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Quantum Calculations

Experiments  with Plasmas  
1- 1. Plasma catalys is  for gas  convers ion

Gas  conve rs ion and plasma characte rizations

Dens ity Functional Theory (DFT) calculations  

Actual power measurements
Si- based de tector for light intens ity
Capacitive  prove  for plasma dens ity
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Pathway 2 on the  SURFACE OF CATALYST

Pathway 1 in the  BULK PLASMA
1- 2. Plasma- surface  inte raction

Vibrational excitation of molecule s  (e .g., N2 and CO2)1,2 

Activation at the  plasma catalys t inte rface 3,4

1. Ma, H. et al. Nat. Commun. 13, 402 (2022).
2. Kim, D. Y. et al. J. Am. Chem. Soc. 144, 14140–14149 (2022).
3. Gunasooriya, G. T. K. K. et al. ACS Catal. 7, 1966–1970 (2017).
4. Be rrospe - Rodriguez, C. et al. Phys. Rev. Appl. 15, 024018 (2021).
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2- 1. in situ  Diffuse  Reflectance  Infrared Fourie r Trans form Spectroscopy (DRIFTS)
2- 1- 1. Temperature  Programmed Desorption (TPD)

Experimental conditions
Flow rate  of Ar [s ccm] 20

Pres sure  [torr] 3.7

Ramp rate  [10 K/ min] 10

RF input power [W] 7, 15, 30, and 45

Argon plasma while  ope rating

Catalys ts : 1% Pt/ Alumina
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2- 1. in situ  Diffuse  Reflectance  Infrared Fourie r Trans form Spectroscopy (DRIFTS)
2- 1- 2. Redhead analys is  through TPD1

𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 = 𝑹𝑹𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎 𝐥𝐥𝐥𝐥
𝝊𝝊𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎
𝜷𝜷

− 𝟑𝟑.𝟒𝟒𝟒𝟒

𝑹𝑹 = 𝒈𝒈𝒈𝒈𝒈𝒈 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 (= 𝟖𝟖.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑 𝑱𝑱/𝒎𝒎𝒎𝒎𝒎𝒎 � 𝑲𝑲)
𝝊𝝊 = 𝑷𝑷𝑷𝑷𝑷𝑷 − 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 (= 𝟏𝟏𝟎𝟎𝟏𝟏𝟏𝟏 𝒔𝒔−𝟏𝟏)
𝜷𝜷 = 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (= 𝟏𝟏𝟏𝟏 𝑲𝑲/𝒎𝒎𝒎𝒎𝒎𝒎)

1Redhead, P. A. Vacuum 12, 203–211 (1962).
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3- 1. Stable  chemisorption of CO on Pt

Very s table  
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3- 2. Reduced binding energy (BE) with argon plasma exposure

Even ~2 W s imple  argon plasma results  in 
s ignificant reduced BE by as  much as  ~0.3 eV. 
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3- 2. Reduced binding energy (BE) with argon plasma exposure

Even ~2 W s imple  argon plasma results  in 
s ignificant reduced BE by as  much as  ~0.3 eV. 

Photons? Ions?
Surface  charging?
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3- 3. Light intens ity measurements

0.5 W/ cm 2 required 
to reduce  ~0.1 eV of BE

1.7X10- 4 W/ cm 2

*Si- based de tector for light intens ity measurements

Binding ene rgy
Without lase r: 1.4 eV
With lase r: 1.3 eV
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3- 3. Ion dens ity (plasma dens ity) measurements

Ion bombardment induce  surface  heating

Plateau at highe r RF input power

Nearly linear reduction in BE with ion dens ity

*Capacitive  prove  measurements  for ion dens ity
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3- 4. Deconvolution of spectrum

Under- coordinated (UC) s ite
: 2050~2060 cm - 1

Well- coordinated (WC) s ite
: 2065~2080 cm - 1

Well- coordinated (WC) s ite :
Pt surface  s ite s  with coordination numbers  of 8 or 9

Under- coordinated (UC) s ite :
Pt surface  s ite s  with coordination numbers  < 8



MINSEOK KIM, FECM/ NETL Spring R&D Project Review Meeting, 2024 12/29

3- 5. Reduction in BE of WC and UC s ite

Without plasma With plasma
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3- 5. Reduction in BE of WC and UC s ite

ΔBEUC
 > ΔBEWC

UC: 1.55 ± 0.08 eV/ molecule
WC: 1.38 ± 0.05 eV/ molecule

UC: 1.21 ± 0.01 eV/ molecule
WC: 1.21 ± 0.01 eV/ molecule
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3- 6. Effect of surface  charges

DFT calculation

Se lective  desorption of CO on UC 
s ite s  by surface  charges

ΔBEUC
 > ΔBEWC
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3- 7. Overall ins ight on plasma- induced desorption of CO on Pt

Activation barrie r to diffus ion of CO: ~0.2 eV

Higher binding ene rgy for UC s ite  than WC s ite
(Without plasma exposure )

Almos t s ame  binding ene rgy for both s ite s
(With argon plasma exposure )
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2- 1. Raman the rmometry

Phenyl 
Phosphonic 
Acid
(PPA)

𝐼𝐼𝑆𝑆
𝐼𝐼𝐴𝐴𝐴𝐴

= (
𝜆𝜆𝑆𝑆
𝜆𝜆𝐴𝐴𝐴𝐴

)4 � 𝑒𝑒−
ℎ𝜐𝜐
𝐾𝐾𝐾𝐾

2- 1- 1. Temperature - dependent population of vibrational mode

One  of the  bigges t challenge : Too weak s ignal for Anti- s tokes
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2- 1. Raman the rmometry
2- 1- 2. Surface  Enhanced Raman Spectroscopy (SERS)

Experimental conditions
Flow rate  of Ar [sccm] 20
Pressure  [torr] 3.7
Se t temperature  [℃] 30, 45, and 60
RF input power [W] 3, 5, and 7

Raman with the  argon plasma exposure

*Actual RF input power was  measured through phase  diffe rence  method.
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3- 1. Raman measurements  with PPA

Wave length- dependent of plasmonic e ffect

Without plasma exposure
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3- 2. Measured temperature  of PPA with argon plasma exposure



MINSEOK KIM, FECM/ NETL Spring R&D Project Review Meeting, 2024 20/29

3- 2. Measured temperature  of PPA with argon plasma exposure
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3- 3. Diffuse  Reflectance  Infrared Fourie r Trans form Spectroscopy (DRIFTS)
3- 3- 1. Temperature  at the  highes t desorption

*

* M. Gliboff e t al. Langmuir, 29, 2166–2174 (2013).

Ramp rate: 10 C/min

Aromatic ring
(1440 cm-1)
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3- 3. Diffuse  Reflectance  Infrared Fourie r Trans form Spectroscopy (DRIFTS)
3- 3- 2. Temperature - dependent DRIFTS measurements
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3- 3. Diffuse  Reflectance  Infrared Fourie r Trans form Spectroscopy (DRIFTS)
3- 3- 2. Temperature - dependent DRIFTS measurements
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2- 1. Experimental de tails  for me thane  fixation
2- 1- 1. Methane fixation us ing two- s tep plasma reactor

Ar: 100 sccm
C2H2: 5 sccm

CH4: 0~25 sccm

Filte r to collect carbon

Power: 100 W Power: 120 W
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3- 1. Results  for me thane  fixation
3- 1- 1. Characte rization of the  produced Carbon 3- 1- 2. Lithium- Ion Batte ry te s t

ID/ IG=0.81

Commercial Carbon Carbon that we  made
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3- 1. Results  for me thane  fixation

Method Size of NPs (nm) ID/I G Type of nano structures Energy Cost (kWh/g)

Microwave  plasma 50- 200 0.2- 0.3 Particles ∼3.7

Microwave  plasma - 0.4- 0.5 Shee t- like  Carbon ∼2.1

Radio- frequency plasma 50- 100 0.3- 0.4 Flakes ∼2.5

Radio- frequency plasma 200- 500 0.6- 0.8 - ∼5

Arc plasma 100- 150 - Shee t- like  Carbon ∼0.5

Arc plasma ∼100 0.3- 0.5 Flakes ∼8

Arc plasma 50- 300 0.4- 0.5 Flakes ∼0.4

Magne tically- s tabilized gliding arc discharge 50- 200 0.27 Flakes ∼0.4

Current work 4- 15 0.81 Particle s ∼0.473

3- 1- 3. Comparison with othe r works
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4- 1. Conclus ions  and achievements

*Minseok Kim et al. Nonthermal Plasma Activation of Adsorbates : the  Case  of CO on Pt, JACS Au, Under Review.
*Minseok Kim et al. Us ing Surface - Enhanced Raman Spectroscopy to Probe  Surface - Localized Nonthermal Plasma Activation, J. Phys. Chem. Lett.  2024, 15, 4136- 4141.
*Minseok Kim et al. Combining in operando FTIR and Raman to inves tigate  the  plasma- surface  inte raction, The 76th Annual Gaseous Electronics Conference , 2023. 

Desorption and decompos ition of PPAReduced CO binding ene rgy
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4- 1. Conclus ions  and achievements
Hydrogen and Carbon production from Methane

*Aishwarya Be lamkar et al. Energy Efficient Methane  Fixation Us ing a Low- Temperature  Dus ty Plasma, ACS Appl. Nano. Mater. Under Review.
*Aishwarya Be lamkar et al. Synthes is  of Carbon Nanoparticles  from Methane  Us ing a Non- Thermal Plasma, The 76th Annual Gaseous Electronics Conference , 2023
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