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S.1. All boundary conditions of the 2D model

Figure S1 presents the entire geometry of the pin-to-pin reactor, like Figure 3 of the main
paper, but with the numbers of the boundaries indicated, to help the reader understand Table
S1.
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Figure S1 Geometry with boundaries numbered.

Table S1 Overview of all boundary conditions in the 2D model (see numbers of the boundaries
in Figure S1). AH is the sensible enthalpy (kJ/mol), osp is the Stefan-Boltzmann constant
(W/(m? K*), T,y is the external temperature (293.15 K), € is the emissivity of quartz
(dimensionless).
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S.2. Thermodynamic equilibrium data

The thermodynamic equilibrium of a thermal system, which is just dependent on Tg, will at
high enough gas temperatures, yield electrons from associative ionization. This is
complemented with an electron density, which is used to calculate the electrical conductivity
of an equilibrated system. While the real conductivity in the plasma system, which is subject
to an external electric field, will be different, we use the equilibrium electrical conductivity in
the 2D axisymmetric model, as we do not have the computational power to solve the electron
energy balance combined with all other physics included in the model. Naidis et al* reported
that the differences between non-LTE-calculated and LTE-calculated conductivities were
small at high currents (>50 mA). As expected, the Joule heating heat source shape will differ
depending on the electrical conductivity of the system. However, section S.7. in this SI presents
an analysis of the effect of the heat source shape on the main plasma metrics, from which we
see that some deviation of the heat source shape, and thus of the electrical conductivity, will
not influence the plasma metrics, as long as the total deposited energy is equal.

Figure S2 shows the temperature-dependent electrical conductivity used to calculate the
electrical current and heat deposited (see section 2.4 in the main paper). The electrical current
is extremely low for temperatures below 1500 K as there are almost no electrons below this
temperature. The conductivity increases exponentially with temperature, as expected.
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Figure S2. Electrical conductivity for NH3 at thermal equilibrium, as a function of temperature. The red
line is the lower bound used for numerical stability.

Figure S3 presents the molar fractions at thermodynamics equilibrium, as a function of
temperature, both on a linear scale (a) and on a logarithmic scale (b). We can see that NH3 is
unstable at elevated temperatures, while the ionization degree is quite low over the full
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temperature range (maximum 2.2x107 at 8000 K). This information is used to calculate the

conductivity, as mentioned in section 2.4 of the main paper.
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Figure S3. Thermodynamic equilibrium molar fractions as a function of temperature, on a linear scale
(a, showing only the dominant species) and a logarithmic scale (b, presenting also the minor species).
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S.3. Viscosity comparison

The viscosity used in our work is shown together with the calculations by Colombo et al. for
pure Nitrogen plasma.

4
10
18¢

Wiscosity in our model
Wiscosity of equilibrium nitrogen plasma i
Viscosity of nitrogen plasma when Te=2Tg o

16

=i
B
!

-
-

Dynamic Viscosity (Pa s)
o
[ms]

0 1000 2000 3000 4000 5000 6000

Temperature (K)
Figure S4. Viscosity used in our work (blue) compared to the values of a pure nitrogen plasma as
calculated by Colombo et al.’

As one can see, the viscosity we used closely aligns with the more involved plasma
viscosities calculated by Colombo et al. The small deviation is caused by the contribution of
the hydrogen fraction in the plasma mixture.

S.4. Full and reduced chemistry set

Table S2 lists all chemical reactions, and their rate coefficients, as well as the corresponding
references, for the complete thermal NHs set, which is used to obtain the reduced chemistry
set, and the latter is summarized in Table S3, for the operating conditions of the warm plasma
pin-to-pin reactor. For both sets all reactions are detailed balanced, see Maerivoet et al. for
further information® For other plasma types, it is important to start again from the full set, as
the chemistry reduction depends on certain parameters specific for each plasma reactor (such
as maximum temperature, quenching rate, residence time...). The reduction method is similar
to the one in Maerivoet et al.® and is described in section S.5. The reactions that are part of the
reduced chemistry set, are also indicated in Table S2 in bold and with asterisk (*).

Table S2 Full set of chemical reactions, their rate coefficients and corresponding references. The
reactions present in the reduced chemistry set are indicated in bold and with asterisk. The units of the
rate coefficients are also denoted. NNH is included as a species, but it is removed in the reduced set and
replaced by N, + H.
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Reaction Rate coefficient Ref.
1*) NH, + H (+ M) = NH; (+ M) See rate equation in footnote *, with: 7
10 , T o m6
= X
g S BT R (1K) mol?s
ko, = 1.5 X 108 - ( )0'167 m°
B 1K mol s
F.=0.5
N2 eff = 25
2#*) NH; + H= NH; + H; T\ —4.149 x 10* J/mol\ m3 8
5.4x 1071 (&) $exp R T, mol s
const " 1g
3)NH+H+M =2 NH,+ M T,\"%"1 mé 9
1.2 x 1013 - (—g) —
1K mol? s
4*)NH, + H = NH + H, T\ —1.548 x 10*J/mol\ m?3 7
5.1 x 102 - (—g) - exp
1K Reonst = Ty mol s
5*) NH; + NH, = NH; + NH T\ —2.310 x 103 J/mol\ m3 10
5.6 x 1076 (—g) - exp
1K Reonst = Ty mol s
6) NH, + NH, = t-N,H, + H, T\ 2 —49.3 x 103 J/mol\ m?3 10
17x102-(—g) - exp
1K Reonst " Ty mol s
7) NHz + NH; = HoNN + H, /T, \B8 —36.83 x 103 J/mol\ m3 10
7.2%x1072- (—9) - exp
1K Reonst * Ty mol s
8) NH, + NH; (+ M) = NyHy (+ M) See rate equation in footnote *, with: 10
T, \ > —8.31 x 103 J/mol\ m°®
ko = 1.6 X 1022 - (—g) :
0 1K exp Reonst * Ty mol?s
T\ %4 —276]/mol\ m3
ko, = 5.6 X 108 - (—‘g) - exp< J/ )
1K Reonst - Ty Jmols
F. =031
9%) NH, + NH 2 t-N,H, + H 12 %107 - (T 05 3 11
1K) mol s
10%) NH, + NH = ¢-N;H, + H 2.0 x 108 - (T )‘0-5 m3 11
1K mol s
11%) NH, + NH & NH; + N T, \2*® —4.477 x 10% ] /mol\ m3 10
9.6 x 102 - (g) . exp
1K Wgese Uy mol s
12)NH; +N=2N; +H+H 7% 107 m? 12
mol s
I3)NH+M=2N+H+M 18 x 10° —313 x 103 J/mol\ m3 9
' e Reonst * Ty mol s
14)NH +H =N + H, T\~ % —144 x 10° J/mol\ m® 13
3.49 x 107 - (ﬁ) - exp R T, mol S
const
15*) NH+ NH = NNH + H —0.036 6.736 x 102 J /mol 10
6.2 X 107 - (&) - exp T, mol .
COTLSt
16) NH+NH = NH, + N T\ —1.430 x 103]/mol 10
5.7 %1077 - (&) - exp T, 1
COTLSt
17*)NH+N=2N,+H 5 (T —80J/mol\ m?3 14
1.17x 10" - (—) - exp
1K Reonst * Ty Jmol s

S6



18)H,+M=2H+H+M T, —4.367 x 10° J/mol\ m3 15
4.6 x 1013 - (—) - exp
1K Reonst " Ty mol s
HZ eff = 25
19) NoH; + H (+ M) = NoHy (+ M) See rate equation in footnote *, with: 7
T -1.76 m6
ko = 3.6 x 1010 - (—g) —
0 1K mol?s
m
ke = 1.6 x 108
mol s
F.=05
20) N>Hy + H = N,H; + H, T\ > —5.1x 103 J/mol\ m3 16
2.7 x 1013 - (—) - exp
1K Reonst * Ty mol s
21) N2H, + NH, = NoH; + NH; T\ > % 1.66 x 10% J/mol\ m® 17
2x107°- (—) - exp
1K Reonst ' Ty mol s
22*%) N;H; (+ M) = t-N;H; + H (+ M) See rate equation in footnote °, with: 18
T, \ 688 —2.279 x 10%] /mol\ m3
ko = 3.8 X 1034 - (—g) . exp J/
1K Reonst * Ty mol s
T, \%81° —2.011 x 10° J/mol\ 1
km=1.3x1011-(—g) -exp( J/ >—
1K Reonst " Ty S
F,=(1-0.168 ]
¢ =(1-0168) exp (80000 K)
+0.168 (_Tg) +exp (228K
. exp 28K exp T,
Nz eff =2
23) NoH; + H 2 t-N,H; + H, T\ > —15.69 x 103 J/mol\ m3 19
46x 1075 - (—) - exp
1K Reonst " Ty mol s
24) N,H; + H 2 ¢-NoH, + H, T\ —27.7 x 103 J /mol\ m3 19
2.7 x107%- (—) exp
1K Reonst " Ty mol s
25)N,H; + H 2 H,NN + H, T\ —9.54 x 10% J/mol\ m3 19
3.1 100 - (—) . exp
1K W 1 mol s
26*) N;H; + H & NH; + NH; 10 x 108 ™ 19
mol s
27) NoHs + NH; = t-NoH, + NH; T,\>*7* —5x 103 J/mol\ m? 18
6.1 x1077 - (—) -ex
1K Reonst * Ty mol s
28) NoH; + NH = HoNN + NH; T\ %% —8.83 x 102 J/mol\ m3 18
1.1x 107> - (—) - exp
1K Reonst " Ty mol s
29) NoHs + NH = t-NoH, + NH, 5% 107 m3 7
mol s
30%) t-N,H, = ¢c-N2H; £ See rate equation in footnote °, with: 19
twistin, T\~ * —2.515 x 10° J/mol\ m?3
( 8 ko = 2.3 x 1023 - (—g) . exp J/
1K Reonst * Ty mol s
o —2.30 x 10%]/mol\ 1
ko =1.5%10° - exp -
Reonst " Ty S
F, = (1-035)- (_g) 0.35 (#)
= ) exp{geng) “*P\10600 K
31%) t-N,H; (+ M) = ¢-N;H; (+ M) See rate equation in footnote °, with: 19

(bending)

ko = 3.0 X 1022-(

1K Reonst " Ty

S7

T\ % <—2.347 X 105]/mol> m3
_) - exp
mols



—-1.996 x 105]/mol> 1
S

1.18
koo = 4.9 x 10° - (—Tg) -exp<
1K Reonst " Ty

T,
fe=(1-035)-exp (650 K) 035 exp (m)

32%) t-N,H, + H = NNH + H, T\ "® —3.766 x 103] /mol\ m3 19
9.6 x 10 - (—) exp
1K Reonst " Ty mol s
33*%) t-N,H, + NH; = NNH + NH; T, \>%° 4.326 x 103]/mol\ m? 18
2.7x1071- (—) " exp
1K Reonst * Ty mol s
34*) t-N;H, + NH = NNH + NHz Ty\*° 5 x 10%J/mol\ m? 20
2.4 %100 - (—) - ex
1K Reonst Ty Jmols
35%) ¢-N2H; (+ M) = NNH + H(+ M) See rate equation in footnote °, with: 19
o (To\ " —2.674 x 10°] /mol\ m?3
ko =9.6 X 102° - ( ) - exp
1K Reonse * Ty mol s
—2.456 x 10° J/mol\ 1
ko = 5.7 x 106 - exp< J/ )—
Reonst Tg S
F, = (1—0.44 ( T)+044 (_Tg)
= ( ) exP 50K P \6150 K
36%) ¢-N;H; + H = NNH + H, T\ 7?0 —1.966 x 103/ /mol\ m3 19
2.8 x 102 - (—) - exp
1K Reonst * Ty mol s
37) c-NoH, + H = t-N,H, + H T\ "° —9.12 x 103]/mol\ m?3 19
7.8 X 102 - (—) - exp
1K W Uy mol s
38) H,NN = NNH + H T\ % —1.93 x 105/ /mol\ m3 20
3.4 x 108 (—) - exp
1K Reonst " Ty mol s
39*) H,NN = N, + H, 14 —2.209 x 10°\ 1 21
25X 10" -exp| ——————— | =
Reonst " Ty S
40) H,NN + H = NNH + H, T\ 3.74 x 103] /mol\ m3 20
4.8 x 102 - (—) - ex
1K Reonst " Ty mol s
41)HNN +H = t-NH, + H m3
) = 7.0 x 107 20
mol s
42) HoNN + NH, = NNH + NH; T, 1.94 4.82 x 103 /mol\ m3 20
1.8 % 10° - (—) . ex
1K Reonst " Ty mol s
43)NNH =2 N, +H T, \ > 1.18 x 10°]/mol\ m?3 14
6.35 x 107 - ( ) . ex
298K Reonst ' Ty mol s
44)NNH+H =N, +H, : Y 0.17 m3 22
3.99 x 107 - —
(2981() mol s
45)NNH + NH = N, + NH m3
) : : 5 x 107 7
molgs
46) NNH + NH;, = N, + NH; &5 107 " 7
mol s
47%) t-N,H, (+ M) = NNH + H (+ M) See rate equation in footnote °, with: 19

T, \ "1 —2.946 X 105] /mol\ m3
ko = 8.7 x 1033 - (g> -exp( J/ >

1K Reonst ° Ty mol s
A —2.678 x 10%\ 1
ke =63%x10"°-exp| ———7 |-
Reonst * Ty S

T,
F,=(1-044)" exp(szo K)



48) N;Hs + M = HONN + H, + M PLOG rate (see *°): 20
T, \ 28 —3x 10%//mol\ m3
k =4 x 1038 - (—9) :
0.1bar 1K P\ Reonst T, )mols
—-8.35 5 3
—2.9x%x10°]/mol\ m
Kypar = 5.3 X 1033 (—g) :
1bar 1K x Reonst T, ) mols
T, \ 82 —2.9x 105/ /mol\ m3
Kyobar = 2.5 X 1033 - (—g) :
10bar 1K X Reonst T, ) mols
49*) N,Hs + H = NH; + NH; 3.0 % 107 T, 2.070 —3.352 x 10\ m3 17
.0 x = :
(11() P\ Reonst ‘T, )mols
50 )N+ M=N+N+M —9.412 x 10° J /mol 23
IN: 3.0 x 1010 - exp( J/ )
Reonst * Tg
) —2.789 x 10* J/mol\\ m3
exp Reonst * Ty mol s
NZ eff = 22

# NNH in these reactions was substituted for N2 and H, as discussed in the main paper
® Notes: a falloff expression, Lindemann-Hinshelwood expression with broadening factor:

_ kO[M]koo
 ko[M] + ko

F;logF =

log F,

53N =0.75 - 1.27 log F,
N ECATIITS)
N

S9



Table S3 Reduced set of chemical reactions, their rate coefficients and corresponding references. The
units of the rate coefficients are also denoted. NNH is replaced by N> + H as a species.

Reaction Rate coefficient Ref.
1) NH, + H (+ M) = NH;3 (+ M) See rate equation in footnote *, with: 7
T\ *° mb
ko = 3.0 x 1010 - (—g)
1K mol?s
ke, = 1.5 % 108 - (T—g)om m*
© 1K mol s
F.=05
N2 eff = 25
2) NH; + H = NH, + H, LT\ —4.149 x 10*]/mol\ m?3 8
54x107t- (—g) - exp
1K Reonst = Ty mol s
3)NH+H+M = NH,+ M T,\ %"t mb 9
(L2 L= (&) mol? s
4)NH, + H = NH + H, T, \1° —1.548 x 10* J/mol\ m3 7
5.1 X 10? - (&) - exp R T s
const " lg
5) NH, + NH, = NH; + NH & 6 x 10-6 (Tg )3-53 <—2.310 x 103 ]/mol) m3 10
. (= - exp
1K Reonst ' Ty mol s
6) NH, + NH = t-N,H, + H 12X109_(T_g)‘°-5 m3 11
' 1K mol s
7) NH, + NH = ¢-NoH, + H o (T\%° md 11
3.0 %107 (ﬁ) mol s
8) NH, + NH = NH; + N 0.6 x 103 - (T_g)2-46 exp —4.477 x 10% ] /mol\ m? 10
' 1K Reonst * Ty mol s
9NH +N=N,+H+H 7 % 107 m3 12
X
mol s
I1O)NH+NH=N,+H+H* T, \ %036 6.736 x 102 J/mol\ m3 10
6.2 x 107 - (&) - exp P = —
const " 1g
IHDNH+N=2N,+H T,\%>! —80]/mol\ m? 14
Az (&) $exp (R ! T, )mol s
const " lg
12)H+M=H+H+M T\~ —4.367 x 10° J/mol\ m?3
4.6x1013-(—‘g) -exp< J/ ) 15
1K Reonst " Ty mol s
HZ eff = 25
13) See rate equation in footnote °, with: 18
NzH; (+ M) = t-NoHz + H (+ M) ko = 3.8 10% - (T_g)‘6'88 exp <—2.279 X 105]/mol> m3
' 1K Reonst * T, mol s
T\ "% 2011 x 10° J/mol\ 1
ko = 1.3 x 101 - (—) - exp —
1K Reonst " Ty S

14) NoH; + H = NH, + NH;

F, = (1—0.168) - exp (Wo%x)

—T —7298 K
+ 0.168 - exp (—) t+exp|——

28 K T,
Nz eff =2
3
m
1.0 x 108 19
mol s
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15) t-NoHa (+ M) = ¢-NoH, (+ M)

16)t-N2H2+H#N2+H+Hza

17) t-N>H, + NH> & N, + H + NH;3 8

18) c-NoHa (+ M) =N, + H+H ® (+ M)

19) c-NoH, +tH=N, +H+H,?

20) NN = N + H;

21 t-NoH, (#F M) = N, +H+H (+ M) ?

22)NoHs + H = NH;3 + NH;

23)N,+M=2N+N+M

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

N = 0.75 — 1.27 log F.

_ ko[M]ko,
" ko[M] + ke

F;logF =

See rate equation in footnote °, with:

T —-3.56
ko = 3.0 X 1022 - (&) -exp<
T \118 _
ko = 4.9 x 107 - (&) -exp<

Iy + 0.35- g
) exp (10600 K

E = (1-035)- exp(

650 K

m

3

Reonst * Tq

—2.347 x 105]/mol>

1.996 x 10°] /mol

Reonst - Tg

1.8
96><101-(T—g> -ex (
' 1K p

T, 2226 4326 x 103 l
2.7x10‘1-(—‘g) -exp< Nmo) m
mol s

1K

3.766 x 103] /mol\ m3
mol s

Reonst - Tg

3

Reonst * Tg

See rate equation in footnote °, with:

T —5.44
ko = 9.6 X 1029 - (9) -exp(

1K

—2.674 x 10°] /mol

m

mol s
1
S

3

Reonst * Tg

ke = 5.7 x 1016 - exp<

F,.=(1-044)- exp(

=Ty
520 K)+ 0.44 - exp(

Reonst - Tg

6150

—2.456 X 105]/m0l> 1
S

-T, )
K

3

>mols

1.720
28><102-(T—‘g) ex (
' 1K p

2.5x 101 - exp(

—2.209 x 105> 1

1.966 X 103]/m0l> m

Reonst * Tg

Reonst - Tg S

See rate equation in footnote °, with:

ko =8.7 %1033 (—g
0 1K

ke = 6.3 X 1016 - exp(

F,=(1-044)" exp(

T,
520K)+ 0.44 - exp(

mol s

m

3

T,\ %91 (—2.946 x 10%] /mol
) sexp

RCOTLSt T
2.678 x 10 > 1

COTLSt S

61

)

const

20100 (T 2070 —3.352 x 104
' (IK) exp mol

3.0 x 10%° -exp<

—9.412 X 105]/mol>
Reonst Tg

N

m

>mols

3

.(1 ~exp (S

2.789 X 104]/mol>
Reonst * Tg

| NZ eff = 22
2 NNH in these reactions was substituted for N2 and H, as discussed in the text.

log F,
log(ko[M]/ke)]*’
+[0g ON ]

mol s
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S.5. Chemistry reduction
S.5.1. Methodology

The full workflow is shown in figure S5. We ran multiple simulations with a 0D model for an
extensive gas temperature range (1200 K to 6000 K) and an extensive range of starting
conditions (ranging from pure NH3 to diluted NH3, i.e., 10 % NH3 in 90 % N2 or 10 % NH3 in
90 % Hy), see top of the figure. We incorporate temperatures up to 6000 K in our initial
reduction of the NH3 chemistry, so that our chemical kinetics scheme is valid in the entire
range. As can be seen in the main manuscript, in Figure 7, almost all NH3 conversion will occur
between a temperature range of 2400 to 3000 K, and thus, any decomposition of 100 % NH3
with a starting temperature of 3200 K or higher does not reflect a real location in the pin-to-pin
reactor under these conditions. Instead, we do this to allow the reduced model to be applicable
for other reactors, which might heat NH3 faster, so that the NH3 gas could reach higher
temperatures.

In each iteration, we omitted a single reaction from the reaction kinetics set and we calculated
the deviation on the output, as the effect of omitting this one single reaction on the full
unmodified set. The deviation is the maximum difference between the original set and the
single reaction reduced set at any point in time for each species. For instance, reactions Q, R,
S and T could have deviations y, X, z and w, respectively. After each reaction receives a
deviation score, they are sorted from least important (lowest score) to most important (highest
score). So, if w < x <y < z, then we sort their impact as T < R < Q < S. Finally, we run
additional simulations, removing multiple reactions based on the previous sorted deviation
scores, from low impact to high. Four groups might then be identified, i.e., 1. “only T removed
as least impactful”, 2. “R and T removed as the two least impactful”, etc. This leaves 50 sets
of simulations for various conditions, each with one more reaction omitted than the previous
one. The final reduced set is chosen based on the maximum allowed deviation at any point in
the simulation compared to the full, unmodified set, which was set in this case to have an
absolute deviation of 0.1 %. In the example case, if the simulation ran without T and R would
yield a deviation score of 0.08 % and the simulation without Q, T and R would yield 0.12 %,
the resulting set would omit species R and T but not Q. Our final reduced set consists of 13
species and 23 reactions.
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Figure S5. Reduction scheme adapted with permission from Maerivoet et al.® depicting the method of
reduction for reactions from the full NH; set shown in Table S2. All rights reserved Elsevier Ltd. ©

In the paper of Maerivoet et al.b this reduction was first performed for species, but in our case,
the set could not be reduced in terms of species, so all 13 species have to be kept in the reduced
set.

This reduced set is not sufficiently stable yet for multi-dimensional modelling. Indeed, as
described in numerous papers, NNH is an important intermediate compound for NH3 cracking.
However, a low potential energy barrier of 33.5 kJ/mol ** to N2 and H via tunneling suggests a
very short calculated lifetime, in the order of 108-1071° 5.2° In a multi-dimensional model, any
species which forms and is immediately destroyed, without any convective or diffusive
transport to an adjacent mesh element, results in unwanted numerical instabilities. Therefore,
instead of further increasing the number of mesh elements (with mesh size down to the
nanometer scale), this species is removed and directly replaced with the unimolecular tunneling
products N2 and H. The effect of this change and the reduction on the chemistry is shown
below.
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S.5.2. Results

Figure SS6 compares the full and reduced kinetic sets (solid and dashed lines, respectively)
following the reduction method for pure NH3 decomposition at 2800 K. As the maximum
allowed tolerance is set at 0.1 % absolute deviation of any species to the total molar
concentration, no significant difference can be observed in Figure SS6a, which shows the molar
concentrations on a linear scale. Figure SS6b depicts the molar concentrations on a logarithmic
scale, where differences can be seen for the very low molar concentrations. As any
thermodynamic or transport variable depends on the molar concentration of the species, the
large relative error observed for the species with low concentrations is negligible for the overall
plasma behavior. This is the case as long as the individual properties of a species (enthalpy,
entropy, ...) do not differ by orders of magnitude from all other species.
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Figure S6. Molar concentration of NH3 and (major) decomposition products, as a function of time at

2800 K, in linear (a) and logarithmic (b) scale. Full lines represent the full kinetic set, while dashed

lines represent the reduced kinetic set.

As mentioned above, NNH is removed from the reduced set to avoid numerical instabilities.
Figure S7 compares the full and reduced kinetic sets (solid and dashed lines, respectively), with

NNH replaced by N2 and H in the reduced set, again for pure NH3 thermal cracking at 2800 K.
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Figure S7. Molar concentration of NH3 and (major) decomposition products, as a function of time at

2800 K, in linear (a) and logarithmic (b) scale. Full lines represent the full kinetic set, while dashed

lines represent the reduced kinetic set without NNH.

We can see that the removal of NNH from the reduced set has a negligible effect on the kinetics,
although NNH has a larger molar concentration than other intermediate species. This is because
the destruction of NNH to N2 and H is extremely fast, and any NNH formed is thus the result
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of the detailed balanced reverse rate. The major effect of the chemistry reduction (both with
and without NNH in the model) seems to be an overestimation of the N2H4 concentration by an
order of magnitude around 10 ps. This means that we cannot use our reduced model to study
the production of N2H4 in warm plasma, but that is not the purpose of this work. On the other
hand, this overestimation has a negligible effect on the thermodynamic properties of the model,
as the N2Hs molar concentration never exceeds 10 mol/m°.

S.6. Reaction pathway analysis for high SEI
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Figure S8. Reaction pathways analysis of NH3 decomposition at 5 NLM, SEI = 231 kJ/mol. The 2D
plots illustrate the mole fractions of the species, while the temperature profile is shown on the right.
The arrow directions correspond to the net rates of reactions in the complete reactor. The branching
ratios for the destruction of a species are denoted next to the arrows, (+ M) is shown if the reaction
requires a third body as neutral collision partner to proceed. Reactions contributing to less than 10 % of
the species destruction are indicated with a dashed arrow, while reactions contributing less than 1 % are
omitted, for clarity. Importantly, all produced (green) H, molecules are linked to the final H, product
with green arrows.

We have extrapolated our results to a much higher SEI to investigate if the same pathways are
utilized in a high-power case. It must be noted that the wall temperature at this SEI is above
the melting temperature of quartz glass®®. There are three main differences between the high
SEI case (Figure S8) and low SEI case (Figure 8 in the main paper). First, the decomposition
of NHs to NH2 in Figure 8 happens for 90 % upon reaction with H, while in Figure S8, this
contribution becomes 97 %. The higher temperature in the central plasma column and larger
temperature gradients at this higher SEI (cf. Figure S8) allow for 40 % more H2 to be
dissociated in the plasma center, and because H diffusion is very fast, more H atoms will reach
the reactive region at higher SEI, hence the even larger contribution of H atoms to NHj3
decomposition. The same holds true, to some extent, for the decomposition of NHz (i.e., 57%
in Figure S8 vs 53% in Figure 8).
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Second, the dominant process for NH decomposition has shifted from the reaction to trans-
N:2H2 to the direct formation of N2 upon reaction with a second NH radical, although the
difference is small (45 vs 39% in Figure 8, and 41 vs 46% in Figure S8). This is an indirect
effect of the higher H concentration, i.e., more H causes faster NH2 decomposition, and thus
more NH is available to react with NH instead of with NHa.

Third, also the reactions destroying cis-N2H2 and trans-N2H2 with H have a somewhat higher
contribution (72 and 83%, respectively in Figure S8, vs 62 and 77% in Figure 8), while the
reactions with M, NHz and the isomerization reaction obviously become less important. This
is once again due to the higher H fraction in the reactive region, attributed to faster diffusion.

S.7. Importance of heat source shape

In previous work® we used the shape of the heat source as input to the model, and it can be
based on measured temperature profiles or derived from light emission shapes corresponding
to the plasma region. In this work, we calculated the heat source self-consistently based on the
power input and Joule heating. Here we analyze the effect of increasing the width of the heat
source, from its very contracted nature originating by Joule heating (as used in this model) to
a tube-filling Gaussian profile. The reason for evaluating the heat source shape is because we
hypothesize the important role of H atom diffusion. If the plasma core temperature drops
significantly (lower than ~3200 K) the production of H atoms is severely limited. This in turn
reduces the conversion and increases the EC. The heat source was modeled as a Gaussian with
a maximum at the central axis. The total deposited power was kept constant at 405 W for both
heat source shapes, i.e., the power deposited by the fully coupled model for 20 NLM and SEI
of 27.6 kJ/mol. The radius of the heat source is defined as the half width at half maximum.
FigureS9 illustrates how the EC depends on the width of the Gaussian-shaped heat source,
compared to our heat source obtained from Joule heating. Up to 1.5 mm width, the EC is more
or less independent of the radius, but a larger radius leads to a significantly higher EC.
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Figure S9. EC as a function of radius of the Gaussian-shaped heat source, and comparison to our heat
source obtained from Joule heating, at a flow rate of 15 NLM, SEI of 29 kJ/mol and interelectrode
distance of 3 cm.

FigureS10 compares the calculated temperature profiles for a Gaussian heat source width of
0.1 and 1 mm, and clearly explains why the EC (and conversion) remain almost constant when
the heat source width is below 2 mm.
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Figure S10. Temperature profile for Gaussian heat source radius of (a) 0.1 mm and (b) 1 mm, at a flow
rate of 15 NLM and deposited power of 315 W. The black contour lines indicate the NH3 decomposition
rate at 1000 mol/(m’s).

Indeed, while the central temperature drops by ca. 40 % for a heat source width of 1 mm vs 0.1
mm (i.e., 3873 K vs 6354 K; cf. Figure S10), the region where the actual chemistry happens
remains broadly the same, since the chemically active region is centered around 2700 K. This
is because there are no heat losses on the flat tips of the electrodes (boundaries 2 and 10 in
Figure S1). Thus, all power that is deposited between r = 0 and 2 mm can only flow outwards
by increasing the temperature of the gas surrounding it, or by being stored in high enthalpic
products like H atoms, which diffuse away from the hot plasma column. The total amount of
H atoms produced in the hot core is lower for the wide plasma (1.1 vs. 0.8 mmol/s), but the
difference can still be made up by slightly increasing the maximal temperature of the
chemically active zone. This compensation mechanism breaks down when the heat source no
longer produces temperatures above 3200 K. This justifies the use of a heat source model, but
only in the case where all chemistry happens in the plasma edge and the flow profile in the
plasma does not provide a large contribution to species transport.
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S.8. Transport effects 3 and 5 cm interelectrode gap

All unreacted NH3 gas that reaches the chemically active zone must arrive via either diffusion
or convection. Figure S11. shows the contribution of diffusion and convection into this zone.
The diffusive flux out of this region is negligible and not shown in the figure. The effect of a
limited residence time is evident by the fact that there still is a relatively large fraction of NH3
that leaves the reactive zone via convection. i.e. not all gas that enters this zone gets
converted. The definition of ‘convective in’, ‘diffusive in’ and ‘convective out’ are given by:

ﬂa Fpwy, (7 -7 > 0)dA

T=T,

Convective in

_U TNH3 'T_i(fNH3 -1 > 0)dA

T=T,

Diffusive in

ﬂa Fpanu, (7 7 < 0)dA

T=T,

Convective out

Where TNHS is defined by equation (22) in the main paper and 7 is the normal on the isotherm
with boundary temperature T, (2400 K).
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Figure S11. Contribution to total transport of the different components, solid for an interelectrode
distance of 3 cm and dashed for an interelectrode distance of Scm. See legend for color indication. The
total flowrate in is 10.8 mmol/s for all cases. Total gas converted increases with increasing SEI, but as
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noted in the main paper is the conversion for 3 cm and 5 cm equal for equal SEI. The range in SEI is
27-54 kJ/mol.

Figure S11 shows that a single degree of conversion (same x-position) can be obtained by
different fractions of the gas ‘flowing’ (convective transport) into the chemically active zone
(hot region). Secondly it shows the effect of residence time, if the boundary temperature was
such that all gas is instantaneously cracked, then the ‘convective out’ term would be 0. The
conversion is thus not solely determined by how much gas flows into the plasma, but by how
much gas gets transported into the plasma, via either convection or diffusion.
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