Rutscher and Wagner.48 This approach also

allows the identification of potential scaling parameters.

Sonnenfeld et al. successfully applied scaling parameters to

the plasma-assisted CO2 decomposition over the entire range

from low to elevated pressures (200 mbar).49 Interestingly,

an extrapolation of their CO yields to the presently used

(pressure) conditions would lead to the same dissociation

efficiencies of a few percent. To link typical scaling parame-

ters with the specific energy and measured quantities, Eqs.

(2) and (4) are rewritten in the form

Espec ¼
s
V
� f � Ecyc ¼

s
V
� f �

ðT
0

ugap tð Þ � iplasma tð Þ
� �

dt0

2
64

3
75:

(13)

In a simplified evaluation of Eq. (13), the injected power

per full AC cycle of period T¼ f�1 is expressed as twice the

average power per half-cycle,
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Espec ¼
s
V
� 2f �

ðT=2

0

ûgap � iplasma tð Þ
� �

dt0; (14)

where ûgap is an average voltage across the discharge gap.

The integrated plasma current per half-cycle corresponds to

qmax, i.e., the number of transferred charges (Figure 3(a)), as

introduced by Pipa et al.36 Therefore, Espec in (14) trans-

forms into

Espec ¼ 2ûgap � f � qmax

V
� s

� �
¼ 2ûgap � N; (15)

where N expresses the total number of transferred charges

during the residence time of CO2 molecules in the active dis-

charge zone. Furthermore, qmax/V might be considered as

time- and volume-averaged electron density hnei, neglecting

the influence of (negative) ions. In Figure 8, the same experi-

mental data as in Figure 6 are displayed, but now as function

of N (bottom axis). Obviously, a single trend is established

for all experimental conditions leading to three conclusions:

(I) The CO mixing ratio (mr) in the DBD reactor can be

described for all conditions studied here by the parame-

ter N�hneis, which is a well-known scaling parameter

in plasma-chemistry as long as certain conditions are

fulfilled.48,50 Note, that the frequency dependence of N
accounts for the fact that f�1	 s, as outlined earlier.

(II) The influence of the gap voltage, ûgap, and thus of the

electron energy seems to be negligible in this macro-

kinetic description.

(III) The slope observed in the double-logarithmic plot

(Figure 8) is 0.75, i.e., nCO� [hneis]0.75. The upper

and lower limits of the slope correspond to the

absence of any CO loss channels (�hneis) or the pres-

ence of COþO recombination (�[hneis]1/2). Both

cases are indicated in Figure 8 and will be further dis-

cussed in Sec. IV C 4.

Particularly (II) is an important criterion for the applica-

tion of the scaling parameter hneis as it requires that the rate

coefficients, that are governing the reaction mechanisms, are

only weakly dependent on the EEDF, gas pressure and gas

temperature.50 While the gas pressure was kept constant in

this study, the gas temperature and reduced electrical field

(that determines the EEDF) were in the range between

320–480 K and 90–150 Td, respectively. In case N is normal-

ised to the total molecular number density, ntot, a slightly

more intuitive value can be derived, namely, the number of

required charges per injected CO2 molecule to produce a CO

molecule. The values for N/ntot are added as top axis in

Figure 8 and are directly linked to the “reactor parameter,”

R, which weighs the energy spent per precursor molecule in

the active discharge zone against its thermal energy.50

Notably, the presently obtained CO2 dissociation efficiencies

are in good agreement with results reported by Dernier in a

DC glow discharge at 30 mbar at similar R.50 Dernier also

discusses the constriction of the plasma at increasing pres-

sure which can limit in parts the uniform description of the

plasma chemistry in terms of the macrokinetic approach.

The application of the scaling parameters such as N and

R to DBDs neglects the physics of individual microdi-

scharges. In the present case, the behaviour of the microdi-

scharges is accounted for in the number of transferred

charges per half-cycle, qmax. It was reported that the trans-

ferred charges per microdischarge are (statistically) a func-

tion of the discharge gap, dgap, along with permittivity and

thickness of the dielectric barriers (dbarrier).
51 Since dgap was

constant and SiO2 was used as barrier material for all experi-

ments, the transferred charges per microdischarge should

only change with dbarrier
�1. As can be seen in Figure 6 (and

Fig. 8), the CO yield follows the same trend although the

barrier thickness was varied by a factor 2 (1–2 mm).

To conclude, the total number of transferred charges

during the residence time is the essential criterion for CO2 to

CO conversion in a DBD while the energy and density of

electrons in individual microdischarges are apparently of

reduced importance. This fact also justifies the use of scaling

parameters. It is further interesting to note that—apart from

all details involved—the numerical modelling of successive

pulses of 30 ns microdischarge in Ref. 30 suggests an almost

linear increase in CO density with the number of plasma

pulses. An oversimplified extrapolation of the CO density af-

ter one microdischarge to the presently used 4 ls long

plasma “on-phase” in one half AC cycle at 60 kHz leads to

the same order of magnitude in CO yield (�1017 cm�3). This

coincidence might be closely connected with the (unique)

dependence on the number of transferred charges.

2. Reaction mechanisms

The previous discussion supports the assumption that

the plasma-chemical CO2 conversion in the DBD reactor

employed is determined by electron-induced reactions. Due

FIG. 8. Number densities of CO (square), O3 (circle) as measured and O2

(triangle) as calculated from the oxygen balance as function of the parameter

N¼ f qmax s V�1. The number densities of the conversion products clearly

scale with the total number of charges transferred during residence time s of

a CO2 molecule in the active plasma zone. The slope that describes nCO as

function of N is 0.75 (solid line) and further discussed in the text along with

the limiting cases of slope 1 (dotted blue) and 0.5 (dotted black). The top

axis is added for illustrative purposes to express the molecular densities as

function of N/ntot (that is the reactor constant as scaling parameter).

123303-9 Brehmer et al. J. Appl. Phys. 116, 123303 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

131.155.151.8 On: Tue, 30 Sep 2014 06:04:22



to residence times of the order of milliseconds up to seconds,

discrimination between excitation in microdischarges and

potentially slower follow-up reactions is difficult or impossi-

ble on the basis of the available data and the applied diagnos-

tics. Detailed time-resolved measurements that are

preferably carried out in-situ along with modelling would be

required. Nevertheless, a few potential reaction mechanisms

that could explain the low conversion and energy efficiencies

are discussed in what follows.

Among the electronically induced CO2 decomposition

channels dissociative attachment

CO2ðXÞ þ e! COþ O� (16)

has the lowest energy barrier and is most efficient at electron

energies around 4 eV (380 kJ/mol) and 8 eV (770 kJ/mol).52

Electronic impact excitation (CO2(X)þ e ! CO2*þ e) or

ionisation (CO2(X)þ e! CO2
þ*þ 2e) require at least about

6.2 eV (600 kJ/mol) or more than 13 eV (1250 kJ/mol). Both

processes are therefore strongly dependent on the high

energy tail of the EEDF. Due to the excess energy of the in-

termediate excited or ionised states, the dissociation products

(CO*, O*) are frequently formed in (electronically) excited

states52–54

CO�2 ! COþ O�; (17)

CO�2 ! CO� þ O; (18)

COþ2 þ e! CO� þ O; (19)

COþ�2 ! COþ� þ O: (20)

In cases where CO(a) is not directly formed the decay of

higher CO* states may progress via CO(a). However, the

role of CO(a) for the plasma chemistry is unclear: Cenian

et al. discuss its significance for the CO2 recombination in

glow discharges,55 whereas Sonnenfeld considers the influ-

ence of CO(a) as negligible in similar systems.56

Additionally, at elevated pressures the lifetime of electroni-

cally excited CO falls below the radiative lifetime due to

quenching (e.g., as short as �200 ps for CO(B) at 1000 mbar

(Ref. 39)). This could explain the absence of CO features in

the optical emission spectra and may reduce the influence of

CO(a) on the kinetics. Excited oxygen is reported to be

quickly deactivated by ground state CO (Ref. 57) which led

Hokazono et al. to the conclusion that the three-body

recombination

Oþ COþM! CO2 þM (21)

is the dominant CO2 reforming process at atmospheric pres-

sure.58 Other processes encompassing COþO*, CO*þO,

and CO(�)þCO(�0) were considered as significantly slower.

For the present conditions the rate coefficient for reaction (21)

in excess of CO2 (¼M) would be k21¼ 1.5� 10�15 cm3 s�1.59

Particularly, surface recombination

Oþ COþ wall! CO2 þ wall (22)

is frequently neglected. However, due to spin-mismatch the

recombination in the gas phase (21) is relatively slow

compared to other gas mixtures,32 so that surface recombina-

tion of CO could play a non-negligible role in the back-

conversion to CO2. Unfortunately, reliable loss frequencies for

CO on quartz surfaces are barely available in literature. To

estimate the effect of wall recombination, an effective rate

coefficient for plasma conditions given by Cenian et al. is cho-

sen here.59,60 As the selected reference does not distinguish

between the two channels CO(g)þO(s)þwall and

CO(s)þO(g)þwall, the effective rate coefficient cannot

straightforwardly be traced back to a sticking coefficient. The

(diffusion limited) effective rate coefficient is inversely pro-

portional to the distance of the walls, ldiff: k22¼ 7.4 � 10�17/

ldiff cm4 s�1.59,60 By contrast to typical CO2 (laser) discharge

tubes,58,59 the reactor walls for the present DBD are about a

factor of 500 closer and the rate coefficient becomes compara-

ble to the three-body recombination (21), i.e., k21 � k22¼ 1.5

� 10�15 cm3 s�1. This conclusion is even valid in case the sur-

face recombination is only diffusion limited and faster trans-

port effects such as convection in, e.g., microdischarges are

neglected at first. The (classical) diffusion time, tdiff, at atmos-

pheric pressure would be approximately

tdif f ¼
l2
dif f

D
; (23)

where ldiff¼ dgap/2, i.e., half the discharge gap, and D is the

diffusion coefficient. The value for the diffusion of CO in

CO2 (D¼ 0.283 cm2 s�1 at 400 K (Ref. 61)) leads to a diffu-

sion time of tdiff¼ 10 ms which is at least an order of magni-

tude smaller than the residence time in the active discharge

zone. CO molecules may therefore reach the surface suffi-

ciently fast.

Another important loss channel for the injected energy

would be charge exchange reactions and CO2
þ clustering.

Already in 1923 Lind (qualitatively) suggested clustering of

CO2
þ followed by decay into CO2

COþ2 þ CO2 ! ½ðCO2Þ2

þ; (24)

½ðCO2Þ2

þ þ e! 2 CO2; (25)

which was known from experiments using alpha particle

radiation to ionize CO2. Such a mechanism effectively

reduces the energy efficiency of the CO production. Through

reactions (24) and (25) CO2
þ, which is produced at high

energy costs, remains chemically inert. More recently and

based on experiments at low-pressure, Schildcrout et al. and

Ellis et al. discuss the formation of C2O4
þ in (24) in more

detail as a four-body process62,63

COþ2 þ CO2 þMþM0 ! C2Oþ4 þMþM0; (26)

where M, M0, are CO2 or may possibly be O2 and CO.63

First, an intermediate activated molecular complex is formed

which needs a subsequent collision with at least another mol-

ecule to stabilise the product

COþ2 þ CO2 ! C2Oþ�4 ; (27)

C2Oþ�4 þM! C2Oþ4 þM: (28)
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Such three-body ion-molecule reactions usually have no

activation energy and are fast.64 The total rate coefficient for

an ion-molecule reaction, k27þ28, given by Cenian considers

a 3-body process (i.e., without M0 in (26)) and CO2 as colli-

sional partner at 1000 mbar: k27þ28¼ 7 � 10�9 cm3 s�1.59

Although the clustering process seems not very well under-

stood, Ellis reported for elevated pressures, such as used

here, a temperature sensitive cluster formation through one

parent ion that is surrounded by CO2 molecules.63

Additionally, charge exchange with other molecules, particu-

larly O2 as long as the mixing ratio is of the order of 1%, can

be very efficient at elevated pressures (k28� 10�10 cm3 s�1

(Ref. 63))

COþ2 þ O2 ! CO2 þ Oþ2 : (29)

As will be estimated in Sec. IV C 3 for the present

experiments, the O2 mixing ratios are indeed not signifi-

cantly higher than 1%.

To sum up, the relatively low conversion and energy

efficiencies that were obtained can be caused by inefficient

dissociation channels and fast recombination, respectively.

Particularly, a considerable fraction of the energy carried by

electrons in the high-energy tail of the EEDF might be effec-

tively lost for the CO production due to fast charge exchange

and clustering reactions. These are especially favoured at

elevated pressures since they are strongly dependent on the

collision frequency. In the model of Aerts et al. such ionic

reactions were calculated to hamper the net rate of CO2 dis-

sociation: the effect of electron impact ionisation and disso-

ciative ionisation channels was compensated to a large

extent by ionic reactions.30

3. Byproducts and oxygen balance

It is clear from Figure 6 and the discussion in Sec. IV B

that O3 formation is only one reaction channel to recycle the

oxygen produced in the DBD. Therefore, a straightforward

oxygen balance was established based on the measured mo-

lecular densities. CO2 was assumed to be the only source of

oxygen and CO, O3, and O2 were considered as stable reac-

tion products. The corresponding number density of molecu-

lar oxygen as estimated by

n O2ð Þ ¼ 1

2
n COð Þ � 3n O3ð Þ
� �

(30)

is added to Figure 8. Despite the non-equilibrium conditions

in the DBD, CO, and O2 are present in an almost stoichio-

metric ratio of 2:1 that are to be expected under chemical

and thermal equilibrium.

Since the ozone density is about 1–2 orders of magnitude

smaller than CO the scatter in the O3 data does not transfer to

the O2 data in Figure 8. On the other hand, the experiments

clearly show that the observation of a stoichiometric CO/O2

ratio does not imply that O3 is not present. A direct compari-

son with the modelling results for O3 obtained in Ref. 30 is

more challenging here than for CO. Ozone formation pro-

gresses in several steps and is relatively slow. Therefore, the

ozone calculations for successive plasma pulses in Ref. 30 do

not lead to a “ladder-like” increase in density as for CO. A lin-

ear extrapolation of the results in Ref. 30 to, e.g., our 4 ls long

“on-phase” per half-cycle at 60 kHz would therefore fall far

short of the values obtained experimentally.

In a slightly more generalised 3-body-recombination

than given by (11), O3 will be formed through

Oþ O2 þM! O3 þM; (31)

where M¼O2 yields reaction (11) with corresponding rate

coefficient of k11� 5 � 10�17 cm3 s�1 for the estimated O2

densities.43 However, in case of M¼CO2, with a mixing ra-

tio of almost 100%, k31� 2 � 10�14 cm3 s�1,59 i.e., recycling

of atomic oxygen and subsequent ozone formation is about

an order of magnitude faster than CO recombination via

reactions (21) and (22).

An energy efficient CO2 dissociation would require the

recycling of oxygen through reaction (7) which is partially hin-

dered by competing mechanisms such as the aforementioned

ozone formation. Additionally, due to high activation energy

the rate coefficient for the synergistic CO2 dissociation via O is

very small at low gas temperatures, k7� 10�33�10�37 cm3 s�1

(Refs. 59 and 65) and thus unlikely to occur.

4. Macroscopic model of CO2 dissociation

The CO production as function of the scaling parameter

N shows a trend proportional to [hneis]m (Figure 8). To quali-

tatively understand the value of m¼ 0.75 mentioned in Sec.

IV C 1, a simplified (macroscopic) model is used. Based on

the previous discussion three dominant reactions are taken

into account: direct electron-impact dissociation of CO2

CO2 þ e! COþ Oþ e; (32)

as well as CO recombination in the gas phase and on the re-

actor walls (reactions (21) and (22)) together with their cor-

responding rate coefficients k32, k21, and k22. Since the main

source of O is assumed to be CO2 and hence the same as for

CO (reaction (32)), an ansatz in the form of nCO¼ anO

(a< 1) is chosen to describe the O density. This ansatz also

accounts for additional O recombination products such as O2

or O3. The CO production rate is then

dnCO

dt
¼ k32ntothnei �

k21 þ k22

a

� �
n2

CO; (33)

from which two limiting cases for the exponent m can be

derived. If loss processes are absent (k32¼ const.,

k21¼ k22¼ 0), the solution of (33) yields nCO(t)�hneit.
Assuming that CO2 molecules spend the residence time s in

the active discharge zone (nCO/ntot)(s) � hneis and thus

log(nCO/ntot) � mmax¼ 1. In case loss processes are present

(k32¼ const., k21, k22¼ const. 6¼ 0), Eq. (33) can be trans-

formed for the steady state, which is assumed to be achieved

after residence time s, into

nCO

ntot
t � sð Þ ¼

ffiffiffiffiffiffiffiffiffi
ak32

k21

r
� 1þ k22

k21

� ��1
2

ffiffiffiffiffiffiffiffi
hnei
ntot

s2
4

3
5 (34)
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and the exponent log(nCO/ntot) � mmin becomes 0.5. Both,

the upper and lower limits of m are displayed in Figure 8.

Obviously, the experiments suggest a different behaviour

with 0.5�m� 1 which means that CO loss processes are

less pronounced than assumed in the simplified model con-

sisting of reactions (32), (21), and (22). A loss process that is

(weakly) dependent on the number of transferred charges

could cause the observed trend, e.g., k32¼ const.,

k21¼ const. 6¼ 0, k22 (hnei) 6¼ const. 6¼ 0). From Eq. (34)

log
nCO

ntot

� �
¼ const:þ log 1þ k22

k21

� ��1
2

ffiffiffiffiffiffiffiffi
hnei
ntot

s2
4

3
5 (35)

and comparison with the experimentally obtained slope

m¼ 0.75 the rate coefficient for surface recombination of

CO, k22 (hnei), can be estimated to

k22 � k21

ffiffiffiffiffiffiffiffi
ntot

hnei

r
� 1

 !
: (36)

Especially at high specific injected energies (i.e.,

increased hneis values) surface reactions k22�hnei�1/2

become relatively less important compared to gas phase

recombination of CO. Such effects could be indeed explained

as CO typically forms stronger bonds than O on (dielectric)

surfaces.60 At increased hneis values more CO will be pro-

duced and hence the ratio of surface adsorbed CO/O would

shift towards CO which in turn hampers CO þ O recombina-

tion (reaction (22)). Similarly, the (thermal) power deposited

on the reactor wall increases (as can be seen in Figure 7).

Since surface recombination of oxygen (OþOþwall !
O2þwall) depends on the CO concentration,55 an increase in

wall temperature would favour CO desorption and simultane-

ously reduce CO to CO2 recombination on the wall as loss

channel.

To conclude, the CO yield as function of the scaling pa-

rameter [hneis]m clearly indicates a regime in which O as

main species for CO recombination is less efficient (m> 0.5,

(Figure 8)) than predicted by the simplified model used here.

An explanation for this behaviour could be a charge-

mediated reactor wall coverage with CO and O.

V. SUMMARY AND CONCLUSION

The dissociation of CO2 into CO and by-products was

studied at atmospheric pressure by means of ex-situ FTIR

spectroscopy. For this purpose a symmetric, parallel-plate

like DBD reactor was designed and electrically character-

ised. The specific input energies Espec were varied in the

range of 0.1–20 eV per molecule (0.3–70 kJ/l). Fine adjust-

ment of Espec was implemented – additionally and independ-

ently from gas flow variations – by using different applied

voltages and barrier thicknesses. CO densities between 1016

and 1018 cm�3 were observed which are in good agreement

with values reported earlier by, e.g., Andreev23 for a cylin-

drical, but otherwise similar system (quartz walls, flowing

gas conditions). The experiments of Andreev were targeted

on considerably high specific input energies of up to 250 eV

per molecule (�1000 kJ/l). However, the high values of

injected energy are a result of extended residence times of

up to 4 min (285 s) that lead to saturation effects in chemical

conversion and high degrees of dissociation (�30%) in con-

junction with low energy efficiency. The present experiments

were especially carried out in a specific energy range

(0.5–2.0 eV per molecule) where high dissociation and

energy efficiencies are predicted due to preferential vibra-

tional excitation.10–12,42 An extrapolation of the dissociation

efficiencies reported in Ref. 23 to presently applied Espec val-

ues lead to the same CO yields. More recent studies in undi-

luted CO2 employing mid-frequency (i.e., tens of kHz)

driven DBDs described similar energy and dissociation effi-

ciencies of a few percent.26,28,29 Paulussen et al. observed

less than 5% CO yield for gas flow rates and thus residence

times comparable to those ones used here. A significant

increase was only detected for enhanced residence times,

whereas the effect of frequency changes between 10 and 90

kHz was negligible.29

It transpires that the relatively low efficiencies are in-

dependent of the design details of the (DBD) reactor which

implies a more fundamental explanation linked with the

reaction mechanism. In this study, the specific injected

energy was adjusted to around 1 eV per molecule (3.9 kJ/l)

while maintaining gas flow rates that may allow relevant

throughput. Nevertheless, the energy efficiencies fell short

by at least one order of magnitude compared to discharge

types for which the aforementioned criterion for Espec was

established.11,42 This may suggest that vibrational excita-

tion and dissociation via highly vibrationally excited states

are absent or at least of reduced importance in DBDs.

This assumption is supported by the estimated lower limit

of the reduced electrical field (�90 Td). For such rela-

tively high values of E/n a non-negligible contribution of

directly electron-driven dissociation channels (electron-

impact dissociation, excitation, and ionisation) has to be

considered.30,66 The presence of O3 in the exhaust gas

directly indicates that the atomic oxygen produced during

the dissociation of CO2 molecules is partially not

recycled. The loss of O atoms in by-product formation

processes reduces the possibility of sequential CO2 split-

ting as proposed in reaction (7) and increases the total

energy cost per CO formation in the DBD. Apart from

the inefficient CO2 activation in form of excitation or ion-

isation, competing reaction mechanisms such as charge

exchange, clustering, and O recombination additionally

hamper the CO production. Clustering or the formation of

ionic complexes might be controlled through their small

binding energy, i.e., their sensitivity to the gas tempera-

ture. Recombination of CO and O in the gas phase is hin-

dered by spin-mismatch and therefore unusually slow for

a molecular plasma at elevated pressures. Surface recom-

bination of CO would be equally fast and is non-

negligible. On the other hand, O recombination on quartz

is even faster and will therefore (i) reduce the surface loss

of CO and (ii) further frustrate the recycling of O with

CO2 in the gas phase, which has an almost negligible rate

coefficient at the low gas temperatures that were estimated

to be around 400 K.
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A macroscopic description, that neglects the details of

the filamentary character of the discharge, reveals that the

CO production in the DBD follows a single trend as func-

tion of the specific injected energy for all different condi-

tions applied. More importantly, the application of the

scaling parameter hneis, that is well-known from low-

pressure plasma processing, is applicable: the CO produc-

tion in the presently employed DBD depends only on the

total number of charges that are transferred through the dis-

charge during the residence time of the gas. The analysis of

the observed trend as function of the scaling parameter sug-

gests a charge-mediated reactor wall coverage with CO/O

which in turn influences the recombination and hence loss

of CO.
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