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Dissociation of CO5 is investigated in an atmospheric pressure dielectric barrier discharge
(DBD) with a simple, zero dimensional (0-D) chemical model and through experiment.
The model predicts that the primary CO, dissociation pathway within a DBD is electron
impact dissociation and electron-vibrational excitation. The relaxation kinetics following
dissociation are dominated by atomic oxygen chemistry. The experiments included
investigating the energy efficiencies and dissociation rates of CO, within a planar DBD,
while the gas flow rate, voltage, gas composition, driving frequency, catalyst, and pulse
modes were varied. Some of the VADER results include a maximum CO, dissociation
energy efficiency of 2.5+ 0.5%, a maximum CO, dissociation rate of 4 +0.4 x10~% mol
COy/s (b £ 0.5% percent dissociation), discovering that a resonant driving frequency
of ~30 kHz, dependent on both applied voltage and breakdown voltage, is best for efficient
CO, dissociation and that TiO,, a photocatalyst, improved dissociation efficiencies by an
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1. INTRODUCTION

Global warming is one of the foremost technological issues in
the beginning of the 21st century. The consequences of global
warming include ocean acidification, a reduction in arctic ice cap
thicknesses and a global increase in severe weather events [1].
Sixty percent of the current global warming trends can be cor-
related with increased CO, emissions from the industrialization
of countries and 90% of CO; emissions come from the burning
of fossil fuels [2]. The largest source of CO; emission is from large
emission sources, such as power plants (~41%).

There are two principal methods for reducing CO, emissions
from large emission sources: carbon capture and sequestration
(CCS) and carbon capture and utilization (CCU). CCS is the pro-
cess of collecting CO; from the flue of a reactor or power plant
using CO, absorbers or chemical processes, followed by trans-
porting the gas to a reservoir to be permanently stored [3]. CCS
entails many complications, including finding a suitable reser-
voir that does not adversely affect the surrounding environment
and which permanently contains the gas and a large energy cost
for separation, transportation, and pumping. Even so, research is
currently being done to overcome these barriers.

CCU entails converting CO, into different chemicals that can
be stored or used commercially. Research into this method of CO;
remediation has taken many forms, including growing bio-fuel
algae and converting CO, directly into hydrocarbons or com-
mercial products using different combinations of heat, pressure,
catalysts and plasma [4, 5]. Each of these methods come with
their own set of issues, which most often stem from low energy
efficiencies and poor chemical selectivity. This work focuses on
the efficacy of atmospheric plasma CCU, specifically using a
Dielectric Barrier Discharge (DBD), and photocatalysts for the

average of 18% at driving frequencies above 5kHz.
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dissociation of CO; into its constituents as a precursor to the
formation of value added chemicals.

The first step to understanding CCU using a DBD plasma is
understanding the chemistry of non-thermal, atmospheric pres-
sure plasmas. Section 2 reviews the dissociation chemistry of CO3,
followed by a set of models of the DBD dynamics and chemistry
important for CO, dissociation. The model was compared to the
results of the Versatile Atmospheric dielectric barrier Discharge
ExpeRiment (VADER). The VADER experimental setup is dis-
cussed in Section 3 and the experimental results are in Section 4.
The results include the CO, dissociation efficiencies, dissocia-
tion rates and the different variables that affect efficiency. For full
details about the models and experiments, see Lindon [6].

While the work herein focuses on CO, dissociation, it should
be noted that the techniques and analyses shown can be general-
ized to other plasma chemical reactions, specifically endothermic
reactions within a plasma.

2. THEORY
2.1. CO, DISSOCIATION CHEMISTRY
The simplest dissociation pathways for CO; are:

COy + heat - CO+ O

k
AH ~ 532.2 —I = 5.52 eV/molecule. (1)
mol

where AH is the change in enthalpy. The oxygen atom (O) reacts
with other oxygen atoms or CO; to form O,

k
AH ~ 32.8 —] = —5.16eV (2)
mol
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or

k
0+ CO; — 0, +CO AH ~32.8 —]1 =0.34eV. (3)
mo

Combining the above equations give the full reaction [7]
1 kJ
CO, —> CO+ -0, AH~2833 —— =294¢V. (4)
2 mol

Activation energy is the minimum input energy needed to start
a reaction. The activation energy for CO, dissociation is ~5.52
electron volts (eV). After energy equal to or greater than the acti-
vation energy is supplied, either 2.58 eV of input energy per O is
recovered through oxygen recombination or an additional 0.34 eV
is spent to remove an oxygen from a CO; molecule; easily attain-
able in a plasma. Thus, the minimum energy cost for dissociating
a single CO; molecule into carbon monoxide (CO) and half an
oxygen molecule (O) is 2.94 eV.

These chemical equations only include the most basic and effi-
cient dissociation paths. They do not include the many single and
multistep reaction paths that occur within a CO, plasma, nor any
chemical and system inefficiencies, including quenching, energy
recuperation, energy deposition in the molecular energy states,
and higher energy reaction pathways.

Quenching refers to the rate at which reactants are cooled in
an effort to halt or slow down reverse and/or unwanted reac-
tions. If a CO, plasma isn’t properly quenched, reverse reactions
(like CO+ 30, — CO; AH ~ —2.94 eV/molec) will dom-
inate the system kinetics as the gas cools [8]. The best way to
suppress these reverse reactions is to use a system with a very large
quenching rate or to use an intrinsically low temperature system,
like a DBD or corona discharge, for dissociation.

Energy recuperation is linked to quenching and is the ability
of a system to reuse the input and reaction energies of a chem-
ical system for other purposes. In the case of CO, dissociation,
not recuperating any of the reaction energies is equivalent to
losing 2.58 eV per CO; dissociated; due to oxygen atom recom-
bination (5.16 eV, Equation 2). Energy recuperation is partially
addressed with the inclusion of a photocatalyst into the reaction
chamber (discussed in Subsection 4.2.6), however, cooling and
energy losses outside of the reaction chamber were not addressed.
Therefore, CO, dissociation in VADER is guaranteed to require
energies greater than 2.94 eV per reaction.

In a molecule there are four reservoirs (states) into which
energy can be deposited: the vibrational, electronic, rotational
and kinetic states. Energy in each of these reservoirs enable a dif-
ferent path for dissociation with a different efficiency. According
to theory, the most efficient CO, dissociation path puts all of
the energy into vibrational excitation, while keeping kinetic, elec-
tronic and rotational energies at a minimum [8—10]. For example,
by exciting the asymmetric vibrational states of CO, with a
microwave discharge at moderate pressures (50-200 Torr), CO,
was dissociated with an energy efficiency of up to 90% |8, 11].
However, direct excitation of vibrational modes using electro-
magnetic radiation has several issues at atmospheric pressures,
including relatively low energy efficiencies and problematic opti-
cal access in carbon-rich processing systems.

DBDs and corona discharges preferentially excite electronic
states. However, electron energy is efficiently mode-converted to
vibrational energy during collisions with CO,. The electronic-
vibrational cross-section for CO, peaks at electron ener-
gies between 3 and 6eV with a cross-section greater than
1x 107 cm? for 1eV< T, <10¢€V; allowing for an effective
pathway for vibrational excitation and CO; dissociation [12].
Electronic excitation also allows for additional dissociation path-
ways, the most common of which are dissociative attachment,
impact dissociation, and dissociative ionization [13, 14]. These
additional reaction paths have considerably smaller cross-sections
as compared to vibrational excitation, but can occur at lower
electron energies. For instance, dissociative attachment occurs at
electron energies as low as 3.4 eV [12, 15, 16].

Another form of energy deposition inefficiency stems from the
numerous dissociative pathways within a plasma. Longer path-
ways require larger energy input, which take energy away from
dissociative processes and increase the need for energy recupera-
tion. The majority of these higher energy dissociative pathways in
a CO, plasma come from radical chemistry and ionization pro-
cesses, for instance oxygen (O) relaxation; CO;, CO*, and O
ionization and recombination; and charge exchange [6].

2.2. DIELECTRIC BARRIER DISCHARGES (DBDs)

The DBD was first developed in 1857 by Ernst Werner Von
Siemens for use in ozone production and was originally called
the “silent discharge” [17]. The DBD is a high pressure, non-LTE
(non-local thermodynamic equilibrium), transient, low temper-
ature plasma discharge. Given their operating temperatures, high
plasma densities, and high electron excitation efficiencies, DBDs
are an attractive candidate for CO, dissociation (see Table 1). The
design of a DBD is similar to an arc plasma (two electrodes and
an air gap). However the DBD has a high breakdown voltage
dielectric placed between the electrodes to impede arcing. The
DBD discharge is a short lived (1-100 nanosecond scale) elec-
tron cascade brought on by the large electric fields created within
the air gap [18-23]. The cascade is self-terminating and only
repeats when the applied voltage changes sign, because the elec-
tron cascade charges the dielectric surface and shields the electric
field from the air gap. Therefore, typically a DBD consists of one
grounded electrode and the other is attached to a high frequency
(60 Hz—500 kHz), high voltage (0-500 kV) power source.

Each DBD cascade leaves a population of high energy par-
ticles in its wake. If the driving frequency is sufficiently high
(>1kHz), the remaining energized particles fuel the next cascade.
The repeated reignition of the plasma in the same location creates
a streamer plasma, the most common discharge in a DBD (oth-
ers include the atmospheric pressure glow discharge). A streamer

Table 1 | General characteristics of an atmospheric pressure streamer.

Ne 10'4-10"" cm~3 Filament radius ~1073-10"%m
Te 1-10eV Streamer duration 1-10ns
Tg <400K Peak current 0.1-1A

Density and temperature values listed are for the center of the discharge and
the magnitudes decrease with distance from the center of the streamer [24].
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FIGURE 1 | The anatomy of a single DBD streamer with dielectric
covering one electrode.

is an oscillating, non-LTE, filament-like plasma created by a large
electric field and consists of three regions: two surface discharge
regions and a micro-discharge channel (see Figure 1). The sur-
face discharge regions are where the plasma is in contact with
either a dielectric or electrode surface and generally has a diame-
ter between 1 cm and 1 mm. The surface discharge is due to the
opposing electric field of the charges on the dielectric surface
which deflect impinging particles. The surface discharge diameter
is reduced on electrode surfaces due to electrons being conducted
out of the system. The micro-discharge channel is a thin channel
of plasma outside of the surface discharge regions and is simi-
lar to the initial cascade of an arc plasma, consisting of a very
thin dense column of plasma connecting the two surface dis-
charges. The typical plasma characteristics of the streamer are
listed in Table 1 [24]. Due to the localized nature of streamers, it is
common for multiple streamers to form across the electrode sur-
faces. The number of streamers that form, and in turn the plasma
volume, is dependent on many variables including the applied
voltage, driving frequency, gas pressure, gas composition, system
geometry, electrode and dielectric materials. In general, higher
potentials across the air gap and low ionization energy gases lead
to higher streamer densities. A detailed description of streamer
dynamics is given in Lindon [6].

2.3. DBD PLASMA CHEMICAL MODEL

To understand the chemistry of CO, dissociation within a DBD,
a simple, 0-D DBD plasma chemical model based on streamer
dynamics within a micro-discharge channel was developed. The
model calculates the electron, ion and chemical reaction rates
based on the three overlapping stages of a streamer: the cascade
phase, the afterglow phase and the ground state phase [18, 25].
The parameters of the model were based on VADER param-
eters with a flow rate of 200 standard cubic centimeters per
minute (SCCM) passing through a 0.3175 cm? inlet cross-section
and a driving frequency of 30 kHz. The model was compared to
one of VADER’s best experimental results in which 5% of CO,
was dissociated using the above parameters (a gas composition
of 92.5% CO,, 5% CO and 2.5% O,); which corresponds to
an ~4x107°% mol/s conversion rate and a volumetric reaction

rate, r, of ~1.25x107° mol/cm? 5. Therefore, reaction rates sig-
nificantly below these rates are ignorable. This same analysis and
reaction rate metric was applied to a plasma with a gas compo-
sition of 56.5% CO,, 40% Ar, 3% CO, 1.5% O, to compare to
experimental results with 40% argon.

2.3.1. The cascade phase
The cascade phase encompasses streamer formation (the cas-
cade) and shielding of the external electric field. Within the first
nanoseconds of the cascade, the electron and ion densities reach
a maximum of anywhere from 10'2-10'> cm ™3 with average elec-
tron temperatures between 1 and 10 eV. Once the cascade reaches
the electrode/dielectric, it dissipates due to shielding. During
these several nanoseconds (10ns in the model) of high energy
and high density electrons, electron impact reactions dominate
and endothermic reactions are possible.

The reaction rates during the cascade phase were calculated
using

moles ©

r( 3 ) 2/ f(ve)o (ve)velAldve x L (5)
cm’s 0

where r is the reaction rate, v, is the electron velocity, f(v.) is

the Druyvestyn electron velocity distribution function (f(v) =
(m?)?
e (kTe?

as suggested in Carman and Mildren [26]), o (v,) is
the relevant electron-CO, cross-section, [A] is the target ion or
neutral density, and L is the time the plasma is within the cas-
cade phase over the time in the afterglow and neutral phase. The
relevant electron-CO; collision reactions and their correspond-
ing cross-sections are tabulated in Lindon [6]. The cross-sections
were obtained from Itikawa [12], Anzai et al. [27], Seiersen et al.
(28], McConkey et al. [15], Itikawa [29], Peverall et al. [30],
Sheehan and St Maurice [31], Rosén et al. [32], Rapp and Briglia
[33], Schulz [34], Zecca et al. [35], Rejoub et al. [36], Derai
et al. [37], Flesch and Ng [38], and Flesch et al. [39]. A mini-
mum electron density of 7, = 1012 cm™3 was assumed to provide
a lower limit on the important reaction rates occurring within
the streamer. All reaction rates scale linearly with electron den-
sity, except for reactions involving charged particles which scale
with 2.

2.3.2. The afterglow phase and neutral phase

Once the electric field is shielded during the cascade phase, the
streamer enters the afterglow phase. The afterglow phase is domi-
nated by free radical chemistry. Free radicals are created following
the recombination of electrons with ions and the high energy
reactions within the cascade phase [18, 25]. During this phase, the
electron temperature and density quickly drop as electrons collide
with particles and recombine at a high rate. Approximately 1 ms
after the initial discharge, the population of free radicals becomes
small enough that ground state chemistry dominates. Due to the
small neutral temperatures found in a DBD, CO; neutral chem-
istry is slow and the chemistry favors reverse reactions. Therefore,
DBDs for CO, dissociation and other endothermic reactions are
often pulsed at frequencies such that time in the ground state
phase is minimized (>500 Hz).
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The free radical, recombination and neutral reaction rates for
gas temperatures (T,) between 300 and 3000 K were calculated
using the rate equation

— M HRIRIR
r= = [R1][R2][R3]

(6)
where k is the rate coefficient and [R;], [R»], and [R3] are the
molar densities of reactants 1, 2, and 3 ([R3] = 1 for second order
reactions). A list of the relevant reactions and corresponding
rate coefficients are in Lindon [6]; the rate coefficients were
tabulated from Derai et al. [37], Seiersen et al. [28], Rosén et al.
[32], Seiersen et al. [40], Sheehan and St Maurice [31], Peverall
et al. [30], Tsang and Hampson [41], Hippler et al. [42], Heimerl
and Coffee [43], Shaw [44], Atkinson et al. [45], Pshezhetskii
et al. [46], Harteck and Dondes [47], Toby et al. [48], Arin and
Warneck [49], and Mick et al. [50]. CO;, CO, O, and Ar densities
were scaled to atmospheric pressure densities (n = 2.454 x
10" cm™?) based on their individual partial pressures. A density
of n, = 10'2 cm ™3 was assumed to determine the minimum elec-
tron reaction rates. CO;', COT, and O;‘ densities were scaled to
the electron density based on their partial pressures. The O den-
sity was assumed to be 3.43 x 10'* cm™3, as this is the minimum
O density needed for ~5% dissociation in VADER at 200 SCCM
and 30kHz (4 x 10~® mol/s). Therefore, the calculated reaction
rates including O are minimum reaction rates. Ozone was not
detected in any of the VADER experiments. However, ozone
quickly breaks down even at low temperatures and ozone was

found to be a favorable reaction even with minimal amounts
of atomic oxygen. Therefore, the ozone density was scaled to
the ozone production rate (O + O+ M — Oz + M) and the
driving frequency, yielding an ozone density of ~10'3 cm™3.

2.4. CHEMICAL MODEL RESULTS

The results of the DBD chemical model for the cascade phase
are shown in Figure2. Figure2C shows the ionization rate
is ~107® mol/cm?s at T, ~8 eV, which is consistent with densi-
ties and temperatures found within DBDs. Using this temperature
as a baseline for the cascade phase, Figure 2B shows that the
largest reaction rate is e-CO, vibrational excitation. While these
large vibrational excitation rates suggest that a DBD highly excites
the vibrational states which lead to a significant portion of CO,
dissociation in a DBD, it was calculated that vibrational to trans-
lational (V-T) relaxation is also relatively high at atmospheric
pressures (2.6 x 10~# mol/cm?s versus a vibrational excitation
rate of 3 x 10~% mol/cm?’s). These high V-T relaxation rates sug-
gest that vibrational excitation may only play a limited role in
CO; dissociation at atmospheric pressures [8, 51-53]. A simi-
lar modeling result was obtained by Aerts et al. [54] and Kozak
and Bogaerts [55]. Therefore, it is important to consider the
other dissociative reaction rates in Figure 2A. The highest dis-
sociative reaction rates at 8eV are CO dissociative attachment
followed by e-CO; impact dissociation. The large CO dissociative
attachment rate suggests that CO molecules within the plasma
absorb a considerable amount of energy. CO reactions are unfa-
vorable in VADER as they reduce the amount of electron energy

Dissociative Reaction Rates Vib. Excit./Charge Exch. Reaction Rates Other Reaction Rates
0.01 T CO}+ 2 T ; T T T T T T T T T T T T T T T
ecomb —+—
OO?DQ Attach A B c
5 e-Impact —— Ria IR e s e
0.001 -0, Diss fon (CO*) --53-- T T .
CO, Diss Ion (OF) —l—
O% Recomp - o - W
L > Attac 1 1 _
St Os e-Impact - - A -
Og Diss Ion —&—
COT Recomb -V -+
1e-005 CO Attach —%— -+ K - _
a2 CO e-Impact + ¢ «- i A
§ CO Diss Ion COs TOtOXSIec " &
- el o 5 lon - - X |
§ 1e-008 Oq Tot Xsec —+—
3 O, Ton ++f} -
g e -0 -0 -0--0 80080 | CO Tot Xsec —lli—
> 1e007 - -+ -+ COlon- ©:- -
9 CO Elec ——
§ Tot Ton - - A
5 16008 |- -+ -+ g
] COy Vib ——
= 05 Vib - % -
1e-009 -+ CO Vib —— e
COF + Oz Ch Exch (3 -
1e-010 + - —+ _
£
1e011 - ¢ - T oo 7
e : o
v . -6 e}
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FIGURE 2 | Cascade phase reaction rates—92.5% CO,, 5% CO, 2.5% O,. (A) Dissociative reaction rates. (B) Vibrational excitation and charge exchange
reaction rates. (C) Other reaction rates.
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that goes toward CO, dissociation. However, for the purposes of
forming value-added chemicals, the carbon atoms created during
CO dissociative attachment could be used to form longer carbon
chains. Additionally, CO and O, vibrational excitation similarly
take energy away from CO, dissociation and have similar reaction
rates to CO attachment, thereby creating an additional energy loss
mechanism in VADER.

In the wake of the cascade, plasma temperatures decrease
and lower electron temperature chemistry becomes important.
Figure 2A shows that at lower electron temperatures (<4 eV), the
dissociation reaction rate drops significantly and CO; attachment
dominates. Below 2 eV, dissociative reaction rates are negligible.
There is also considerable vibrational excitation, but at lower elec-
tron temperatures it is presumed that far fewer of those reactions
will initiate dissociation.

Once the electron cooling has finished, the plasma enters
the afterglow phase; which is initially dominated by the relax-
ation of charged particles (see Figure3A). The model shows
that this relaxation is dominated by COJ charge exchange with
O, (CO;‘ + 0, - CO, + O;'). This charge exchange process
reduces the COJ population, which reduces CO; recombina-
tion (e + CO;r — CO + O) and encourages O; recombination
(e + O;‘ — O + O); areverse reaction.

Once the charged particles are neutralized, the neutral and
radical reactions dominate (Figure3B). At a T, > 500 K, the
reverse reactions are preferred. O and O, preferentially react with
CO to reform CO,, given a small population of CO and O,
background gas. At Ty < 500 K, the preferred reaction is the
formation of ozone. Looking at the reaction rates for ozone, ozone

preferentially decays into O, at lower temperatures (<500 K).
This suggests that the preferred relaxation pathway for CO, dis-
sociation in DBDs involves the formation and decay of ozone,
similar to what is seen in ozonizers [56].

The cascade phase reaction rates with argon are shown in
Figure 4. Modeling with argon doping was performed because of
the significant gain in CO, dissociation efficiency with the addi-
tion of argon observed in the experiments. The model shows that
the dissociative reaction rates and ionization rates are minimally
affected by the addition of argon. The one significant change due
to the addition of argon is the Ar™-CO, charge exchange rate,
which is more than 100 times larger than other charge exchange
rates. While not quantitative, this suggests that Ar™-CO; charge
exchange could be responsible for increased CO;r populations,
which results in dissociation following electron-CO; recombi-
nation. Due to the large binding energies of argon, argon has a
minimal effect on the afterglow/neutral phases beyond affecting
the charge exchange reactions and reducing the overall reaction
rates.

3. VADER DESIGN
The Versatile Atmospheric Dielectric barrier discharge
ExpeRiment (VADER) was designed to examine the vari-
ables that affect CO, dissociation within a DBD. The detailed
design is described within Lindon [6]. VADER is a planar DBD at
the center of a 20.32 cm Lesker 6 way CF cross. A diagram of the
system is shown in Figure 5.

To control the gas flow within the reaction volume, the VADER
DBD was created by sandwiching a custombuilt reaction box

Ion/Electron Reactions
0.01 T T T T T T

Radical /Neutral Reactions

0.001
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1e-006 |-
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[
1e-009 - O+04+M—>0+M +
O+CO+M—CO+M x
0+ COy — 02 +CO  x
1e-010 0;4+4CO—=0+C0O; O
Os+0+M—-0:+M B
O+ M—=0+0+M o
O3 — OQ +0 . ”
1e011 |- 0s+0-520, A + o ° .
203 —+ 302 A . * o
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1e-012 1 1 | 1 1 | | * 1 | 1
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FIGURE 3 | Afterglow and Neutral phase reaction rates—92.5% CO,, 5% CO, 2.5% O5. (A) lon and electron reactions. (B) Radical and neutral reactions.
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FIGURE 4 | Cascade phase reaction rates—56.5% CO3, 40% Ar, 3% CO, 1.5% O,. (A) Dissociative reaction rates. (B) Vibrational excitation and charge

exchange reaction rates. (C) Other reaction rates.
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FIGURE 5 | A schematic of the VADER system.
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between a stainless steel (SS) high voltage electrode and a SS
ground electrode. The DBD, in layered order, consisted of a 5cm
diameter HV electrode, a 0.3175cm thick quartz dielectric, a
0.3175 cm air gap and a 5.7 cm diameter ground electrode giv-
ing a total reaction volume of ~3.2cm?. The ground electrode
was slightly larger than the HV electrode to increase uniformity.

For experiments using a catalyst, the quartz disk was replaced by a
quartz disk with a thin film, <0.025 cm thick, of P25 TiO; applied
to a ~5 cm diameter patch at the center of the disk.

Gas flow through the reaction volume was regulated using a set
of MKS 500 and 100 SCCM mass flow controllers supplying CO,
and Ar, respectively. The pressure within the reaction box was
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monitored with an Ashcroft compound vacuum pressure gauge
and regulated using a throttling valve (needle valve) attached to
a Pfeiffer Xtra dry vacuum pump. To measure the output gas
properties, a two stage capillary leak system connected to a resid-
ual gas analyzer (RGA) was teed off the exhaust line ahead of
the throttling valve. The capillary leak was designed by Vacuum
Technology Incorporated (VTI) and was connected to a Stanford
Research Systems (SRS) RGA100. The first stage pressure was reg-
ulated using a Pfeiffer Xtra dry vacuum pump (760 Torr to 1072
Torr) and the second stage was regulated using a Pfeiffer TSH-
521 turbo pump (1072 Torr to 10~ Torr). The pressures in the
second stage were measured with an SRS ion pressure gauge and
Convectron™ gauge. The RGA was calibrated by flowing Ar, CO
and air into the system at varying pressures and recording the
RGA’s response. Before and after each experimental run the entire
gas system was flushed with new gas.

Two HV power supplies were used to power VADER’s HV elec-
trode: a TREK 10/10B HV power amplifier with signal input from
a HP 33120A 15MHz Waveform Generator and a DIDRIV10
power supply from amazingl.com. The TREK power amplifier
outputted +10kV over the frequency range 0-2.5 kHz with a cur-
rent limit of 10 mA and a max output power of 50 W. At higher
driving frequencies, the voltage dropped linearly with frequency
such that at 7kHz the output voltage was +=5kV. Due to these
voltage limitations, all experimental runs using the TREK power
supply were performed at the maximum voltage available. Output
power from the TREK power supply was measured using its built-
in current and voltage monitors. The DIDRIV10 power supply
outputted a maximum voltage of 1.9kV and 513 mA at 28.4kHz
and +1.7kV and 455 mA at 30 kHz, these were the only two fre-
quencies that consistently formed a plasma. Due to the variation
in maximum voltages with frequency, the voltage readings for the
DIDRIV10 power supply are reported as either 100% (the max-
imum voltage setting) and 90% (90% of the maximum voltage).
Output power from the DIDRIV10 power supply was measured
using a Rogowski coil and a voltage divider.

4, RESULTS AND DISCUSSION
4.1. EXPERIMENTAL SETUP
The VADER experiments focused on the effects of multiple vari-
ables on the dissociation rate and efficiency within a DBD. The
tested parameters are listed in Table2. The dissociation rate
(dN/dt) was calculated using the change in partial pressures of
CO and O, (Ap) measured by the RGA and the ideal gas law
(PV = NRT),
choz ulAp

i~ CRr @)

where C is a chemical constant (1 for CO and 2 O;, because
CO; — CO +1/20,), u is the volumetric flow rate through the
reaction volume (dV'/dt), R is the ideal gas constant and T is the
system temperature (~298 K for all runs). The CO; dissociation
efficiency (1) was calculated from

_ 04| &V |NL (8)
1= olec | dr P’

where P is the forward power of the power supply. The major
sources for error in the results come from the RGA readings,
which give an error of ~14% and ~10% for O, and CO mea-
surements, respectively.

Different experimental setups were compared using the per-
cent difference in dissociation rate and efficiency due to a single
variable. For instance, the percent difference in energy efficiency
due to the addition of a catalyst was calculated using

T]Catalyst — 1INo Catalyst

% Diff =
(nCatalyst + No Catalyst)/ 2

9)

where ncatalyst is the average energy efficiency for one experimen-
tal setup using a catalyst and 7N Catalyst i the average energy
efficiency of the same experimental setup without a catalyst. By
applying this calculation to every combination of variables and
using a bin size of 2.5%, a statistical distribution of the effects
of the catalyst is created. The same analysis is applied to each
set of system variables for both energy efficiency and dissocia-
tion rate. Since different experimental setups are being compared,
the appropriate analysis metrics are the mean, standard deviation
(SD) and G1 sample skewness for each distribution; the results of
which are tabulated in Table 3. Figure 6 is an example of a percent
difference distribution comparing forward power between differ-
ent gas mixtures (see [6] for graphical representations of all of the
data) [57, 58].

4.2. EXPERIMENTAL RESULTS

4.2.1. Energy efficiency and dissociation rate

The highest energy efficiency achieved in VADER was 2.5 &= 0.5%
(107* mol CO,/k], see Figure6). These efficiencies are com-
parable to the highest efficiencies other groups have achieved
(3-10%), but are much lower than what is needed for a commer-
cial system [55, 59-61].

Energy efficiency was highly dependent on the power sup-
ply and gas mixture, see Figure 6. The DIDRIV10 power supply
was considerably more efficient at CO, dissociation than the
TREK power supply. The primary difference between these power
supplies is their driving frequency. The DIDRIV10 operates at

Table 2 | The VADER source parameters.

Variable Tested parameters

Power supply TREK 10/10B DIDRIV10

\oltage 20 kVp-p 90 and 100% of max voltage
(~2-3kVp-p)

Frequency 0-5kHz (0.5 kHz steps)  28.4 and 30 kHz

Pulsed modes  Continuous Continuous, 3.6ms on 0.5ms

off, 2.4 ms on 2.4 ms off
Sinusoidal

Waveform Square wave

Gas flow rate 200 SCCM, 300SCCM

Gas mix 100% CO», 60% CO,, and 40% Ar
Catalyst No catalyst, TiOy

Temperature 20°C

Pressure 760 Torr (1 atm)
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Table 3 | Mean, standard deviation and skew for the percent difference distributions.

Parameter Power supply Energy efficiency Dissociation rate
Mean (%) SD (%) Skew Mean (%) SD (%) Skew
Gas flow rate (200 SCCM—300 SCCM, 100 CO,) TREK -0.2 6.7 -0.1 +4 5.6 +0.05
Gas flow rate (200 SCCM—300 SCCM, 60 CO») TREK —-10.1 3 -0.14 -0.2 3.1 —0.46
Gas flow rate (200 SCCM—300 SCCM) DIDRIV10 +3.7 6.3 +0.04 +5.4 6.6 +0.03
Catalyst (No catalyst— Catalyst) TREK +3.6 6 0.14 -0.2 5.2 +1.23
DIDRIV10 +17.7 7 +0.29 +11.6 5.9 —0.31
Gas composition (100 CO2—60 CO, 40 Ar) TREK +34.4 10.7 +1.29 +25 9.8 +1.36
DIDRIV10 +53.4 25.7 +0.36 +31.1 26.6 +0.36
Voltage (90— 100) DIDRIV10 +24.8 19.5 +0.89 +42.7 17.8 +0.84
Frequency (30 —28.4kHz, 100 CO4, 100 V) DIDRIV10 +22 6.9 -0.49 +54.9 5.6 -0.84
Frequency (30 —28.4 kHz, 60 CO,, 100 V) DIDRIV10 -12.9 6.1 -0.6 +20.5 2.9 -0.63
Frequency (30 —28.4kHz, 100 CO4, 90 V) DIDRIV10 +53.9 9 -0.4 +82.3 8.5 -0.62
Frequency (30 —28.4kHz, 60 CO,, 90V) DIDRIV10 +0.1 4.6 +0.28 +32.8 3.9 -0.18
Pulse mode (2.4 ms on 2.4 ms off—Continuous) DIDRIV10 -7.9 8.5 —-1.27 +55.3 6 —-1.15
Pulse mode (3.6 ms on 0.5 ms off—Continuous) DIDRIV10 -5.7 9.4 —-1.41 +5.9 7.1 —1.68
Pulse mode (2.4 ms on—3.6 ms on) DIDRIV10 —-2.2 5.3 —-0.08 +49.9 3.9 +0.35

Note, the percent difference is the percent change in dissociation rate and energy efficiency between two experimental settings (for instance going from 200 to
300 SCCM) and does not retain information about the experimental energy efficiency or dissociation rate.

6
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FIGURE 6 | Energy efficiency vs. power and dissociation rate vs. (+) correspond to 100% CO, DIDRIV1O data, green x's (x)
power. Blue squares (0) correspond to experimental runs with 60% correspond to 60% CO; TREK data and purple diamonds (<)
CO;, and 40% Ar using the DIDRIV1O power supply, red plus signs correspond to 100% CO, TREK data.

higher frequencies than the TREK power supply (28.4-30kHz
versus 0-7 kHz, respectively), which suggests that higher driv-
ing frequencies (in the range of 30kHz) are significantly more
efficient than lower frequencies (0-7kHz). A similar effect was
reported by Paulussen et al. [59]. This frequency dependence
is attributed to the amount of time the plasma spends in
the afterglow neutral phase going through reverse reactions.
At lower driving frequencies, the discharge spends consider-
ably more time within the afterglow neutral phase. The effect
of replacing 40% of the CO, with argon also greatly improved
dissociation efficiencies (by >50%) and is further discussed in
Section 4.2.4.

The largest dissociation rate achieved in VADER was 4 & 0.4 x
10~ mol/s (5 & 0.5% of the input CO;), see Figure 6. The disso-
ciation rate correlates directly with forward power, which is again
consistent with the results of Paulussen et al. [59]. The reason
for the correlation with power is that forward power increases
with increasing applied voltage, which controls the streamer den-
sity and reaction volume. An increase in the reaction volume
means more gas is being processed and reduces the time during
which the gas cools between streamers. While not seen in these
results, Wang et al. [60] showed that there is a point of saturation
above which increasing the voltage no longer increases the disso-
ciation rate; presumably due to a saturation of streamer density.
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Figure 6 also indicates that argon and higher frequencies signifi-
cantly improve dissociation rates (see Sections 4.2.4 and 4.2.5 for
more details).

42.2. Gas flow rate

The gas flow rate is inversely proportional to the residence time
of the gas within the reaction volume. Wang et al. [60] has shown
that DBD efficiencies decrease with higher percentages of CO,
dissociated. Therefore, it was expected that a decrease in residence
time would increase dissociation efficiencies. However, the per-
cent difference results for changing the flow rate from 200 to 300
SCCM (residence time of 0.97—-0.64 s) in VADER showed a mini-
mal effect on the dissociation efficiency and rate (see Table 3). For
the DIDRIV10 power supply, higher flow rates yielded a 4% with
a standard deviation of 6% (i.e., 4% SD 6%) shift toward higher
energy efficiencies. For the TREK power supply there was a 10%
SD 3% decrease in energy efficiency in cases with argon and no
change with pure CO,. We believe these results are caused by a
buildup of energy in the molecular energy states and product gas
densities within the plasma, which encourage the dissociation of
the product gases. For lower frequency power supplies, product
densities within a streamer stay small and there is limited energy
accumulation. Therefore, cold plasmas with small product den-
sities stay in a regime where the re-use of excited species in the
discharge is more beneficial to CO, dissociation than the effects of
product buildup and heating. The effects of energy accumulation
in the plasma are enhanced with argon due to the slow recom-
bination rates of argon and the longer mean free path of excited
particles.

4.2.3. Voltage

The characteristics of a streamer are invariant to driving voltage
(to an extent). Therefore, the voltage determines the number and
density of streamers in a DBD [62, 63]. The invariance is due to
the short lifetime of a streamer (10 s of nanoseconds) in compar-
ison to the relatively slow changes in voltage even at the higher
frequencies used in VADER (~33 s for one cycle at 30 kHz) [64].
The density of streamers affects the amount of time a volume of
gas is processed within streamers (as opposed to between stream-
ers), which changes the length of time a gas is highly excited
and experiences the neutral phase and its concomitant reverse
reactions. This reduction in reverse reactions explains the large
increases in energy efficiency (4+25% SD 19.5%) and dissociation
rate (+43% SD 18%) as voltage was increased in the DIDRIV10
experiments (see Table 3). These results run counter to those
reported by Paulussen et al. [59], Wang et al. [60], and Zheng
et al. [61]. However, the frequency and voltages used in VADER
were much different than those groups’ DBD parameters. Note,
the large variance in the percent difference values for the volt-
age’s effect is because voltage, gas composition and frequency are
interrelated; which is further discussed in Section 4.2.5.

4.24. Gas composition

The addition of argon into the feed gas had the single greatest
effect on dissociation efficiencies and rates (see Table 3). For the
TREK power supply, energy efficiency increased by 34% SD 11%
and the dissociation rate by 25% SD 10%. For the DIDRIV10
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FIGURE 7 | Percent difference in forward power between different gas
compositions for the DIDRIV10 power supply. The distribution shows
that adding argon (100-60% CO,) decreases the forward power.

power supply, energy efficiency increased by 53% SD 26% and
dissociation rate by 31% SD 27%. These increases in efficiency
and dissociation rate with the addition of argon occurred despite
a24% decrease in forward power for the DIDRIV10 power supply
cases (see Figure 7). Note, the large variance in energy efficiency
for the DIDRIV10 case is due to the relationship between voltage,
gas composition and frequency discussed in Section 4.2.5.

We propose that the increases in dissociation efficiency and
rate are due to a combination of charge exchange between Art
and CO, (ArT 4+ CO, — Ar + CO;') and a reduction in the gas
breakdown voltage. Art/CO, charge exchange increases the CO5
populations, which increases CO, dissociation rates following
CO; recombination (CO;' + e — CO + O); as suggested by the
0-D model. The reduction in breakdown voltages is due to the
limited number of argon electronic states, which limit inelastic
collisions and recombination rates with argon. The combination
of reduced inelastic collision rates with the low recombination
rate of argon increases the mean free path of electrons in the
plasma, which gives electrons a longer time to accelerate within
the external electric fields. This increase in mean free path is bal-
anced with the lower voltages needed for breakdown. Thus, the
electron temperatures and densities are invariant to the change in
breakdown voltage, as seen by Zhang et al. [65], and the net effect
is similar to increasing the applied voltage (see Section 4.2.3).

4.2.5. Driving frequency

The driving frequency determines the time the plasma is within
each of the three discharge phases, which affects the reaction
kinetics of the plasma. Figure8 shows that frequencies near
30 kHz have almost double the efficiency of those between 1 and
5kHz in VADER.

The DIDRIV10 power supply percent difference results show
that the frequency dependence of dissociation is highly depen-
dent on the applied voltage and gas composition (see Table 3).
For example, looking at the percent difference in energy efficiency
for the 100% CO;, 100% voltage case (22% SD 7%) there is an
increase in efficiency when going to lower frequencies. This effi-
ciency result implies that when the gas is 100% CO, and the
power supply is at max voltage, dissociation is more efficient
at lower frequencies (28.4 kHz as opposed to 30 kHz). However,
when the gas is 60% CO, and 40% argon, the percent difference
is negative (—13% SD 6%) meaning higher frequencies are more
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FIGURE 8 | Energy efficiency vs. frequency. Blue squares (0) correspond
to experimental runs with 60% COy and 40% Ar using the DIDRIV10 power
supply, red plus signs (+) correspond to 100% CO, DIDRIV10 data, green
x's (x) correspond to 60% CO, TREK data and purple diamonds (<)
correspond to 100% CO, TREK data. The drop in energy efficiencies
between 3-5kHz, are due to the voltage limits of the TREK power supply.

efficient. This change in energy efficiency with gas composition is
similarly seen when comparing the two 90% voltage cases (54%
SD 9% with 100% CO; and 0% SD 5% with 60% CO5). A similar
trend is found when the gas compositions are kept constant and
the voltages are increased. These results imply that dissociation is
more efficient at higher frequencies when the applied voltage is
high and the breakdown voltage is low and vice versa for lower
frequencies. A similar effect was reported by Paulussen et al. [59]
and Liet al. [66].

The changes in CO; dissociation energy efficiency with fre-
quency suggest that there is a resonance between the driving
frequency and the plasma chemistry within a DBD. It is hypothe-
sized that this occurs due to a predator-prey relationship between
the different plasma reactions. Comparing these results to the
model, if the frequency is too low, the gas spends additional
time within the neutral phase going through reverse reactions.
If the frequency is too high, the gas doesn’t have time to relax
and form the final products. A short relaxation time also leads
to an increase in the vibrational energy of molecules (which
explains why DBD excimer lamps work best at higher frequen-
cies, 10-100s of kHz) [63, 67]. This energy build up causes
more CO, breakdown, but also encourages the breakdown of the
final products and produces long lived free radical populations
which increase afterglow reaction rates, like O+ CO — CO,.
These results imply that efficient dissociation requires a balance
between relaxation times (time for final products to form) and
the discharge times (time for CO, to be dissociated).

4.2.6. Catalyst

To address some of the issues of energy recuperation in VADER,
a catalyst was applied to VADER’s dielectric surface. A traditional
catalyst is ineffective, due to the small differences in activation

energy of CO, dissociation (~5.5eV) and the energy of forma-
tion of CO; from CO and O (~5.5eV). Therefore, the photocat-
alyst P25 TiO, was used. A photocatalyst is a material that acts
like a catalyst only when it absorbs enough energy to bridge the
materials electron band gap, that energy is then applied to the
reaction. In VADER, the energy of the cascading electrons and
ions, which would normally be lost to heating the electrode and
dielectric surfaces, was used to activate the catalysts and cause
further dissociation.

The effect of the photocatalyst during the TREK power sup-
ply experiments (lower driving frequency) showed a very small
increase in the energy efficiency (4% SD 6%) and no change in
the dissociation rate (0% SD 3%) with the addition of TiO; to
the reaction volume (see Table 3). The slight increase in efficiency
is explainable by the small shift in the measured forward power
of the plasma with the addition of the catalyst (—4% SD 6%).
Therefore, at driving frequencies between 0-5kHz the catalyst
had no effect on dissociation.

When using the higher frequency DIDRIV10 power supply,
there was a consistent increase in energy efficiency (18% SD
7%) and dissociation rate (12% SD 6%) with the addition of
TiO; to the reaction volume. This increase in dissociation was
accompanied by a small decrease in forward power (—6% SD
5.5%). However, the change in power is not enough to explain the
increase in dissociation rate. Therefore, the TiO, must be respon-
sible for the increased dissociation efficiency and rate at these
higher frequencies (~30 kHz).

We propose that the catalyst results are due to the relaxation
time of the catalyst and the differences in particle flux. For a pho-
tocatalyst to work, it needs to be energized. If the time between
cascades is long, the energy deposited into the catalyst by the elec-
tron cascade has time to diffuse out of the system (i.e., relax), for
instance through conduction or emission. By using a higher driv-
ing frequency, the time for relaxation is reduced and the number
of cascades increase within the same time period, i.e., particle
flux increases. The increased flux and reduced relaxation time
allow more particles to interact with the energized photocatalyst
surface.

4.2.7. Pulse mode

The adjustable pulse mode settings of the DIDRIV10 power sup-
ply were used to look at the effects of plasma startup on the energy
efficiency and conversion rates in VADER. The three pulse modes
tested were 2.4 ms on 2.4 ms off, 3.6 ms on 0.5 ms off and contin-
uous. At atmospheric pressures, it takes several milliseconds for
ionized particles to recombine after the power supply is turned
off. Therefore, charged particles in the 2.4 ms on 2.4 ms off case
had more than enough time to recombine [18].

The experiments showed a minor increase in energy efficiency
and a large drop in dissociation rate when comparing the pulsed
plasma to a continuous plasma (see Table 3). The dissociation
rates are directly related to the duty cycle of the pulses (5, /(ton +
toff) x 100). For example, the 2.4 ms on, 2.4 ms off (50% duty
cycle) dissociates approximately half the CO, of the continu-
ous mode (see Figure 8). According to the models, a reduction
in dissociation rate (therefore CO, dissociation product densi-
ties) should increase the energy efficiency of the discharge, but
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it is unclear if the energy efficiency gains are due to pulsing or
a reduction in product density. However, since the energy effi-
ciency change by pulsing was expected to be relatively small and
the change in energy efficiency was also small, the effects of CO,
products on dissociation in VADER must also be small.

5. SUMMARY

Using models and experiments, the important chemistry and
plasma dynamics of a DBD for CO, dissociation was investigated.
To better understand the dynamics of the plasma chemistry, a 0-
D plasma chemical model was developed. The model included the
important reaction rates during each phase of the discharge and
how they relate to the CO, dissociative process. Key predictions
of the model are that:

1. CO, dissociation is controlled by a combination of vibrational
excitation, electron impact and recombination reactions. The
rates of these reactions are highly dependent on electron tem-
perature, with higher CO, dissociation rates achievable at
higher electron energies.

2. Once CO; is dissociated into CO and O, the relaxation of O
during the afterglow phase and neutral phase determine the
final chemical state of the gas. Relaxation of O (in a CO;
plasma) usually ends in the formation of O,, ozone or CO;.
When CO and O; are present (> 0.001% of total gas) the
model shows that O, is preferentially formed through a reac-
tion path following ozone formation and decay, which occurs
efficiently at gas temperatures below 500 K.

3. As more CO; is dissociated in a DBD, the CO and O, densities
influence the chemistry by absorbing large portions of electron
energy that would otherwise go toward CO; dissociation. This
same effect has been reported by other groups [59-61].

Further improvements to the chemical model would entail incor-
porating the temporal evolution of the discharge, expansion from
a 0-dimensional to a multi-dimensional model, and the inclusion
of more chemical reactions and surface chemistry. The Plasmant
Group in Germany is currently developing a more advanced 0-d
chemical model that takes into account vibrational excitation and
excimer formation in a CO, DBD [54, 55].
The key experimental results were:

1. Energy efficiency of CO, dissociation in VADER was low,
never exceeding ~2.5 £ 0.5%.

2. The CO, dissociation rates in VADER were modest, with
a maximum dissociation rate of ~4 x 107% + 0.5 x 107°
mol/sec and a maximum CO; percent conversion of ~5%.

3. When the gas breakdown voltage (gas composition) and driv-
ing frequency are held relatively constant, the dissociation rate
in VADER was found to increase linearly with power. Wang
et al. [60] has shown that at higher powers this linear trend
plateaus, due to an increase in product densities.

Experiments in which the effects of variations in the gas flow rate,
driving voltage, gas composition, frequency, photocatalyst, and
pulse sequence demonstrated that:

1. The gas residence time (flow rate) and pulse mode were found
to have a small effect on dissociation efficiencies and rates.
We propose that the effects of gas residence time on disso-
ciation are dependent on the plasma driving frequency and
gas composition due to the buildup of dissociation products
and energy in molecular states with longer residence times.
Consistent with the gas residence time, the pulse mode results
revealed that the amount of product gases created within
VADER have a small effect on CO, dissociation rates and
efficiencies.

2. Increasing the driving voltage and adding argon to the feed gas
significantly improved CO, dissociation efficiencies and rates
in VADER. We propose that these increases in efficiency and
rate are due to an increase in streamer densities and in the
case of argon, increased Ar-CO; charge exchange. We note
that because other groups have shown that there is a limit in
the number of streamers that can be formed within a volume,
these gains in dissociation efficiency and rate are likely to be
limited [60].

3. For each applied voltage and gas composition, there appears
to be a resonant driving frequency that yields the best CO,
dissociation efficiencies and rates. We hypothesize that the res-
onant frequency is due to a predator-prey relationship between
CO, dissociation rates and product gas formation rates (CO
and O,).

4. For the first time, a photocatalyst has been shown to improve
CO, dissociation within a DBD plasma. These improvements
in dissociation efficiency and rate were found to only occur
at driving frequencies above 5kHz, which is likely due to the
relaxation rate of the catalyst and the increased particle flux to
the catalyst surface with higher frequencies.

Further research into CO; dissociation using a DBD should
expand on the results listed above. These experiments should be
carried out with more commercially viable DBD designs; a DBD
with a cylindrical geometry for instance. A larger range of flow
rates should also be investigated to verify the effects of the gas
residence time on dissociation. A power supply with a larger and
more stable range of frequencies, voltages and power is needed
to quantify the relationship between resonance frequencies, volt-
ages and gas compositions. Since these experiments demonstrated
that dissociation rates improve with a reduction in gas breakdown
voltage, it would be prudent to look at the effects of adding dif-
ferent gases to a DBD; including further studies into converting
CO; into a value added chemical. Many groups have done tests
using various structures, foams, etc. for incorporating different
catalysts into their experiments [66, 68—71]. Similar experiments
using TiO; should also be attempted.
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