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Photocatalysis, Photoelectrochemical, Plasmonic Photosynthesis,
Hot carriers, etc

Principle is relatively well-known

Development of functional materials.

Amano et al, ACS Energy Lett. 4,
502 (2019)

TiO,: n-type H blue light 12V

2 CH, “j’f C:He + Hy E-r“j

It:_;h&é :ia.) —r- - H:
o Robatjazi et al, Nature comm. 8:27 (2017)
e ro e no Gas-phase photo- H,0 ; ‘\

electrochemical system wao, PHICEB

Leon et al: DOI 10.1007/978-3-319-

48009-1 9 (2016
12 o0 3/39



What 1s plasma catalysis ?

* Nonthermal plasma + heterogeneous catalysts.

* Similarities btw plasma-enhanced CVD, Atomic layer processes, etc.

e Too complex to understand.

We also need material (catalyst) development based on known principle.

Electric field, photons

o / | Radicals
Vibration ([

&) \ -
v ; Thermal reaction

iy

AL,O,, SiO,, etc

Charge recombination LZ
Heating

Surface species

Dee

Heating

Ne - NiOﬂ

T Nozaki et al: Catal. Today 89 (2004) 57.

T Nozaki et al: J Phys D, 52 (2019) 414002.
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Reactivity of vibrationally excited CH,

CHj; coverage [ML]

IR laser: mode selective I

activation to asymmetric ﬂ. |
Il

vibration (v5 = 0.36 eV) )

Et: Translational energy
hn;: Vibrational energy

A L Utz: Curr. Opin. Solid St M, 13 (2009) 4-12.

IR laser ((n

(@

IVR: Intramolecular vibrational redistribution

q Scattering

#
or

m Dissociative chemisorption

Rate-limiting step: CH, = CH3* + H*

038 Y Ol’lly Et . 02—

Et+hy,

a1

CHj, coverage [ML]

L i
B0 a0

Dose [ML]

Pt (111) @ 150 K, 10~ Pa.
Ultra-high vacuum (< 107 Pa)

Surface coverage increases with increasing (Et).

Vibrational energy (hn;) increase coverage at much
smaller Et.

1 ML (monolayer): Pt(111), 1.51><10! atoms/cm?

H Ueta et al: Phys. Chem. Chem. Phys., 15 (2013) 20526.
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Initial sticking probability and Saturated surface coverage

Vibrational excitation
Et + hV3

. \
@ 1 e\
- & Laser-off
i B Vv

0.0001 | ! !
20 a0 40 50 &0 70 80

E¢ [k]/mol]

Total Energy
(Et + hvy) = 68 kJ/mol > Et = 58 kJ/mol

Asymmetric vibration + Pt (111) @ 150 K
* Energy inefficient ~ 70%

* But low temperature reactivity is enhanced.

H Ueta et al: Phys. Chem. Chem. Phys., 15 (2013) 20526.

®

HSClt

T T T T
0.ap | 4 Laser-off
. V3

IR
. + % i

010 + F’E" —

0.05 — =

0.00

95at~30%

» Steric interference between surface CH;"

* O,,¢+: not increase by vibration.
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Typical Langmuir type absorption behavior

30%

CH;* coverage on Pt(111)

Co-reactants: oxidize CHx* and
regenerate active sites.

CO, H,

CO,
’\J with vibration (plasma)

£ #

»
»

Partial pressure / Dose of CH,

H Ueta et al: Phys. Chem. Chem. Phys., 15 (2013) 20526.

30% -- CH,*
30% -- H*
40% -- vacancy (permanently)

ex. particles with surface ligands

w/o vibration (thermal)

Saturation ~ up to 30% over Pt(111)
unchanged by vibration ! CO, H,

IV,

vacancy
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Plasma-induced modification of catalyst (N1 to N1O):

tentatively, CO," plays a role

Snoeckx and Bogaerts: Chem. Soc. Rev., 46 (2017) 5805.

CO,"Y is energy reservoir
B which transfer their energy
o d | to catalysts.

Catalyst modification

surface

DBD
(&) €O, +e — CO," + Ni —— Ni0

surface
@ co,+e =5 co+Ni 25 Nio

i

[

Thermal catalysis f
y ) Fi\

Formation of NiO is possible only when DBD is applied.

NiO uptakes surface oxygen beyond thermal equilibrium,
enabling low coke formation.

Catalyst activity of NiO is no as high s Ni.

Z. Sheng, et al., J. Phys. D: Appl. Phys. 51 (2018) 445205

Plasma catalysis o "-:"\.H_ﬁ__ﬂ Surface

. / NiO | S B | S 10 pm
; 1~ 20

NiO ] .

- e 100

Ni — 500
1000
1500

.
#
.-" . LELELE L I

C Weilach et al, J. Phys. Chem. C,

116 (2012) 18768. 100 500 %)939



Nonthermal plasma in micropores ? um< PR <100 pm

= = EokT, T,
Ap = 100 pm Ap=1pum A, = |2 7435108 -2
N,e? N,

DBD cannot penetrate into pores smaller than 1 pm.
A Bogaerts et al, Appl Catal B: Environ 185 (2016) 56.

10

\ Paschen's '
& 40 |- curve "..._"-'I
== 400 present model = Tauge®
ssg (EQ.T) . N
-

Microplasma jet

Pulsed microwave m Simulations from Ref [13]

Electron temperature (eV)
2

& Experiments from Ref [14]

breakdown potential, ¥ (V)

dISCharge / 150 — —Eq. {1} from Rel [3]; & = 10
Proposed breakdown
10.1 1:;} * medel, Eq. (7}
1016 1018 1020 102 102 R e T

Electron density (m- ) )
vims Gas breakdown does not occur in micropores.

C Tendero et al.: Spectrochimica Acta B, 61 (2006) 2. R Tirumala and D B Go, APL 97 (2010) 151502
D B Go and A Venkattraman, JPD 47 (2014) 503004 ( / 39



New catalyst: La-modified N1/Al,O,

La, K, Mg are know to produce carbonates from CO,, enhancing surface oxygen species. CHY

Bidentate
1560 cm'!
Z Sheng et al, Phys. Chem. Chem. Phys., 22 (2020) 19349. v o o ) .
. C0; NN I
Ni(12wt%)/ALO, .
Particles
Ni: 29.0 nm
(Scherrer Eq)
La(3wt%)-
Ni(11wt%)/Al, 0,
Atomic weight Particles Dots
Ni: 59, La: 139

Ni: 10.8 nm



Representative results: pulsed reforming CH, + CO, =2CO + 2H,

S Kameshima et al: Catalysis Today, 256 (2015) 67-75

. Stoichiometry :> _
800
. - \ Te oy Ty
600 | J‘T:D |
w% 0, AOQrp dt
5 400 i—:toc: & L L,/—' 0,/ 2
5 200 [, P = FL 4= [[sa C+C0O,=2CO
B | - N I L I i i |
0
] w20 30 40 50 a0 70 80 90 100 110 120 130 140 1530 160
Catalyst Temperature Time (min) ——» * SEI = 1.37 eV/molec.: avoid
700 plasma heating and maximize
~ 650 . energy efficiency.
2 600 « Frequency: 12 kHz and 100 kHz.
E 550 ' : : ' - - - -
0 10 20 30 40 30 60 70 80 @0 100 110 120 130 140 130 160
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Sheng et al: J Phys D, 52 (2019) 414002.

In [CH,],..




In situ DBD-DRIFTS

(Diffuse reflectance infrared fourier transform spectroscopy)
(operating temperature range: 0—-200°C)

Top view

Catalyst
pellet

W, i L lm;uiqrm i lrllil..l n:..". i
.I| !i‘ :ﬂ" {F] 'i i[: '!" -

Z Sheng et al, Phys. Chem. Chem. Phys., 22 (2020) 19349-19358.

Ground electrode'is,under
the holder,with'insulation {

| ' I > ﬁ].

%um
. "[""!‘"'T"rl‘"'f.'""l““"'t"‘i""'l:‘““\mﬁ,m

H.V. electrode (needle)

3

N Turan et al, J. Phys. D: Appl. Phys. 53 (2020) 275201.

S Zhang et al, J. Phys. D: Appl. Phys. 53 (2020) 215201. Gas inlet




Formation of carbonates on LLa

Absorbance (a.u.)

Ni(12wt%)/ALO,

® Carbonate peak is negligible.

(a3) Plasma-off

(a2) Plasma-on

] CO, (9)

1600 |

1340
(a1) Plasma-off

3700 3200 2700 2200 1700 1200

Wavenumber (cm-')

Z Sheng et al, Phys. Chem. Chem. Phys., 22 (2020) 19349.

La(3wt%)-Ni(11wt%)/Al, 0,

Strong carbonate peaks which is
further enhanced by DBD.

--------

(b3) Plasma-off

(b2) Plasma-on

I

Enlarged spectrum
on next page

-------

---------

Fingerprint region

e e e

3700 3200 2700 2200 1
Wavenumber (cm)

700 1200
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Enlarged spectrum 1200~1800 cm'!

Z Sheng et al, Phys. Chem. Chem. Phys., 22 (2020) 19349.

Monodentate carbonate:

1540 and 1370 cm’! Bidentate

1560 cm!

L : I’D:.\— : oC o0 ;
e = e-@ Active site
" H @La
.‘-‘O:.“" ED vib. A5 CO.vie
.=O=I| 2
1655 "
fx ﬁ’ :tf' o YN
carbee  Bicarbonate  GECEE, Monodentate | (c2) Plasma CO, activation
(1720cm) (1655cm™) (1560, 1290 cmr') (1340, 1425cm") 10_02 1560
|
14251345
T, (L VAYZ N
e 0o oo oo il

La-Ni/ALO,

(c1) Thermal CO, activation

1800

Wavenumber (cm-)

1600 1400 1200



* La-Ni/Al203 is highly suitable for DBD hybrid reaction.
* Appropriate catalysts must be combined
* 100 kHz is better than 12 kHz.

Kinetic analysis

Reaction order, Arrhenius plot, Activation energy

CH, +CO, =2CO + 2H,
La:N1/AlL,O,



* Qas flow rate: 1000 cm3/min

PaCKEd-de DBD e Pressure: 5 kPa

e Temp.: 400~700 °C
* Power: 90 W

Gas in A  SEI: 1.3~2.0 eV/molecule
- = || 8| w|| | + GHSV:10,000
[ 3— 1:1000 |—e = I
: 4 HIRENEIEIS
kS ~n, 4
ks L LI L ) —
__* {1 T * 10 40 mm
= 33 nk H.V. electrode (¢3)
La:N1/Al,O;
g
12 Ml
oo
'— Quartz; Thermography 500 625 660 © C
Smm 1.d. ¢19, 0.d. §23 Ground electrode

3wt%La-11wt%Ni/ALO, 18/ 39



X. Tu, J.C. Whitehead, T. Nozaki (Ed.)

Key p arameters Plasma catalysis: fundamentals and applications, Springer, Cham (2019)

SEI (Specific Energy Input) SEI (eV /molecule) «

P (W)

at STP

Q (cm3/min)

CH, + CO, =2CO + 2H, AH =247 kJ/mol = 2.56 eV/molecule
* Specific Energy Requirement (SER)

SEI <SER (= 2.56 eV/molecules)

GHSV (Gaseous Hourly Space Velocity)

GHSV > 1,000 h!

Power density (W/cm?) = SEIl < GHSV

WHSV (Weight Hourly Space Velocity)

Q (cm3/min)

GHSV(h™1) «

V (cm3)

WHSV(h™1) =

Q (g/h)
mass (g) 19/39




Arrhenius plot for the apparent activation energy

d[CH,]
dt

r=—

Reaction rate T, kf ™

Ground state CH,
(Thermal catalysis)

_E
kf — Ae RT

E,=91.0 kJ/mol

— kf [CH4]0'63 [COZ]—O.17

FACTS

* Reaction order was kept unchanged by DBD.

— Assume L-H mechanism, reaction order
represents surface coverage which was not
influenced by DBD: absorption is fast, but
saturation is kept unchanged.

Sheng et al, Chem Eng J, 399 (2020.) 125751.
See also Supporting Information.

Vibrationally excited CH,
(Plasma catalysis)

_Et—MEy
kf = Ae RT

1<n

E, = 44.7 kJ/mol 20/39



experiments wi

Conditions & Gas input profile

Flow rate CH,/CO,=0.8 Input power [W] 88 -91
GHSV [h] 5,000 SEI [eV/molecule] 1.37
Pressure [kPa] 5 Catalyst La:N1/Al,O4
700
—= 600 CO,
ME 500 CH,
€ 400
% 300
; 200
O
o 100
0

o
—
o
[N)
o
w
o
»
o
w1
o

60 70 80 9 100 10 120 130 140 150 160 170 180 190 200 210

2 °C/min

Furnace temp. [°C]

0 10 20 30 40 50 60 70 8 9 100 10 120 130 140 150 160 170 180 190 200 210

Time [min] 21/39



Results: 400 ~ 700 °C (Plasma catalysis@ 100 kHz DBD)

800

700

g

Flow rate [cm3/min]
g §

g

100

o

800

700

Temperature [°C]

No coking confirmed.

o,
AT Uttt
| Wil = r
O C JEE e
| M = g g
% = — 1 - e
12 1 | - i L L. i L i i
0 10 20 30 40 50 60 70 80 90 100 10 120 130 140 150 160 170 180 190 200 210
g °® ol
Heat generated by DBD «® o ° °
| Low energy efficiency CataIySt temp' e ©g00
L .."~ %“,.Q“ >
L - Furnace temp. Energy is supplied by DBD only (AT~0)
0 10 20 30 40 50 60 70 80 90

Time [min]

100 110 120 130 140 150 160 170 180 190 200 210
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1 I — T 1— iﬁ
CHa ™ TCHs K, Pcy,Peo,

Arrhenius plot for activation energy

2 Reversereaction
2 100 kEiz: H-H Kim et al: J Phys D, 49 (2016) 415204

e
Plasma catalysis

-
&>

Needle }, — /
alectrode,

Partial Streamer:
discharge

hybrid reaction

w;
>
o
=
D
5

Thermal reaction

Primary
surface streamer

12 kHz: :
Mixed catalysis .-

y-AlL0, pellet

/ AZALO; n Alr Mixed catalysis
(12 kHz DBD)
Thermal catalysis E./2
K T>Tg=510°C rappm@me_ﬁ
W
91 kj /mol E, is halved due to the mass transfer resistance in
o micropores, known as “catalyst effectiveness factor”.

1.0 1.1 12 13 14 15

1000/7 (K1) 23/39



Modified activation energy due to vibrational excitation

The rate-determining step: CH, - CH; —» CH; + H*

_Et—1nEy
kf = Ae RT
ey,
— Py E, — EY
E. =113 k]/mol : ; n=>1 n = t "~a
Ey
\‘ “e J:&J whenn =1, EY=E,—E,
E, P,
e ' ' Smith RR et al: Science, 304 (2004)
' T 992.
\dj E, Ni(111)
» .

\AH= 14 — 35 kJ/mol

S.-G. Wang et al, Surface Science 603 (2009) 2600-2606.
H. Liu et al, Fuel 113 (2013) 712-718. 24/39

E, = 16 — 37 k]J/mol




Fundamental vibration mode of
CH, and Efficacy

Bending 15827 cm?! v, 1367.4 cnr!
E Symmetry F2 Symmetry
I I | | I I | I I I 1 I I J 1 I I

3] 000 — =
3] - ! CH, 1
2500 | 0=90°
_ - E =0.1¢eV 3
S 2000 — -
£ - ' le—"Stretchi
- |5“{]_— 3
O It}nuf— (USET —f
- & —
E Vs NV, VS | .
300 I L L
: | \ 32 - !|.’~|~.-.E %512 Ql .
C L1 T B ;_ L1 | [ TR NN A N N B

0.2 0.4

Electron Energy Loss (eV)

0.8

ing

[2]

State Eib k] /mol Surface AE¢rans kJ/mol Nvib
CHy, V3 36 Ni(100) 34 kJ /mol 0.94"
CHy, 2v3 71 Ni(100) 68 0.96
CHg4, v 35 Ni(100) 50 1.4
CHy, 3V, 45 Ni(100) - <05
CH., V4 36 Ni(111) 45 1.25
CHa, 2v3 71 Ni(111) 65 0.90
CHgy, 3v4 45 Ni(111) 34 0.72
CHy, 2V, 71 Pt(111) 28 0.40
SiHg4, |2000> 53 Si(100)(1x2) 38 0.72"
SiHy4, [1100> 55 Si(100) (1 x2) 22 0.40""

[1] IR

L C [4] All Raman active. v,
and v, are IR active.

v, 3025.5 cm’! v; 3156.8 cm’!
Al Symmetry F2 Symmetry

1. http://www?2.ess.ucla.edu/~schauble/

2. A.L. Utz: Curr. Opin. Solid State and Mater. Sci., 13 (2009) 4—12.

3. M. Allan: J. Phys. B: At. Mol. Opt. Phys., 38 (2005) 1679-1685.

4. Herzberg, G.: Molecular spectra and molecular structure. II. Infrar

Raman spectra of polyatomic molecules, 1939, Van Nostrand.
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Thermal reaction

Gromd s\ 4 Modified activation energy : E

90 El =91 —nE, Z Sheng et al, Chem. Eng. J., 399 (2020) 125751.
20 L
— H
© 70 ] K 76
< D 69 I
X 60 ~ o 65
=~ S o 63
B B 57 E = = 59
= = |
=
Lil) [ ]
S 42 S
= = B = BBl - - o
< 20 S 2 2 1 1 B
4 B = El o e S BB
10 | | | 1 A,
- N P PR
0
/ \ J
100 kHz DBD A.L. Utz: Curr. Opin. SoIin State and Mater. Sci., 13 (2009) 4-12.
(Vibrational) H. Ueta et al, Phys. Chem. Chem. Phys., 15 (2013) 20526-20535.

R. Bisson et al, J. Phys. Chem. A, 111 (2007) 12679-12683.
E. Dombrowski et al, Catal. Today, 244 (2015) 10-18. 26/39



V-V and V-T transition

Z Sheng et al, Chem Eng. J., 399 (2020) 125751.

V3

X Lvl*ka.l

"2
Vp |
Vs

k eB k esS

Reaction rate equation

dNg
ar kesNcp,Ne — ksg(Nep, + Nco,)Ns
BOLSIG+
5 kPa, 600 °C, CH,/CO, = 1.
T+ = 10 ns
dN, (Tst )
o~ ~2ksgNNs t =0, Nso=kesNNets

7sp (0.1 ps) < T (5 ps) < gy (31 ps) < Ty 5% (42 ps)

®

DBD generation cycle is 6-time faster than V-T transition.
Bending mode CH,(v,) would be populated.
Generation of combined/overtone vibration mode (e.g. 3v;) 1s necessary.

CH,(vg) + e - CH,(v¢ +vg) + e

CH,(vs +vp) + CHy < CH,(3vp) + CH, 27/39



Discharge behavior of PB-DBD
Why 100 kHz DBD 1s superior to 12 kHz DBD?



Discharge power and controlling parameters

Q) tr
08 | L
06 | o™ -
L I._I_I-;/_.- _,."I__
o 0.4 _,.;/ ;
| .= S 100 kH;
. 5SS &
("] | oy = 0
) ) Vi net tl
I j 'l i .“
-~ .-"'
-

> o 4NN BN
08 6 47~ 2 £ p—
4 .2 Va U (kV)
&/ N 7 b
A . ;/
J _...v-" -.__
.'rf ra /.. 08
.a':m--:;-’f.'- P
PO U-H

[ n=rfo |

Qp_p: peck-to-peck value of charge

U, : discharge sustain voltage

Py (W)

= o 1100 kHz Empty-DBD
o | @i? © 12 kHz Empty-DBD
8 . Pu=P 100 kHz PB-DBD
g .7
% | @ﬁ- e 12 kHz PB-DBD
100 kH: Empty-DBD;
i A 104 kH: PB-DBD:
f 12 kHz Empty-DBI
® 12 kHz PB-DRD
0 = '
0 30 60 40 120

Py (W)

Manley’s equation

T C Manley, Trans. Electrochem. Soc., 84 (1943) 93-96

(Cdie > Cgas)

See also, Xin Tu et al, Plasma Catalysis: Fundamentals and Applications,

Springer, 2019, pp.231-269. 29/39



[1100 kHz Empty-DBD; © 12 kHz Empty-DBD;
Complex network of

100 kHz PB-DBD; @ 12 kHz PB-DBD. capacitance
130 ;
Determined by C,,. g? @ oy
110 F (f
= o4 7///45'@%?//////%
[y
& é?
~ 90 e
© o Permittivity of Al,0O5: 5~10
o
O ° _ All capacitances are connected in series.
o Gas gap between pellets cancels the capacitance of catalysts
70 F
Why no effect of pellets? JFanial  +10ns
/ T. Butterworth et al, Chem. Eng. J. 293 (2016) 55-67.  EIP— [ o

o Lt T |Pe,

e Pressure 1s “5 kPa” --- DBD would be diffused

Primary

and decoupled with dielectric properties. -Al;0; pellet surface streamer

Upz_p (kV) * Metal loading change streamer propagation. H-H Kim et al: J Phys D, 43@)68@04




Additional info

Tp-p _ pr—p
per cycle properties < 2 2
130 4 1 30
(a) . (b) (c) (d)
o 0s 100 kHz
1o 3 b ' @
2 & c j 0 ; I
C) Dg o] 2 06 } g
bop R A Al
! 3 2
y hy = S =t oa } & g 12kHz
o ® 8 U -
70 1t
50 e 0 s 0 . 0
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
P (kV) L (kV) SRaV) = (kV)

@ * Discharge current increases doubled by frequency, while keeping the same
power: Minimize heating effect and enhancing radical production rate.

* If the electric charge would increase with pellets ... we need a large power
source to drive DBD!
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Usus (kV)

What 1s the properties of individual streamer?

12 kHz

U

100 kHz
O 000y

03 04 05 06

CH, fraction

30
—~ 20
<
g
Q,
b
10
0

100 kHz

O
O O gooood

i)

12 kHz
“. © © ©00000 O

03 04 05 06

CH, fraction

Manley’s equation

_ 0Q,_ _ I, _
Py = 4'fususﬂ = 4‘Ususﬂ

> > (Cdie > Cgas)

100 kHz DBD generates more streamers per
unit time.

Per streamer

dCHY
de

= kaCH4Ne

ACHY/N, = 40 — 150

Z Sheng, Chem. Eng. J., 399 (2020) 125751.
T Nozaki, Catal. Today, 89 (2004) 57-65.
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What 1s the discharge properties of individual streamer?

BOLSIG+ CH,/CO, = 1; 5 kPa; 600 °C
Reduced electric field



1200

1000

800

600

Reduced electric field (Td)

400

200

W 12 kHz SEI=1.37
4 100 kHz SEI=1.37
¢ €12 kHz SEI=21.0
A 15 kHz SEI=1.37

O 15 kHz SEI=2.0

100 kHz 4

AN

400 500 600 700
Catalyst temperature (°C)

Reduced electric field

Usus
dXxX N

ETd—
~(Td) =

12 kHz
* High-Td regime
* Discharge properties do not change by SEI or GHSV.

100 kHz
* Low-Td regime

* Discharge properties are distinguished from 12 kHz
DBD.

34/39



(eV)

Rate coefficient (m3s™?)

Mean electron energy

<« Z Sheng, Chem. Eng. J., 399 (2020) 125751.

J T Nozaki, Catal. Today, 89 (2004) 57-65.

10 Low-Td regime
High-Td regime
::I L L 1 i i i 1 i i
200 400 600 800 1000
]..4 L] L] L] L] L] |
| —— < D
12 L 100 kHz 12 kHz
- b
J kepiCHY(v24)
1.0 Pu = — 1
; kesiCHy(vy3)
08 = CH4+
06 L (Dissociation)
C CH CH, CH;
0.4
0.2
~0.36 eV
~0.18 eV
0.0

800
Reduced electric field (Td)

200

1000

400°C ~ 600°C: Thermal
(3.6-4.1 V)

C-H(4.26
800'C=T

- ST

lenergy

Dissociation energy

eV)
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Arrhenius plot for different SEI and GHSV

In (k)

Blue symbol: SEI 1.37, GHSV 5,144, 90 W, 1000 cm?/min

GHSV decreases, SEI oncreases

SEI 1.37, GHSV 10,289
180 W, 2000 cm?/min

77 kj/mol  n

12 kHz
Run A

1.0 1.1 12 13 14 15

1000/T (K1)

In (k)

SEI 2.0, GHSV 5,144
130 W, 1000 cm?/min

v ——Reversereaction
N " /".

A,
&~ 35kJ/mol

| 62kj/mol %

1.0 1.1 12 13 14 15

1000/T (K1)

In (k)

)

SEI 2.0, GHSV 3,600

90 W, 700 cm3/min
L ok 40 kJ /mol

65 kJ/mol

1o 1.1 12 13 14 15

1000/T (K1) 36/39



CH, conversion increases with SEI and Reaction time (GHSV1).

— Do kinetic parameters change --- perhaps not !

1. GHSV decreases, conversion increases:

— conversion per reaction time (reaction rate) is constant.
2. E/N does not change by SEI or GHSV.

— A number of streamers changes, but streamer properties do not change to a large extent.

— Activation energy is independent of SEI and GHSV at fixed frequency

Frequency (kHz)

US'LLS

(kV)

I, /2
(mA)

Power
(W)

Total flow

(cm?/min)

12 (control)

1

5

5

2

3.03%51¢
3.37%023
3.1519:23

3.0519-23

9.181947
1411375
12.5%147

9.19%3&7

90

180

130

90

1,000
2,000
1,000

700

1.37

1.37

2.0

2.0

5,144
10,289
5,144

3,600
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ex. CH, steam reforming

CH, + 2H,0 = CO, + 4H,

T Nozaki et al: Energy & Fuels, 21, 2525, 2007.

n k ()

® © S/C=1,GHSV=18,000 hr'
A S/C =3, GHSV = 18,000 hr'!
m[] S/C=1,GHSV=10,000hr!

Conditions:
Ni(12wt%)/Al,0, catalysts.

SEl =0.22-0.36 eV/molecule.
101 kPa (N, dilution).
E, = 100 kJ/mol (Tg =420 °C).

2
Ea = 50 kf /mol
Plasma + catalyst

0 F
-2 [
-4 L
_6 1 1 1 1

1.0 1.2 1.4 1.6 1.8

1000/T (K1)

Similar kinetic behavior:

* Reaction order was unaffected by DBD

* Activation energy was unaffected by DBD,
but reaction rate constant increased by DBD.

0 kj /mol 1-5 kHz bipolar pulsed high voltage.
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Conclusions
Please consult the Figures and Statements on Page 7, 10, 23, 26, 30, and 37.

Related to this presentation
» Z Sheng et al, Journal of Physics D: Applied Physics, 52,414002(13pp), 2019.
» Z Sheng et al, Physical Chemistry Chemical Physics, 22, 19349-19358, 2020.
» Z Sheng et al, Chemical Engineering Journal, 399, 125751(14pp), 2020.

The 2020 Plasma Catalysis Roadmap
» A Bogaerts, X Tu, et al: J. Phys. D: Appl. Phys., 53 (2020) 443001(51pp).
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Gas temp. = Catalyst temp.

P Bruggeman, T Nozaki et al, Plasma Chem. Plasma Process., 37 (2017) 29-41.

- Fitting parameters:Gw=0.020nm,Lw=0.030nm, [477 483 8] 900 F

Lo Exp. 10mm_NO Bg correction L - .l.g:mpur.lturc III'U!I] th‘:""“grﬂph}' 1
0.9 - Topt=019 +29K 200 - Temperature from CO spectrum fit
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Optical emission

Needle | —

. Partial
electrode.

discharge

g
>
0

=
o
&
&

| Primary 0 20 40 mm
Yevats el BUIAce streamer DBD: Dielectric Barrier Discharge 40 / 39




4.0

3.6

Reaction orders
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