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Why study CO2 plasmas? 1. Climate issues

Motivations: CO2Ґ ǿŀǎǘŜΧ ƻǊ Ǌŀǿ ƳŀǘŜǊƛŀƭ Κ

+
ÅSolarfuels
ÅPlatform moleculesfor 
organicchemistry

Challenge:To activate CO2 chemical conversion via vibrational excitation
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R. Snoeckxand A. Bogaerts, 
Chem. Soc. Rev., 2017, 46,
5805ς5863

Xu, Shanshan, et al Journal of 
Physics D: Applied Physics 
54.23 (2021): 233001.

Plasma/Catalysis

Plasma sources 
for efficient CO2
conversion



Otherapplications of CO2 plasmas:

Tyczkowski, Jacek, 
et al. Polymers 
12.4 (2020): 935.

Why study CO2 plasmas? 2. other applications

CO2 plasmas are studiedŦƻǊ ŀ ƭƻƴƎ ǘƛƳŜΧ    Ą givesbasis to studythem!

CO2 lasers 
(surgery, metal
cuttingΣ ŜǘŎΧύ

Surface 
treatments
(polymers
functionalization)

CO2 plasma 80W

Spacecraftshield
(Mars, Venus, Earth
atmosphereentry)

O2 production 
on Mars
(ISRU fuel 
production)



Why study CO2 plasmas? 3. because a lot is unkown!

Reminderabout O2 plasmasΧ
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Why study CO2 plasmas? 3. because a lot is unkown!

Reminderabout O2 plasmasΧ
Evenmore 

unknownsin C

Å Accuracyof state to state description 
vibrationalkineticsCO2 and CO

Å Takinginto accountproperlyV-T, 
especiallywith O

Å e impact dissociation cross section of CO2
Å role in chemistryof vibrationally excited

moleculesand electronicstates 
(CO2(10,5eV), O(1D), CO(a3P), etcΧύ

Å Takeinto accounttime evolutionof Tgas

Capitelli et al (2017) Plasma Sources 

Sci. Technol. 26 055009

stronglackof fundamentaldata
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Why study CO2 plasmas? 3. because a lot is unkown!

Reminderabout O2 plasmasΧ
Evenmore 

unknownsin C

Pietanza et al (2021) accepted Eur. Phys. 

J. D,  10.1140/epjd/s10053-021-00226-0

Onlyfew experimental
data in litterature
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Why study CO2 plasmas? 3. because a lot is unkown!

Reminderabout O2 plasmasΧ
Evenmore 

unknownsin C

Pietanza et al (2021) accepted Eur. Phys. 

J. D,  10.1140/epjd/s10053-021-00226-0

T3

T12 TCO

And from modellingpoint of view:

Å CO2 laser
Å Spacecraftshield(full STS, but no 

electrons)
Å Recentdeveloppementof 0D 

kineticsmodels
Å 2D, 3D fluid model with simplified

kin. scheme

stronglackof fundamentaldata



Glow discharge as a benchmark for kinetic models

Combining a simple discharge and multiple 
diagnostics to provide constraints for a step-by-

step validation of models

Å Final goal: 

Couplingfull chemistrywith electron/vibration kineticsand surface processes

DC glowdischarge(alsoRF dischargeΧύ



Advantages of glow discharge for diagnostics

Line of sight
measurements

Spatiallyresolved

HR-TALIF

In situ time resolvedFTIR

CRDS

Diagnostics :
- IR absorption spectroscopy(CO2*v, CO*v, Tg, [M])
- CRDS (Tg, [O], go)
- Raman scattering(CO2, CO, O2,Tg, Tvib)
- High ResolutionTALIF (Tg, [O])

- Actinometry([O], go)

ControlledTwall= 323 K,   Efield measured

Alsoimportant 
to cross check 
diagnostics!

ĄContinuous, Pulsed, modulateddischarge

ĄWith Gasflow or «static» conditions

Modulated actinometry

Pyrex tube, diam = 2cm, L = 23 cm



Advantages of glow discharge for diagnostics

Line of sight
measurements

In situ time resolvedFTIR

Diagnostics :
- IR absorption spectroscopy(CO2*v, CO*v, Tg, [M])

ControlledTwall= 323 K,   Efield measured

Ą Continuous, Pulsed

ĄWith Gasflow or «static» conditions

Pyrex tube, diam = 2cm, L = 23 cm



Advantages of glow discharge for diagnostics

normal, rapid scan, stepscan

Diagnostics :
- IR absorption spectroscopy(CO2*v, CO*v, [M])

T3 = T1,2 = Trot = 300 K

T3 = T1,2 = Trot = 500 K

T3 = 2000 K

p = 5 torr

Database: HITEMP-2010  ~300 vibrational transitions

T3
T1,2

Trot

B L M Klarenaar et al (2017) Plasma Sources Sci. Technol. 26 115008

In situ time resolvedFTIR



FTIR : normal, In situ
Plasma: CW, gasflow

1. Vibrationalkineticsin pure CO2
2. Neutralschemistryin pure CO2

3. Vibrationalquenchingin CO2/CH4

4. First insights about CO2/CH4 chemistry

5. Towardsplasma/catalyststudyin CO2/CH4

Catalystpellet

Step by step investigation of CO2 kinetics



FTIR : stepscan, In situ
Plasma: pulsed, gasflow

1. Vibrationalkineticsin pure CO2

2. Neutralschemistryin pure CO2

3. Vibrationalquenchingin CO2/CH4

4. First insights about CO2/CH4 chemistry

5. Towardsplasma/catalyststudyin CO2/CH4

Glow discharge as a benchmark for kinetic models
Step by step validation of CO2 kinetics



17 p = 5 torr

FTIR : StepScan, In situ
Plasma: DC, gasflow

Database: HITEMP-2010  ~300 vibrational transitions

Pulse: 5ms ON, 10ms OFF

FTIR ςstep scan for time resolved measurements

tp
OFFtp

ON

B L M Klarenaar et al (2017) Plasma Sources Sci. Technol. 26 115008



18 p = 5 torr
8

FTIR : StepScan, In situ
Plasma: DC, gasflow

FTIR ςstep scan: CO2 vibrational kinetics ONLY

tp
OFFtp

ON

B L M Klarenaar et al (2017) Plasma Sources Sci. Technol. 26 115008

tres< Tpulse(5 ms ON ς~180 ms OFF)

Ą

No CO, O2 left at the beginingof the pulse Ą e-V, V-V and V-T in pure CO2

Fit of individualvibrationalleveldensities

Gasfully renewed
between2 pulses



Temporal post-discharge .

n3
n1 n2

n1
max= 2 ,n2

max= 5, n3
max= 5    Ą 72 vibrationallevels

Scalinglaw for V-V, V-T                T1 =T2              e-V  

FTIR : StepScan, In situ
Plasma: DC, High gasflow

GasinGasout

FTIR ςstep scan: CO2 vibrational kinetics ONLY

DǊƻŦǳƭƻǾƛŏ, M., et al. Plasma Sources Science and Technology 27.11 (2018): 115009



Duringthe plasma pulse     .

n3
n1

n2

n1
max= 2 ,n2

max= 5, n3
max= 5    Ą 72 vibrationallevels

Scalinglaw for V-V, V-T                T1 =T2              e-V  

FTIR : StepScan, In situ
Plasma: DC, High gasflow

GasinGasout

DǊƻŦǳƭƻǾƛŏ, M., et al. Plasma Sources Science and Technology 27.11 (2018): 115009

Silva, T., et al. Journal of Physics D: Applied Physics 51.46 (2018): 464001

FTIR ςstep scan: CO2 vibrational kinetics ONLY



FTIR : rapid scan, In situ
Plasma: pulsed, static

1. Vibrationalkineticsin pure CO2
2. Neutralschemistryin pure CO2

3. Vibrationalquenchingin CO2/CH4

4. First insights about CO2/CH4 chemistry

5. Towardsplasma/catalyststudyin CO2/CH4

Glow discharge as a benchmark for kinetic models
Step by step validation of CO2 kinetics
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ON< 10ms
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OFF

Ntr Np pulses / train

tFTIR= 1.5 s 
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FTIR : rapid scan, In situ
Plasma: pulsed, static

Glow discharge as a benchmark for kinetic models
Step by step validation of CO2 kinetics

0.5ms < tp
ON< 10ms

0.5ms < tp
OFF< 50ms

t tr
ON= S(tp

ON) = Np x tp
ON

tp
ON tp

OFF

Ntr Np pulses / train

tFTIR= 1.5 s 

TON = S(t tr
ON) = Ntr x t tr

ON

TON = S(tp
ON) Ą total plasma ON time



Pure CO2 Balance between:

Ὑ ὲɇὑ ɇὅὕɇὸ

CO2 dissociation ĄCO
CO + O back reactionmechanismĄCO2

¢ȅǇƛŎŀƭ ƳŜŀǎǳǊŜƳŜƴǘ ƛƴ άǎǘŀǘƛŎέ ŎƻƴŘƛǘƛƻƴǎ
a

ὅ
ὕ

ὅ
ὕ

ὅ
ὕς

TON = S(tp
ON)



Electron impact dissociation rate

Initial conversion Ą direct electronimpact dissociation

Ὑ ὲɇὑ ɇὅὕɇὸa
ὅὕ

ὅὕ ὅὕς

E/N

Å Variation of E/N (via pressure and current)

Å Variation of tp
ON/OFF

Ą no influence of Tvib or Trot

Å Comparisonwith 0D model from IST Lisbon

TON = S(tp
ON)



Electron impact dissociation rate

Initial conversion Ą direct electronimpact dissociation

Ὑ ὲɇὑ ɇὅὕɇὸa
ὅὕ

ὅὕ ὅὕς

N. Yu Babaeva and G. V. Naidis, PSST30 (2021) 03LT03

ĄGood agreement with e- impact cross 
section from Polak et al for E/N Í[40-105 Td]

A.S. Morillo-Candas, et al, PSST. 29 (2020) 01LT01
PolakL S and SlovetskyD I 1976 Int. J. Radiat. Phys. Chem. 8 257

Ą Phelps more appropriatefor E/N > 105 Td ?



Pure CO2 Balance between:
CO2 dissociation ĄCO
CO + O «back reaction» mechanismĄCO2

tŀǊŀƳŜǘǊƛŎ ǎǘǳŘȅ ƻƴ άōŀŎƪ ǊŜŀŎǘƛƻƴέ ƳŜŎƘŀƴƛǎƳǎ
a

ὅ
ὕ

ὅ
ὕ

ὅ
ὕς

DC Glow

RF



tp
OFFtp

ONRF

tp
OFF

0.5ms < tp
ON< 10ms 0.5ms < tp

OFF< 50ms

Dissociation fraction for different pulse durations

tp
ON



tp
OFFtp

ONRF

0.5ms < tp
ON< 10ms 0.5ms < tp

OFF< 50ms

tmax_Tvib~ 1ms
theating~ 5ms
tO_losses~ 100ms

Dissociation fraction for different pulse durations

Whichother back reaction? 
Roleof O2?

O atomsare lost in between
ǘǊŀƛƴǎ ƻŦ ǇǳƭǎŜǎΧ



25% CO2 / 75% O2

50% CO2 / 50% O2

75% CO2 / 25% O2

100% CO2

100% CO2

66% CO / 33% O2

40% CO / 60% O2

25% CO2 / 75% O2

CO2/O2

CO/O2

Metastables?

Vibrations?

Importance of CO(a3Pi) on «back reaction» mechanisms


