Supporting Information:
Effect of O, on plasma-based dry reforming of methane: Revealing
the optimal gas composition via experiments and modelling of an
atmospheric pressure glow discharge

Stein Maerivoet*!, Bart Wanten*!, Robin De Meyer!2, Morgane Van Hove!, Senne Van Alphen!
and Annemie Bogaerts!

I Research group PLASMANT, Department of Chemistry, University of Antwerp,
Universiteitsplein 1, BE-2610 Wilrijk-Antwerp, Belgium

2 Research group EMAT, Department of Physics, University of Antwerp, Groenenborgerlaan
171, 2020 Antwerp, Belgium

E-mail: stein.maerivoet@uantwerpen.be; bart.wanten@uantwerpen.be;
annemie.bogaerts@uantwerpen.be

* Shared first authors

Pages: 22
Figures: 3
Tables: 7
Contents
S.1. Experimental details..............oooiiiiiiiii e S3
S.1.1 Agilent 990 Micro Gas Chromatograph............cc.ooiiiiiiiiiiiiiiiiiie e, S3
S.1.2. Calculation of performance metrics. ...........oouviuiiiiiiiiiii i, S3
Table S1: Overview of performance metrics used in this work, with corresponding
symbol, unit and formula. Note that the energy cost is given here in kJ L', but it
can also be expressed in e.g. kJ mol-! or eV molecule!............................... S3
S.1.3. Correction factors for gas eXpansion. ...........v.eeueruiinieiiiie i eieeiaaeeannns S4
S.1.4. Cold trap liquid fraction analysis and H,O balance calculations...................... S4
Table S2: Liquid analysis results of the cold trap liquid samples, for all conditions
INVESTIZALE. .. ettt S4
S.1.5. Safety PreCaAUtIONS. ... uutnt ettt et S5
Figure S1: Safe (white) and explosive (yellow) area of any CO,/CH4/O, mixture..S6
S.2. Computational details............oooiiiiiiiiii i S7
Table S3: Turbulence model parameters, used in the RANS SST equations............... S8
Table S4: Boundary conditions for the SST RANS (flow) equations (eq. [3-6] in the main
01015 o PPN S9
Table S5: Boundary conditions for the heat balance equation (eq. [7] in the main paper).
The geometry describing the mentioned boundaries is depicted in Table S4............... S10

S1


mailto:stein.maerivoet@uantwerpen.be
mailto:bart.wanten@uantwerpen.be
mailto:annemie.bogaerts@uantwerpen.be

Table S6: Boundary conditions for the transport of species equation (eq. [2] in the main
paper). The geometry describing the mentioned boundaries is depicted in Table S4...... S10

S.3. List of all chemical reactions included in the model.............................. S11
Table S7: List of reactions included in the model, with the rate coefficients (third column)
expressed in ¢m3 s7! for two-body reactions, and in cm®s7! for three-body reactions. In the
rate coefficient equations, N, is Avogadro’s constant, kg is the Boltzmann constant, R is the
ideal gas constant, 7, is the gas temperature in K and 7y, is the total number density of
neutral species in cm 3. Each reaction is written as an equilibrium reaction, and both the
forward and reverse rate coefficients are listed (with the forward rate coefficients in gray
background, for clarity). The references where the rate coefficients were adopted from are
given in the last column. This set is reduced from an extensive chemical kinetics model,
specifically for our use case of a 2D axisymmetric APGD model. Other conditions might
give rise to differences in important reactions, so the reduction method has to be applied
for new conditions, as described in the paper of Maerivoet et al.* The full chemistry set
applicable for CO,/CH4/O, modelling is described in the paper of Slaets etal.!l.......... S11

S.4. Carbon deposit analysis for “without O,” sample..................oooeeiinne. . S18
Figure S2: SEM, EDX, and TEM data for the carbon collected at the anode after an
experiment without O, added with a 65/35/0 ratio. A: Backscattered electron SEM image,
highlighting a heavy, spherical particle, with smaller heavy particles around. B: Secondary
electron SEM image of the same area as in A, showing the microscopic structure of the
carbon surrounding the heavy spherical particles. The carbon material appears to consist
of a large agglomerate of smaller structures. C: EDX spectrum of the heavy particle
presented in A, the inset shows the same spectrum but zoomed in on a relevant energy
range, proving that the heavy particle is in fact stainless steel (containing Fe, Cr, and small
amounts of Ni and Mn). D: Representative BF-TEM image of the carbon material. The
material consists of layers of graphene-like carbon that are not structured, indicating the
material is not crystalline, but also not fully amorphous...................cooi S18

S.5. The energy cost 0f SYNEas.......co.viiiiiiiiii i, S20
Figure S3: Energy cost of syngas in eV molecule’!, as well as plasma power (right y-axis),
as a function of O, fraction (a, series A), and CO,/CH, fraction (b, series B). Error bars are
based on three SUCCeSSIVE EXPETIMENTS. .....uutett et ettt et et et eieeeeeiieeaneeaanns S20

S2



S.1. Experimental details

S.1.1. Agilent 990 Micro Gas Chromatograph

We used an Agilent 990 Micro GC for our gas analysis. Only two GC channels are used, each with
a column and thermal conductivity detector (TCD): channel 1 and 2. Channel 1 uses a molsieve
5A column and Ar as carrier gas; permanent gases (CO, H,, O,, and CHy), are separated and
detected on this channel. Channel 2 uses a PoraPLOT U column and He as carrier gas; it separates
CO,, C,H,, C,H,4 and C,Hg from each other and from the permanent gasses. Both these channels
utilize a CP PoraBOND Q as pre-column.

Before entering a channel, the gas mixture is heated to 70 °C by an electrically heated cable to
ensure elimination of any liquid fraction from the gas chromatograph. Gases with boiling points
below 70 °C are caught in the cold trap, to ensure safety of the GC channels.

S.1.2. Calculation of performance metrics

Table S1 summarizes the metrics used in this work to describe the reaction performance,
accompanied by the corresponding symbol, unit and formula. The measured concentrations

obtained through the GC are expressed in % and noted in general as c%/ ?

whether it is describing a reactant or product, respectively, and in and out indicating whether it is
an input or an output fraction. The factor « is a correction factor for the volumetric expansion
during reaction, and will be further discussed in section S.1.3. In the energy cost formulas, the
plasma power is noted as Ppqsmq and expressed in kW, the total input flow rate as ¢, and

“ with i and j indicating

expressed in L s7!. Finally, u‘{‘/j refers to the number of atoms A in one molecule of i or j.

Table S1: Overview of performance metrics used in this work, with corresponding symbol, unit
and formula. Note that the energy cost is given here in kJ L1, but it can also be expressed in e.g.
kJ mol! or eV molecule™.

Performance metric Symbol Unit Formula
Conversion ngs - C:jn — - ot
(absolute) cﬁ”
Conversion (total) ytot - in . abs
G " Xi
i

Energy cost EC, kJ L' converted Ppiasma
(conversion) reactant Oin * xtO
Energy cost (syngas) ECgyngas kJ L' syngas Ppiasma

oin- - c2s + )
Syngas ratio SR NA ot

2y
Product selectivity — §4 - pl e e

]

E (e —a )
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S.1.3. Correction factors for gas expansion

The conversion of gases is often accompanied by a change in moles. The theoretical DRM reaction
doubles its amount of substance (see DRM reaction in the Introduction of the main paper). As a
consequence, the gas expands, leading to a lower concentration of each species. When only using
the measured concentrations to calculate e.g. conversion, the latter will be overestimated, simply
due to the rise in total volume/number of moles. Simultaneously, among the components produced
during the reaction, some may end up as liquid in the cold trap. Loss of these condensed
components influences the concentrations of the remaining gas components. As shown by Pinhao
et al.!, Cleiren et al.> and Wanten et al.?, a correction factor o can be implemented to account for
this change in total volume/number of moles.

The correction factor, a, is the ratio of the flow rate, ¢, at the GC and the flow rate at the inlet
(both measured with a bubble flow meter, see figure 2 in the main paper, during plasma and blank
measurements, respectively):

Pout (L min_l)

Pin (L min—1) [SL1]

a =
Afterwards, a second correction factor, a’, is defined as the correction factor using the flow rate
after the plasma. As mentioned before, the difference between the flow rate right after the plasma
and the flow rate at the GC is the condensation of liquids (mostly water — see section S.1.4) in the
cold trap. The flow rate created by water vapour and the effect on the correction factor, a, can be
calculated using an estimated H,O concentration based on the O atom balance. The correction
factor, a’, can thus be calculated using the estimated molar fraction in the gas mixture of water,
¢'u,0, before condensation took place:

—1
a =all—cu,o) [S1.2]
S.1.4. Cold trap liquid fraction analysis and H,O balance calculations

As explained in the main paper (section 2.2), a cold trap is used to condense all products with low
boiling points to liquid form. The liquid fraction collected in the cold trap was analysed by a
Thermo Focus SSL GC with Stabilwax column and FID. Table S2 shows the concentrations of the
main components present (besides H,O) for each condition. It is clear that the concentrations of
the main components, i.e., CH;OH and CH3CH,OH, are at maximum 0.04 % and 0.003 %,
respectively. Hence, we can approximate the liquid sample as pure H,O.

Unfortunately, this means that the APGD appears not suitable to create valuable oxygenated
compounds. The model of Maerivoet et al.* supports this claim, because it predicts the immediate
destruction of these compounds in the modelled plasma chemistry.

Table S2: Liquid analysis results of the cold trap liquid samples, for all conditions investigated

CO,/CH,/O, fraction (% / % / %) CH;OH (%) CH;CH,OH (%)
65/35/0 0.00 0.000
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63/34/3 0.01 0.000
61/33/6 0.02 0.000
59/32/9 0.01 0.000
57/31/12 0.02 0.002
55/30/15 0.01 0.000
49/36/ 15 0.02 0.002
42.5/42.5/15 0.03 0.003
36/49/15 0.04 0.002

As H,O cannot be detected in our GC, its concentration formed in the plasma is calculated from
the O-atom balance, defined as:

! !
a-(Zwo-c X oDt a K o e 1 [SL3]
0 = I = .
Zi Mo - ¢

Here, p depicts the number of O atoms in a molecule. The ratio of all O atoms in blank and plasma
measurements has to be 1. The first term of the numerator depicts the sum of all molecules
containing an O atom found in the GC, here CO,, O, and CO. The second term describes the
fraction of O atom-carrying molecules not found in the GC, here H,O. The denominator describes
the inlet molecules containing O, here CO, and O,. Using correction factor o’, we are able to
estimate the H,O concentration as:

I ~ ’
z He,0 " Ck =CH,0
k

With py o being 1, since H,O has one O-atom. The use of ¢’ instead of ¢ denotes the concentration
at the end of the plasma, since no H,O is measured in the GC. The combination of these formulas

results in the concentration of H,O formed in the plasma. This ¢, and &’ is also used instead of

« and cj-’”t in the selectivity formula from section S.1.2, to calculate the selectivity of H,O.

S.1.5. Safety precautions

Working with high voltages, in a CO,/CH4/O, plasma producing CO, requires some safety
precautions, as listed below:

- Figure S1 depicts the explosion limit of an CO,/CH4/O, gas mixture. We stayed below 15
% O, to ensure staying out of any explosion zone. The literature described several plasma
reactors operating at higher O, fractions, but figure S1 shows this is dangerous and should
be considered carefully.

- Pressure relief valves releasing at 5 bar were also present in the setup to eliminate eventual
explosions due to built-up pressure.
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- An insulation mat is present next to the high voltage fume hoods to ensure no current can
flow through any person towards the ground. The voltages used in this work, in the range
of 10 kV, can create sparks up to a few centimetres long, which might be further than
expected.

- CO detectors were present at all times during plasma measurements, both on working
personnel as well as stationary detectors on the walls.

- All reactors are placed in a fume hood and the power supply can only be activated once the
glass window of the fume hood is lowered.

- Atall times multiple people were present in the lab, to act in case of emergency.

- A grounding stick was used to ground all remaining charges of all used experimental
equipment after each measurement. Charge can accumulate and linger on conductive
equipment if it is not in contact with the built-in grounding pin.
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Figure S1. Safe (white) and explosive (yellow) area of any CO,/CH4/O, mixture.
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S.2. Computational details

Equation [2] in the main paper describes the transport of species in the 2D axisymmetric model,
based on diffusion coefficients (D}*), the mean molar mass (M,,), the multi-component diffusive
flux correction term (j, ;) and the turbulent diffusive flux vector (jr ;), which are calculated via:

—1
Dp= =Yy, = Zﬁ o, i = Z%Dmv
i = S n= i M, Je,i = PW; M, k VXk [SL4]

k#i D ik

vr

Scr [SL.5]
Here, x), is the mole fraction of species i, D; ;. is the multicomponent Maxwell-Stefan diffusivity,
M; is the molar mass of species i, Dt ; is the turbulent diffusivity coefficient of species i, vy is the
turbulent kinematic viscosity and Scr is the turbulent Schmidt number.

Jri=pwDr;Vw;, Dr; =

Further, the model also solves the Reynolds-averaged Navier-Stokes equations with Menter’s
SST model describing turbulent flow, and 7 in equation [4-6] in the main paper is calculated
using the characteristic magnitude of the mean velocity gradients, S, using:

alk

pr = S=v2S8S,5= %(Vu + (Vu)") [SL6]

P max(a10,5f.2) ’
Here a, is a turbulence modelling parameter.

P in equation [5, 6] is calculated as follows:

P = min(Py,108ppwk) [S1.7]
2 2
Py = ,uT[Vu:(Vu + (Vu)T) — 3(V-w?| — S pkV-u [SL8]
Interpolating values for parameters depending on a blending function is done as follows:
¢=furip1+ A —fo)e2 forany  @=y,B, or0rag, [SLI]
Finally f,1 and f,, are defined by:
fv1 =tanh(6:%) [S1.10]
Vk  500u] 4po,zk
=1mi SL.11
64 mmlmax[ﬁawlw,pwlwl, CDkwlwzl [ ]
2po
CDrr = max( =2 Ve - Tk, 10-10) [S1.12]
fv2 = tanh(6,2) [SI.13]
a2 500 s
=max|\ o3, T :
2 IBOle p(‘)lw [ ]

Here [,, 1s the distance of the current position to the closest wall.
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Table S3 - Turbulence model parameters, used in the RANS SST equations.

Parameter Value Parameter Value
1 0.31 Bo 0.09
B1 0.075 B> 0.0828
Ok1 0.85 Ok2 1.0
Owi 0.5 0,2 0.856

As Cp, k and k7 depend on the gas composition, which is self-consistently calculated in the model
they are dependent on the mass/molar fraction of the components:

Cp,i
Cp = wi XE [SI.15]

i
Where w; is the weight fraction of species i, M; is the molar mass of species i and C,, ; refers to the
heat capacity taken from the NASA polynomial of species i.?

k=05 Zxk +Z / [SL.16]

where x; is the molar fraction of species i, and k; is the thermal conductivity of species i, calculated
using:

/ 3 1 15C,,; + 0.88R,

TM; x 10 pi [SL17]
2-Qk M; i

Here, o; is the characteristic length of the Lennard-Jones potential, and Q is the dimensionless

collision integral given by:

k; =2.669 x 10—6

by by b 4998107V L& [SI18]
(T)bz ~ exp(bsT*) = exp(beT™) kiT*o? ky,
In this equation, b, are empirical constants, [p; is the dipole constant of species i, ¢; is the
potential energy minimum value and k,, is Boltzmann’s constant. These values are tabulated data
taken from literature.®

'ka

Since we are describing a turbulent model, k7 is calculated as follows:

C
.qu

P rr
With Pr respresenting the turbulent Prandtl number.

ey = [SL.19]

Furthermore, u and p also depend on the chemical composition, where the former is calculated
using:
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n

— Z Hi _ 1+ (#i/ﬂj)o's(Mj/Ml- 10252
H= . 1 on » Qi = ( )(1 M M)0'5
=11+ x_izj=1,j¢ix]¢i] 4/\2 )\1+ M;/M;

In this formula, x; is the molar fraction. The dynamic viscosity of species i, y;, is calculated similar
to k; in equation [SI.17], using:

. 3
vTM; x 107 (SL.21]
O'l'Z.QD
Here, Q) is expressed similar to equation [SI.18]:

[S1.20]

1 = 2.669 x 106

0 = by N bs N bs +4.998x10—4°u4D,l- — k;, (S122]
P ()b 7 exp(baT™)  exp(beT™) KBTe? & '
p is calculated using the ideal gas law:

pMy
,D—W [S1.23]

Here, p is the pressure, R is the gas constant, T is the temperature and My is the mean molar mass
of the mixture.

All equations can be found in the COMSOL User Guide.”1°

Boundary conditions for each set of equations can be found in the tables below, directly taken from
Maerivoet et al.#

The boundary conditions for the SST RANS equations (i.e., equations [36] in the main paper) are
listed in Table S4. wu, is the inlet velocity field, u|; ¢ is the velocity at the wall, pg is the outlet

pressure, I7 is the turbulent intensity, U,..r is the reference velocity magnitude, Ly is the turbulent
length scale, By is 0.09, a turbulence model parameter, w2, and w?, g are the specific dissipation

values for the linear sublayer and logarithmic layers, respectively, n is the normal vector to the
boundary plane, h | is the reference length and [, is the closest wall distance,

Table S4: Boundary conditions for the SST RANS (flow) equations (eq. [3-6] in the main paper).

Geometry B _A G
e S
E F
p (Pa) u (ms?) k (m2s?) o (s
Inlet / u=1u, 3 2 k05
IBC| o= 2 (Urerlr) W= (B5)025Ly
Uref = ”uOH
Walls / ul;,—o=0 Vk-n=0 i 5
|AB|&’CF| hJ_ W= [Wyjsc + wlog
lW = 7

S9



Outlet
IFG

[—pI+ K]n =

Vk-n=0

Vw-n=0

The boundary conditions for the heat balance equation (equation 7) are listed in Table S5 Here
T s 18 upstream temperature, AH is the sensible enthalpy, g is the heat flux, qg is the inward heat
flux, T, 1s the external temperature and Q is the user defined heat source.

Table S5: Boundary conditions for the heat balance equation (eq. [7] in the main paper). The
geometry describing the mentioned boundaries is depicted in Table S4.

T (K) q (W m?) Q (W m™)

Inlet Tyser = 293.15 —n-q=pAHu-n /
IBC| T

AH = CpdT

Tuser

Walls / —n-q=qo /
CDI&IEF G0 = h(Toxi —T)

Text =293.15 K

h=5W/m*K

Walls / —n-q=q /
|AB|&|DE| qo =h(Texe —T)

Text =293.15 K

h =25 W/m?K
Outlet / —n-q=0 /
[FG
Domain / / Q=0

The boundary conditions for the transport of species equation (equation [2] in the main paper) are
listed in Table S6. Here wg; is the user-defined inlet mass fraction, j; is the diffusive flux vector
of species i and D}"* is the mixture-averaged diffusion coefficient.

Table S6: Boundary conditions for the transport of species equation (eq. [2] in the main paper).
The geometry describing the mentioned boundaries is depicted in Table S4.

Inlet

IBC|

Walls
|AB|&|CF]
Outlet
[FG|

; (-) J; (mol m2s1)
w; = (1)0’1' /
/ —n 'ji =0
—n - pD7"Vw; =0 /
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S.3. List of all chemical reactions included in the model

Table S7: List of reactions included in the model, with the rate coefficients (third column) expressed in
cm? s7! for two-body reactions, and in ¢cm®s~! for three-body reactions. In the rate coefficient equations, N
is Avogadro’s constant, kzis the Boltzmann constant, R is the ideal gas constant, T, is the gas temperature
in K and n,,is the total number density of neutral species in cm 3. Each reaction is written as an
equilibrium reaction, and both the forward and reverse rate coefficients are listed (with the forward rate
coefficients in gray background, for clarity). The references where the rate coefficients were adopted from
are given in the last column. This set is reduced from an extensive chemical kinetics model, specifically
for our use case of a 2D axisymmetric APGD model. Other conditions might give rise to differences in
important reactions, so the reduction method has to be applied for new conditions, as described in the
paper of Maerivoet et al.* The full chemistry set applicable for CO,/CH,/O, modelling is described in the
paper of Slaets et al.!!

Forward rate coefficient Ref.
# Reaction

Reverse rate coefficient Ref.

12

—3900)

6.40 X 10=24-T211. N, - exp ( T

1 CH,+H = CH;+H,

—3220)

6.62 X 10720 T224. N, - exp ( T

See rate equation in footnote 2, with:
ko= 1.7 x 10726 - T 18

ke =3.5% 10710

T
g
F.=0.63" exp(m) + 0.37

— Tg
CH;+H = CH, 'exP<6.10 x 101>

See rate equation in footnote ?, with:

—4.570 x 10*
ko=75x10"7 - exp| —————
g

—5.280 x 104> 13

koo =2.4% 1016-exp( T
g

~T, —7.8340 x 103
Fe=exp\1350x 103) + €*P T,

; —1.6736 x 10°
8 X107 -exp R-—Tg

14

3 CH;+ CH, = C,Hq+ H

krev ‘K eq b

4
—9.6232 X 10 ) ”

1x107-exp< R T
4 CH;+ CH;= C,Hs+ H, Z

L — Keq b
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CH3 + CH3 = C2H6

See rate equation in footnote ?, with:

—1.39 x 103
ko=35%x10"7-T,7 - exp| ——F———
g Tg

koo =6%x 10711

=Ty —Ty
Fc=10.38-exp| 735 701 ) + 0.62exp| 7705703

13

See rate equation in footnote ?, with:

—4.729 x 10*
ko = 2.6 x 1025 T %73 - exp| ——F——
9

—4.59 x 10*
koo = 4.5 % 1021 - T 137 exp| ————
9

=Ty —Ty
F.=0.38"-exp 73x 101 + 0.62 - exp

1.18 x 103

)

CH;+CH; = CH;+H

—8.08 x 103
9% 10717 -Ny-exp| ——F——
g

7 x 10~17

CHs +H, = C,H¢+H

— 3
5.1 %1030 N, - T36 - ex —4.253 x 10%
' Aty 14 T,

—4.640 x 103
163 X 10716 - Ny - exp| ————
g

CH,+H=CH+H,

—8.700 x 103
3.0X 10712 Ny exp| ————
g

—3.28 x 102
TQ

3.6 X 10720 N - T5o%- exp(

13

C2H6 + CH3 = C2H5 + CH4

—4.740 x 103
9.3%x 10720 Ny -exp|————
g

—1.120 x 10*
+14 X 10715 - Ny - exp| ————
g

- 3
143 X 10731 N, - T*14 . oy M
. Aty p T,

10

C2H2 + CH3 = CQH + CH4

—8.7 x 103
3x10719-Ny-exp —
g

15

_ 2
3.6 10—20 . T0.94 N, M
6 X g A" exp T
9

11

CHg = C,Hs + H

See rate equation in footnote ?, with:

1042839 —5.3938 x 104>

ko = . T§6.431 . exp( -

Ny )

16
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_ 4
R = L
g

—1.6182 x 10*
Fe=47.61 exp|— 77—
g

+exp{3371 x 103

6x10-17. Ny
1+ 10—1.915+2.69X103'Tg—2.35X10_7'T!2]

12

C2H5 = C2H4 +H

See rate equation in footnote 2, with:

—1.68 x 10*
ko=1.7x10"°exp — 7
g

—2.007 x 10%
ko =8.2 X 1013 - exp| —————
g

_Tg B Tg
F.=0.25"exp 97 % 101 + 0.75 - exp 1379 % 103

13

See rate equation in footnote ?, with:

—3.8 x 102
ko=13x10"% - exp| ——F——
g

- 2
o =66 % 10715 7320 e 25

—Ty —Ty
Fo=024-exp —4)< 101 +0.76 - exp m

13

13

C2H4 = C2H2 + Hz

—4.467 X 104>
g

12,9 . 70.44
10 Ty exp( T

—1.96 x 10*
5x 10719 Ny exp — 7
g

14

CH+H=CH,

3x10-16-N,

15

—6.2445 X 104>

1542 .
10 exp( T,

15

M+CO,=M+CO+0O

—5.2525 x 104
3.65 X 108 - exp — 7
g

17

3
270 % 1041 715+« o 220X 10
.79 x P arexpl\— 7
9

16

H+OH=H,+0O

41x10718.

T, 2350 x10°
3x 102 VA exp T,

18

o s 1015 ( T, )1-0 N <—4.480><103)
X107 "Ny-exp\——F
3 x 102 A" Exp T,
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s [ Te T —5.90 x 10*
591078 (=0 Navexp|—7——

18

17 M+H,O=M+H+ OH v
k‘rev'Keq b
e (T 14 2.0 x 102 5
1.02 x 10 ‘(3% 102 *Ny-exp T,
18 OH+OH=H,0+0
0l a3 —8.6 x 103 s
76x107% Ty -NA-expT—g
[ Te T 5.0830 x 10* s
4.7 x 10 (3% 102 "Ny -exp T,
19 M+OH=M+H+0O
433 % 10-4 - (—2 _1-N2 15
' 3 x 102 4
—1.74 x 103
3.6 X 10—22-T;-52-NA-exp(T—g> 1
20 H,+ OH = H + H,O
vy 16 —9.03 x 103 s
7.5 X 10722 T Ny - exp{ ——p——
i —1.0
8.05x 1017 - N4 - (3 ~ 102> 15
21 HO,+ OH = H,0 + O,
e [ Te \* —3.660 x 10* 8
4310710 {3570 | Narexp(— ——
—1. 070 x 103 s
1.1x 10716 N - exp| ————
22 H-+HO,=H,+0,
—2. 410 x 104 "
32x107Y Ny -exp| ——
440 x 102 s
2.8x 10716 Ny exp| ——F——
23 H + HO, =& OH + OH
—2.020 x 10* 6
2x 10717 Ny~ exp| ——F——
g
o (T \7¥ —3.0 x 10* 5
433 x107+"- 3% 102 “Ny-exp T,
24 O+OH=H+O0,
—7.4740 x 103 o
1.62 X 10716 N, - exp T,
T —1
3.33 x 10~43 - <3 - 5102> N2 13
25 M+H+0O,=M+HO,
k‘rev'Keq b
—1.3915 x 10%
26 CO,+H=CO+OH 47 % 10716 N, - exp(T—> =
g
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2
33><10°'T1'55-ex M
. g 14 Tg

20

2x 10747 - T92 - N2

27 M+CO+H=M+HCO
krey Keq b
—3.31x103
73X 10725 -T2% Ny - exp(T—> 13
28 CH4;+ O & CH;+ OH
—2. 24 x 103 5
1.16 X 10725 - T22 - Ny - exp| — =
—2. 637 x 104
8.1Xx10725-T25-N- exp< ) 1
29 CH;+ O, = CH; + HO,
6x10718. NA 15
1.12x 1016 - N, 13
30 CH;+ O = H+ HCHO
krev ) Keq b
0.28 x 10~16- N, 13
31 CH; +O=CO+H,+H
k‘rev . Keq b
—1.114 x 10*
3.7 x 10718 Ny - exp| ——F—— 12
32 CH;+ O, & HCHO + OH <
krev . Keq b
—1.634 x 10* =
3.5x 10718 N, - exp B —
33 CH;+0,=CH;0+ 0O g
1.875x 10~17 - Ny, 13
—1.231 x 103
1.66 X 10724 - 72182 )y, - exp(T—> 2
g
34 CH;+ OH = CH;+ H,O
28 . 2.9 —7.48 x 103 23
8x 10720 - T5% - Ny - exp| —— ——
3x10-17-Ny, 13
35 CH;+ HO, = CH;0 + OH
k‘rev . Keq b
1.5%x10716- N, 13
36 H+HCO = CO +H,
krey Keq b
—3.04 x 102 53
231x107Y - Ny-exp|—
g
37 HCHO + OH = H,0 + HCO
b2 135 —1.3146 x 10* s
3.9 X 10722 - T53% - Ny - exp| —————
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2

4.5 x 1020 . T0-68. )y . M
' g A €xp =
g

13

38 HCO + O, & CO + HO,
krew Keq b
2X10716.N, 15
39 CH;+ HCO = CH,+ CO
krey Keq b
—2.17 x 103
53%x10729-T336.Ny- exp(T—g> B
40 CH;+ HCHO = CH4+ HCO
26 . 72,85 —1.133 x 10* s
121 x1072°-T5" - Ny - exp —Tg
1 —2.99 x 103 "
T 34X 107" -Ny-exp\ — 7
41 C,H,;+ OH = CH;+ HCHO &
krev . Keq b
—6.8 x 103 -
0.5-1.3x10716-N, - exp —7
42 C,H,+ OH = CH,CO + H y
krew - Keq b
—9.2 x 101 3
0.6°2.25x 10723 - T¢88 - N, - exp —
43 C,H;+ O = CH;+ HCO <
- Keq b
—9.2 x 101
0.05-2.25 x 10723 - T8 . N, - exp<T—> 13
44 C,H;+ O = CH,CO + H, 9
krev ) Keq b
—1.11 x 103 .
0.8+1.95x 10721 - Ty* - Ny exp| ——F ——
45 C,H,+ O = H+HCCO g
krev Keq b
—2x103-4.184 ”
L1 X107 To exp| —po7
46 CH,CO+H = CH;+ CO g
k‘rev ) Keq b
—5.6 x 102 3
1.6 X 10~16- N, —4.9 x 10~17 - N4 - exp — 7T
47 HCCO+0O=CO+CO+H g
L — Keq b
—1.0642 x 10* - 4.184
124x1071-T2%- exp( T ) 17
48 CH,CO + CH; = C,Hs+ CO &
krev ) Keq b
—3.805 x 10%
49 M + HCHO = M + H + HCO 8.09 x 1015 I - exp<T—> i3
g
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krev ) Keq b
—3.211 x 10%
47X 10715 Ny-exp| ——5—— =
50 M+HCHO &M+ CO +H, <
k‘rev - Keq b
—4.11 x 103 - 4.184 5
2.4 x 107 - exp T >
51 H + HCHO = CH;0 Y
k‘rev . Keq b
—5.94 x 103
2.6 X107 - N, - exp — T 15
52 CH;0 + CO = CH; + CO, g
krev . Keq b
1.8x 10716. N, 13
53 HCO + OH = CO + H,O
k‘rev - Keq b
4.265 x 1017 - Ny 13
54 HCO + HCO = CO + HCHO
krev . Keq b
—8.6 x 103 - 4.184 4
1.8 X 108 - exp RT
55 CH,CO + H = H,+ HCCO g
krev ) Keq b
5.1 X 102
0.372.8 X 10718 N4 - exp| — =
56 CH,CO + OH = CH3+ CO, g
krey Keq b
—1.0512 x 103 - 4.184
1.55 x 10~*- 7338 exp< T ) 17
57 CH,CO + CH; = CH,;+ HCCO g
k‘rev . Keq b

Constants:

N,=6.02214076 x 10?3 mol™!

kz=1.38064852 x 1073 JK'
R=18.31446261815324 JK 'mol!

ny= total number density of neutral species (cm3)

Notes:  falloff expression, Lindemann-Hinshelwood expression with broadening factor:

_ ko[M]ke B logF, B
=——+———F;logF = 53N =0.75— 127 logF,
ko[M] + e 1 ¢ [foeCkal /)
N

b Reaction rate coefficient expression calculated from equilibrium constant and reverse reaction rate:

—AG, p Av
Keqze( RT)(ﬁ) ;p:lbar;Av:ZuP—ZHR
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S.4. Carbon deposit analysis for “without O,” sample

In section 3.2 of the main text, the analyses of the solid carbon deposits are shown for an
experiment with O, added. Here, in Figure S2, the same analyses are presented for a sample that
was formed in a plasma without O, added. Similarly, heavy spherical particles are commonly
found on the carbon structures. The EDX analysis reveals a similar stainless steel composition as
for the other sample. Further, the TEM analyses yield the same results as for the “with O,”
sample, being a carbon structure consisting of planar carbon, without much additional ordering.
Again, this carbon material could be characterized as so-called turbostratic carbon.

Overall, no significant differences were observed between the solid carbon samples formed with
and without O, added.

4
18 210 : : . ;
2500
16 -C S
14 + 2000 - 4
12 b
1500
2
gor| s |
o
8 1000
O 8 E
& 500 -
4t i
0
2 5 5.5 6 6.5 7 7.5 8
O X-ray energy (keV)
0 A . .
0 2 4 6 8 10

X-ray energy (keV)

Figure S2. SEM, EDX, and TEM data for the carbon collected at the anode after an experiment
without O, added with a 65/35/0 ratio. A: Backscattered electron SEM image, highlighting a
heavy, spherical particle, with smaller heavy particles around. B: Secondary electron SEM image
of the same area as in A, showing the microscopic structure of the carbon surrounding the heavy
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spherical particles. The carbon material appears to consist of a large agglomerate of smaller
structures. C: EDX spectrum of the heavy particle presented in A, the inset shows the same
spectrum but zoomed in on a relevant energy range, proving that the heavy particle is in fact
stainless steel (containing Fe, Cr, and small amounts of Ni and Mn). D: Representative BF-TEM
image of the carbon material. The material consists of layers of graphene-like carbon that are not
structured, indicating the material is not crystalline, but also not fully amorphous.
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S.5. The energy cost of syngas

a
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Figure S3. Energy cost of syngas in eV molecule’!, as well as plasma power (right y-axis), as a
function of O, fraction (a, series A), and CO,/CH, fraction (b, series B). Error bars are based on

three successive experiments.
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