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S.1. Description of the Model 

We used a time-dependent 0D plasma kinetics model1,2 to investigate a PB DBD. The principles to capture the 

properties of a PB DBD in a 0D model are already described in our previous work.3 We list the chemical 

reactions in the plasma and at the surface in section S.1.1. In contrast to our previous work, we now derive the 

plasma conditions more directly from experimentally measured current and voltage characteristics of a PB 

DBD, as described in section S.1.2 and S.1.3. 

S.1.1. Plasma Kinetic and Surface Kinetic Reactions 

Table S1 through S5 report all the gas phase reactions included in the model. In table S1, the electron-impact 

reactions are reported, most of which are evaluated from a unique cross section (i.e. 𝜎(𝜖), with ϵ the electron 

energy) and the electron energy distribution function, which is calculated in the model with BOLSIG+.2 Each 

cross section has a different threshold energy, which describes the onset of the reaction. For example, the 

threshold energy of N2 dissociation is higher than of H2 dissociation (9.8 eV and 4.5 eV, respectively).4 Table 

S5 reports the included vibrational interactions of the feed gas molecules. Table S6 reports the surface kinetics, 

followed by a small discussion on the parameters describing those reactions. 

Table S1. Electron-impact collisions describing the plasma kinetics. The ground state, vibrational levels and electronically excited states 

are indicated with X, V and E, respectively. The temperatures are given in Kelvin unless otherwise noted. 

# Reaction Rate coefficient Ref.  

 Excitation and de-excitation    

R1 e− + H2(X, V) ↔ e− + H2(E) 𝜎𝑅1(𝜖) 5 1,2,3 

R2 e− + N2(X, V) ↔ e− + N2(E) 𝜎𝑅2(𝜖) 5 1,2,3 

R3 e− + N → e− + N(E) 𝜎𝑅3(𝜖) 5 1 

 Ionization    

R4 e− + N2(X, V, E) → e− + e− + N2
+ 𝜎𝑅4(𝜖) 6 1,2 

R5 e− + H2(X, V) → e− + e− + H2
+ 𝜎𝑅5(𝜖) 5 1,2 

R6 e− + N → e− + e− + N+ 𝜎𝑅6(𝜖) 5 1 
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R7 e− + H → e− + e− + H+ 𝜎𝑅7(𝜖) 6 1 

R8 e− + NH → e− + e− + NH+ 𝜎𝑅8(𝜖) 7 1 

R9 e− + NH2 → e− + e− + NH2
+ 𝜎𝑅9(𝜖) 7 1 

R10 e− + NH3 → e− + e− + NH3
+ 𝜎𝑅10(𝜖) 7 1 

 Dissociative Ionization    

R11 e− + N2(X, V) → e− + e− + N+ + N 𝜎𝑅11(𝜖) 8 1 

R12 e− + H2 → e− + e− + H + H+ 𝜎𝑅12(𝜖) 9 1 

R13 e− + NH → e− + e− + H + N+ 𝜎𝑅13(𝜖) 7 1 

R14 e− + NH2 → e− + e− + H + NH+ 𝜎𝑅14(𝜖) 7 1 

R15 e− + NH3 → e− + e− + H + NH2
+ 𝜎𝑅15(𝜖) 7 1 

 Dissociation    

R16 e− + H2 → e− + H + H 𝜎𝑅16(𝜖) 9 1 

R17 e− + N2(X, V, E) → e− + N + N 𝜎𝑅17(𝜖) 5 1,2 

R18 e− + NH → e− + N + H 5.0 × 10−8 𝑇𝑒[eV]0.5 exp(− 8.6 𝑇𝑒[eV]⁄ ) 10  

R19 e− + NH2 → e− + N + H2 5.0 × 10−8 𝑇𝑒[eV]0.5 exp(− 7.6 𝑇𝑒[eV]⁄ ) 10  

R20 e− + NH2 → e− + NH + H 5.0 × 10−8 𝑇𝑒[eV]0.5 exp(− 7.6 𝑇𝑒[eV]⁄ ) 10  

R21 e− + NH3 → e− + NH2 + H 5.0 × 10−8 𝑇𝑒[eV]0.5 exp(− 4.4 𝑇𝑒[eV]⁄ ) 10  

R22 e− + NH3 → e− + NH + H2 5.0 × 10−8 𝑇𝑒[eV]0.5 exp(− 5.5 𝑇𝑒[eV]⁄ ) 10  

 (Dissociative) recombination    

R23 e− + N2
+ → N + N 0.50 × 1.8 × 10−7(300 𝑇𝑒⁄ )0.39 11  

R24 e− + N2
+ → N + N( D 

2 0) 0.45 × 1.8 × 10−7(300 𝑇𝑒⁄ )0.39 11  

R25 e− + N2
+ → N + N( P 

2 0) 0.05 × 1.8 × 10−7(300 𝑇𝑒⁄ )0.39 11  

R26 e− + N3
+ → N2 + N 2.0 × 10−7(300 𝑇𝑒⁄ )0.5 11  

R27 e− + N3
+ → N2(A3) + N 6.91 × 10−8𝑇𝑒[eV]−0.5 12  

R28 e− + N3
+ → N2(B3) + N 6.91 × 10−8𝑇𝑒[eV]−0.5 12  

R29 e− + N4
+ → N2 + N2 2.3 × 10−6(300 𝑇𝑒⁄ )0.53 11  

R30 e− + N4
+ → N2 + N + N 3.13 × 10−7𝑇𝑒[eV]−0.41 12  

R31 e− + H2
+ → H + H see footnote4 10 4 

R32 e− + H3
+ → H + H + H see footnote5 10 5 

R33 e− + H3
+ → H2 + H see footnote5 10 5 

R34 e− + NH+ → N + H 4.30 × 10−8(0.026 𝑇𝑒[eV]⁄ )0.5 10  

R35 e− + NH2
+ → NH + H 1.02 × 10−7(0.026 𝑇𝑒[eV]⁄ )0.4 10  

R36 e− + NH2
+ → N + H + H 1.98 × 10−7(0.026 𝑇𝑒[eV]⁄ )0.4 10  

R37 e− + NH3
+ → NH + H + H 1.55 × 10−7(0.026 𝑇𝑒[eV]⁄ )0.5 10  

R38 e− + NH3
+ → NH2 + H 1.55 × 10−7(0.026 𝑇𝑒[eV]⁄ )0.5 10  

R39 e− + NH4
+ → NH3 + H 8.01 × 10−7(0.026 𝑇𝑒[eV]⁄ )0.605 10  

R40 e− + NH4
+ → NH2 + H + H 1.23 × 10−7(0.026 𝑇𝑒[eV]⁄ )0.605 10  

R41 e− + N2H+ → N2 + H 7.1 × 10−7(0.026 𝑇𝑒[eV]⁄ )0.72 10  

 Three-body recombination    
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R42 e− + N+ + e− → N + e− 7.0 × 10−20(300 𝑇𝑒⁄ )4.5 11  

R43 e− + N+ + M → N + M 6.0 × 10−27(300 𝑇𝑒⁄ )1.5 13 6 

R44 e− + N2
+ + e− → N2 + e− 1.0 × 10−19(𝑇𝑒 300⁄ )−4.5 13  

R45 e− + N2
+ + M → N2 + M 2.49 × 10−29𝑇𝑒[eV]−1.5 12 6 

 Attachment    

R46 e− + H2(X, V) → H + H− 𝜎𝑅46(𝜖) 14,15 1,7 

1 The rate coefficient is calculated from the electron impact cross section 𝜎(𝜖) using BOLSIG+.2 The 

reference of the cross section is given. 
2 The cross section threshold energy is reduced when the reaction takes places from an excited state. 

3 The rate coefficients for de-excitation processes are calculated using detailed balancing.2 
4 The rate coefficient is a fit as a function of the electron temperature, given by: 𝑘 = 7.51 × 10−9 − 1.12 ×
10−9𝑇𝑒[eV]1 + 1.03 × 10−10𝑇𝑒[eV]2 − 4.15 × 10−12𝑇𝑒[eV]3 + 5.86 × 10−14𝑇𝑒[eV]4.10 
5 The rate coefficient is a fit as a function of the electron temperature, given by: 𝑘 = 0.5 × (8.39 × 10−9 +
3.02 × 10−9𝑇𝑒[eV]1 − 3.80 × 10−10𝑇𝑒[eV]2 + 1.31 × 10−11𝑇𝑒[eV]3 + 2.42 × 10−13𝑇𝑒[eV]4 − 2.30 ×
10−14𝑇𝑒[eV]5 + 3.55 × 10−16𝑇𝑒[eV]6).10 
6 The third body, M, is any neutrally charged gas phase species. 
7 The cross section data is resolved for each individual vibrational state.14,15 

 

Table S2 Neutral-neutral collisions describing the plasma kinetics. The ground state and vibrational levels are indicated with X and V, 

respectively. The temperatures are given in Kelvin. 

# Reaction Rate coefficient Ref.  

 Neutral-neutral collisions    

R47 N2(X, V) + M → N + N + M 8.37 × 10−4(𝑇𝑔 298⁄ )
−3.50

exp(− 113710 𝑇𝑔⁄ ) 16 1,2 

R48 N( D 
2 0) + M → N + M 2.4 × 10−14 17 2 

R49 N( P 
2 0) + N → N( D 

2 0) + N 1.8 × 10−12 11  

R50 N( P 
2 0) + N2 → N + N2 2.0 × 10−18 11  

R51 N2(a′1
) + N → N2 + N 2.0 × 10−11 17  

R52 N2(a′1
) + N2 → N2 + N2 3.7 × 10−16 17  

R53 N2(a′1
) + N2 → N2(B3) + N2 1.9 × 10−13 11  

R54 N2(A3) + N → N2 + N( P 
2 0) 4.0 × 10−11(300 𝑇𝑔⁄ )

0.667
 11  

R55 N2(A3) + N → N2 + N 2.0 × 10−12 11  

R56 N2(A3) + N2 → N2 + N2 3.0 × 10−16 11  

R57 N2(A3) + N2(A3) → N2 + N2(A3) 2.0 × 10−12 17  

R58 N2(A3) + N2(A3) → N2 + N2(B3) 3.0 × 10−10 11  

R59 N2(A3) + N2(A3) → N2 + N2(C3) 1.5 × 10−10 11  

R60 N2(B3) + N2 → N2 + N2 2.0 × 10−12 11  

R61 N2(B3) + N2 → N2(A3) + N2 3.0 × 10−11 11  

R62 N2(C3) + N2 → N2(a′1
) + N2 1.0 × 10−11 11  

R63 N + NH → H + N2 5 × 10−11 18  

R64 H + NH → N + H2 5.4 × 10−11 exp(− 165 𝑇𝑔⁄ ) 18  
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R65 NH + NH → H2 + N2 5 × 10−14(𝑇𝑔 300⁄ ) 18 3 

R66 NH + NH → N + NH2 1.7 × 10−12(𝑇𝑔 300⁄ )
1.5

 18 3 

R67 NH + NH → N2 + H + H 8.5 × 10−11 18 3 

R68 H + NH2 → H2 + NH 6.6 × 10−11 exp(− 1840 𝑇𝑔⁄ ) 18  

R69 N + NH2 → N2 + H + H 1.2 × 10−10 18  

R70 N + NH2 → N2 + H2 1.2 × 10−10 18  

R71 NH + NH2 → NH3 + N 1.66 × 10−12 18 4 

R72 H2(V) + N → NH + H 4.0 × 10−10(𝑇𝑔 300⁄ )
0.5

exp(− 16600 𝑇𝑔⁄ ) 
18 5 

R73 H2 + NH2 → NH3 + H 5.4 × 10−11 exp(− 6492 𝑇𝑔⁄ ) 18  

R74 H + NH3 → NH2 + H2 8.4 × 10−14(𝑇𝑔 300⁄ )
4.1

exp(− 4760 𝑇𝑔⁄ ) 18  

R75 N2(A3) + H → N2 + H 5 × 10−11 18  

R76 N2(A3) + H2 → N2 + H + H 2 × 10−10 exp(− 3500 𝑇𝑔⁄ ) 18  

R77 N2(A3) + NH3 → N2 + NH3 1.6 × 10−10 18  

R78 N2(B3) + H2 → N2(A3) + H2 2.5 × 10−11 18  

R79 N2(a′1
) + H → N2 + H 1.5 × 10−11 18  

R80 N2(a′1
) + H2 → N2 + H + H 2.6 × 10−11 18  

R81 N + H2(E) → H + NH 4.0 × 10−10(𝑇𝑔 300⁄ )
0.5

 18  

R82 N( D 
2 0) + H2 → H + NH 2.3 × 10−12 18  

R83 N( D 
2 0) + NH3 → NH + NH2 1.1 × 10−10 18  

R84 N( P 
2 0) + H2 → H + NH 2.5 × 10−14 18  

R85 N + NH → H + N + N 4.02 × 10−10(𝑇𝑔 298⁄ )
−0.20

exp(− 27303 𝑇𝑔⁄ ) 
19  

R86 H2 + NH → H + NH2 3.50 × 10−11 exp(−7758/𝑇𝑔) 20  

R87 N2 + H → NH + N 5.27 × 10−10(𝑇𝑔 298⁄ )
−0.50

exp(− 74453 𝑇𝑔⁄ ) 
19  

R88 NH2 + N → NH + NH 2.99 × 10−13 exp(−7600/𝑇𝑔) 21  

R89 NH2 + NH2 → NH3 + NH 5.07 × 10−15(𝑇𝑔 298⁄ )
−3.53

exp(− 278 𝑇𝑔⁄ ) 
22  

R90 NH3 + NH → NH2 + NH2 2.33 × 10−14(𝑇𝑔 298⁄ )
−3.41

exp(− 7350 𝑇𝑔⁄ ) 
22  

R91 H2 + H → H + H + H 2.54 × 10−8(𝑇𝑔 298⁄ )
−0.10

exp(− 52561 𝑇𝑔⁄ ) 
23  

R92 H2 + N2 → H + H + N2 2.61 × 10−8(𝑇𝑔 298⁄ )
−1.40

exp(− 52561 𝑇𝑔⁄ ) 
23  

R93 H2 + H2 → H + H + H2 2.61 × 10−8(𝑇𝑔 298⁄ )
−0.70

exp(− 52561 𝑇𝑔⁄ ) 
23  

R94 NH + M → H + N + M 2.99 × 10−10 exp(− 37647 𝑇𝑔⁄ ) 24  

R95 NH2 + M → H + NH + M 1.99 × 10−9 exp(− 38248 𝑇𝑔⁄ ) 24  

R96 NH3 + M → H + NH2 + M 4.17 × 10−8 exp(− 47149 𝑇𝑔⁄ ) 25 6 

R97 NH3 + M → H2 + NH + M 1.05 × 10−9 exp(− 47029 𝑇𝑔⁄ ) 25 6 

 Three-body collisions    

R98 N + N + M → N2 + M 1.38 × 10−33 exp(502.978 𝑇𝑔⁄ ) 26 2 
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R99 N + N + N → N2(A3) + N 1.0 × 10−32 11  

R100 N + N + N → N2(B3) + N 1.4 × 10−32 11  

R101 N + N + N2 → N2(A3) + N2 1.7 × 10−33 11  

R102 N + N + N2 → N2(B3) + N2 2.4 × 10−33 11  

R103 N + N + H2 → N2 + H2 (1 380⁄ ) × 8.3 × 10−34 exp(500 𝑇𝑔⁄ ) 18 
7 

R104 H + H + N2 → H2 + N2 (1 380⁄ ) × 8.3 × 10−33(300 𝑇𝑔⁄ ) 18 
7 

R105 H + N + M → NH + M (1 380⁄ ) × 1.0 × 10−33 18 7,8 

R106 N + H2 + M → NH2 + M (1 380⁄ ) × 1.0 × 10−34 18 7,8 

R107 H + NH + M → NH2 + M (1 380⁄ ) × 1.0 × 10−32 18 7,8 

R108 H + NH2 + M → NH3 + M (1 380⁄ ) × 5.5 × 10−30 18 7,8 

R109 NH + H2 + M → NH3 + M (1 380⁄ ) × 2.5 × 10−35(𝑇𝑔 300⁄ ) exp(1700 𝑇𝑔⁄ ) 18 
7,8 

R110 N + N + H2 → N2(A3) + H2 (1 380⁄ ) × 1.7 × 10−33 18 7 

R111 N + N + H → N2(A3) + H (1 380⁄ ) × 1.0 × 10−32 18 7 

R112 N + N + H2 → N2(B3) + H2 (1 380⁄ ) × 2.4 × 10−33 18 7 

R113 N + N + H → N2(B3) + H (1 380⁄ ) × 1.4 × 10−32 18 7 

R114 H + H + H2 → H2 + H2 (1 380⁄ ) × 8.8 × 10−33(300 𝑇𝑔⁄ )
0.6

 18 
7 

 Ionization processes    

R115 N + N → e− + N2
+ 2.7 × 10−11 exp(− 67400 𝑇𝑔⁄ ) 11  

R116 N2(a′1
) + N2(a′1

) → e− + N2
+ + N2 5.0 × 10−13 17  

R117 N2(a′1
) + N2(a′1

) → e− + N4
+ 1.0 × 10−11 11  

R118 N2(a′1
) + N2(a′1

) → e− + N4
+ 4.0 × 10−12 11  

R119 N2(A3) + N2(a′1
) → e− + N2

+ + N2 1.0 × 10−12 17  

 Radiative decay    

R120 N2(A3) → N2 0.5 11  

R121 N2(B3) → N2(A3) 1.34 × 105 11  

R122 N2(a′1
) → N2 1.0 × 102 11  

R123 N2(C3) → N2(B3) 2.45 × 107 11  

1 The rate coefficient is scaled according to the Fridmann-Macheret alpha-model27 with 𝛼 = 1.16 
2 The third body, M, is any neutrally charged gas phase species. 

3 R65, R66 and R67, are adopted from reference 18, however the product channel R65 can be considered very 

unlikely, as also reflected by the rate coefficients. 

4 A more likely reaction channel is NH + NH2 → N2H2 + H, however the N2H2 species is not described in 

our model. 
5 The reaction only occurs for the vibrational levels.18 The reported rate coefficient is scaled according to the 

Fridmann-Macheret alpha-model27 with 𝛼 = 0.3.18 

6 The adopted rate coefficients of R96 and R97 are related by 𝑘𝑅96 𝑘𝑅97⁄ ≈ 40, following the 

recommendations of Hanson et al.25 
7 The rate coefficients of the three-body collisions are multiplied by (1⁄380) to account for the reaction taking 

place at atmospheric pressure,28 opposed to low pressure.18 

8 The third body, M, is N2(X), N2(V), H2(X) or H2(V). 
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Table S3. Ion-neutral collisions describing the plasma kinetics. The ground state and vibrational levels are indicated with X and V, 

respectively. The effective ion temperature 𝑇𝑖𝑜𝑛 11 is given in Kelvin. 

# Reaction Rate coefficient Ref.  

 Ion-neutral collisions    

R124 N+ + H2 → NH+ + H 5.0 × 10−10 29  

R125 N+ + NH3 → NH2
+ + NH 0.20 × 2.35 × 10−9 29  

R126 N+ + NH3 → NH3
+ + N 0.71 × 2.35 × 10−9 29  

R127 N+ + NH3 → N2H+ + H2 0.09 × 2.35 × 10−9 29  

R128 N2
+ + N → N+ + N2 7.2 × 10−13(𝑇𝑖𝑜𝑛 300⁄ ) 11  

R129 N2
+ + H2 → N2H+ + H 2.00 × 10−9 10  

R130 N2
+ + N2(A3) → N3

+ + N 3.0 × 10−10 30  

R131 N2
+ + NH3 → NH3

+ + N2 1.95 × 10−9 10  

R132 N3
+ + N → N2

+ + N2 6.6 × 10−11 11  

R133 N4
+ + N → N+ + N2 + N2 1.0 × 10−11 11  

R134 N4
+ + N2 → N2

+ + N2 + N2 2.1 × 10−16 exp(𝑇𝑖𝑜𝑛 121⁄ ) 11  

R135 H+ + NH3 → NH3
+ + H 5.20 × 10−9 29  

R136 H2
+ + H → H+ + H2 6.4 × 10−10 10  

R137 H2
+ + H2 → H3

+ + H 2.0 × 10−9 10  

R138 H2
+ + N2 → N2H+ + H 2.00 × 10−9 29  

R139 H2
+ + NH3 → NH3

+ + H2 5.70 × 10−9 29  

R140 NH+ + H2 → H3
+ + N 0.15 × 1.23 × 10−9 29  

R141 NH+ + H2 → NH2
+ + H 0.85 × 1.23 × 10−9 29  

R142 NH+ + NH3 → NH3
+ + NH 0.75 × 2.40 × 10−9 29  

R143 NH+ + NH3 → NH4
+ + N 0.25 × 2.40 × 10−9 29  

R144 NH+ + N2 → N2H+  + N 6.50 × 10−10 29  

R145 NH2
+ + H2 → NH3

+ + H 1.95 × 10−10 29  

R146 NH2
+ + NH3 → NH3

+ + NH2 0.5 × 2.30 × 10−9 29  

R147 NH2
+ + NH3 → NH4

+ + NH 0.5 × 2.30 × 10−9 29  

R148 NH3
+ + NH3 → NH4

+ + NH2 2.10 × 10−9 29  

R149 N2H+ + NH3 → NH4
+ + N2 2.3 × 10−9 29  

 Ion-neutral three-body collisions    

R150 N2
+ + N + N2 → N3

+ + N2 9.0 × 10−30 exp(400 𝑇𝑖𝑜𝑛⁄ ) 11  

R151 N+ + N2 + N2(X, V) → N3
+ + N2 1.7 × 10−29(300 𝑇𝑖𝑜𝑛⁄ )2.1 11  

R152 N2
+ + N2 + N2(X, V) → N4

+ + N2 5.2 × 10−29(300 𝑇𝑖𝑜𝑛⁄ )2.2 11  

R153 N+ + N + N2 → N2
+ + N2 1.0 × 10−29 11  
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Table S4. Negative-positive ion recombination reactions describing the plasma kinetics. The ground state and vibrational levels are 

indicated with X and V, respectively. The temperatures are given in Kelvin. 

# Reaction Rate coefficient Ref.  

 H−  recombination    

R154 H− + H2
+ → H + H + H 2.0 × 10−7(300 𝑇𝑔⁄ ) 18  

R155 H− + H3
+ → H2 + H + H 2.0 × 10−7(300 𝑇𝑔⁄ ) 18  

R156 H− + N2
+ → N2 + H 2.0 × 10−7(300 𝑇𝑔⁄ ) 18  

R157 H− + N4
+ → N2 + N2 + H 2.0 × 10−7(300 𝑇𝑔⁄ ) 18  

R158 H− + N2H+ → H2 + N2 2.0 × 10−7(300 𝑇𝑔⁄ ) 18  

 H− three-body recombination    

R159 H− + H2
+ + M → H2 + H + N2 (1 380⁄ ) × 2 × 10−25(300 𝑇𝑔⁄ )

2.5
 

18 1,2 

R160 H− + H3
+ + M → H2 + H2 + M (1 380⁄ ) × 2 × 10−25(300 𝑇𝑔⁄ )

2.5
 

18 1,2 

R161 H− + N2
+ + M → N2 + H + M (1 380⁄ ) × 2 × 10−25(300 𝑇𝑔⁄ )

2.5
 

18 1,2 

R162 H− + N4
+ + M → N2 + N2 + H + M (1 380⁄ ) × 2 × 10−25(300 𝑇𝑔⁄ )

2.5
 

18 1,2 

R163 H− + N2H+ + M → H2 + N2 + M (1 380⁄ ) × 2 × 10−25(300 𝑇𝑔⁄ )
2.5

 
18 1,2 

1 The rate coefficients of the three-body collisions are multiplied by (1⁄380) to account for the reaction taking place at 

atmospheric pressure,28 opposed to low pressure.18 
2 The third body, M, is N2(X), N2(V), H2(X) or H2(V). 

Table S5. Vibrational processes describing the plasma kinetics. The calculations of the rate coefficients can be found in the listed 

references. 

# Reaction  Ref.  

 Excitation and de-excitation    

R164 e + N2(v) ↔ N2(v′ > v) + e v = 1 … 24 15  

R165 e + H2(v) ↔ H2(v′ > v) + e v = 1 … 14 31,32  

 Vibrational-translational relaxation    

R166 N2(v) + N ↔ N2(v′ < v) + N v = 1 … 24 33  

R167 N2(v) + N2 ↔ N2(v − 1) + N2 v = 1 … 24 34  

R168 H2(v) + H2 ↔ H2(v − 1) + H2 v = 1 … 14 11  

R169 H2(v) + H ↔ H2(v − 1) + H v = 1 … 14 18 1 

R170 H2(v) + H ↔ H2 + H v = 1 … 14 18 1 

R171 N2(v) + H2 ↔ N2(v − 1) + H2 v = 1 … 24 18  

R172 N2(v) + H ↔ N2(v − 1) + H v = 1 … 24 18 1 

R173 N2(v) + H ↔ N2 + H v = 1 … 24 18 1 

 Vibrational-vibrational relaxation    

R174 N2(v + 1) + N2(w) ↔ N2(v) + N2(w + 1) v = 1 … 24, w < v 34  

R175 H2(v + 1) + H2(w) ↔ H2(v) + H2(w + 1) v = 1 … 14, w < v 11  

R176 H2(v) + N2(w − 1) ↔ H2(v − 1) + N2(w) v = 1 … 14, w = 1 … 24 18  

R177 N2(v) + H2(w − 1) ↔ N2(v − 2) + H2(w) v = 2 … 24, w = 1 … 24 18  

1 Only the single quantum processes are included separately (R156 and R159), the multi quantum processes are included 

by an effective sum (R157 and R160). 
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Table S6. Surface reactions included in the plasma kinetics model. The ground state, vibrational levels and electronically excited states 

are indicated with X, V and E, respectively. The sticking coefficients, 𝛾, diffusion energy barrier, 𝐸𝑑, and the activation energy, 𝐸𝑎, are 

given. For the rate coefficient expressions we refer to 3. 

# Reaction  Ref. 

 Wall relaxation   

R178 N2(A3) → N2 𝛾 = 1 × 10−3 18 

R179 N2(A1) → N2(B3) 𝛾 = 1 × 10−3 18 

R180 H2(E) → H2 𝛾 = 1 × 10−3 18 

R181 N2(V) → N2(V − 1) 𝛾 = 4.5 × 10−4 18 

R182 H2(V) → H2(V − 1) 𝛾 = 1 × 10−4 18 

 Direct adsorption   

R183 N(X, E) + Surface → N(s) 𝛾 = 1 10 

R184 H + Surface → H(s) 𝛾 = 1 10 

R185 NH + Surface → NH(s) 𝛾 = 1 10 

R186 NH2 + Surface → NH2(s) 𝛾 = 1 10 

 Eley-Rideal   

R187 N(X, E) + N(s) → N2 𝛾 = 6 × 10−3 10 

R188 H + H(s) → H2 𝛾 = 1.5 × 10−3 10 

R189 N(X, E) + H(s) → NH(s) 𝛾 = 1 × 10−2 10 

R190 NH + H(s) → NH2(s) 𝛾 = 1 × 10−2 10 

R191 H + N(s) → NH(s) 𝛾 = 8 × 10−3 10 

R192 H + NH(s) → NH2(s) 𝛾 = 8 × 10−3 10 

 Eley-Rideal: NH3 formation   

R193 NH2 + H(s) → NH3 𝛾 = 1 × 10−2 10 

R194 H + NH2(s) → NH3 𝛾 = 8 × 10−3 10 

R195 H2(X, V) + NH(s) → NH3 𝛾 = 8 × 10−4 10 

 Langmuir-Hinshelwood   

R196 N(s) + H(s) → NH(s) 𝐸𝑎 = 1.099 eV, 𝐸𝑑 = 0.2 eV 28 

R197 NH(s) + H(s) → NH2(s) 𝐸𝑎 = 0.3 eV, 𝐸𝑑 = 0.2 eV 10 

R198 NH2(s) + H(s) → NH3 𝐸𝑎 = 0.2 eV, 𝐸𝑑 = 0.2 eV 10 

 Dissociative adsorption   

R199 N2(X, V) + Surface → N(s) + N(s) See references 35,36 

R200 N2(E) + Surface → N(s) + N(s) 𝛾 = 1 × 10−1 28 

R201 H2(X) + Surface → H(s) + H(s) 𝛾 = 1 × 10−3 28 

R202 H2(v = 1) + Surface → H(s) + H(s) 𝛾 = 1 × 10−2 28 

R203 H2(v = 2) + Surface → H(s) + H(s) 𝛾 = 5 × 10−2 28 

R204 H2(v ≥ 3) + Surface → H(s) + H(s) 𝛾 = 1 × 10−1 28 

R205 H2(E) + Surface → H(s) + H(s) 𝛾 = 1 28 
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The sticking coefficients (γ) for the wall relaxation of the vibrationally excited molecules were adopted from 

Gordiets et al.18 The authors assumed γ = 4.5 × 10−4 for N2(V) (Reaction R181) based on Black et al., who 

performed a detailed study on the deactivation coefficient of N2(V=1) upon collisions with various surfaces, 

including stainless steel.37 The value of γ = 1 × 10−4 for H2(V) (R182) is based on Heidner et al., who 

considered multiple de-excitation channels in flow tube experiments.38 The relaxation of N2(E) (specifically 

metastable N2, R178 and R179) was estimated by Gordiets et al. upon comparison between their predictions 

and experiments.18 Relaxation of H2(E) (R180) is assumed equal, after Hong et al.28 

Direct adsorption sticking coefficients (R183-R186) are adopted from Carrasco et al. who selected γ = 1 as a 

generally high value representing transition metals 10. 

The Eley-Rideal (ER) sticking probability of γ = 1.5 × 10−3 between H and H(s) (R188) was adopted from 

Carrasco et al. who used the value yielding best agreement in their earlier experimental study, in which the 

apparatus had stainless steel walls.10,39 The value of γ = 6 × 10−3 for N2 (R187) was estimated by Carrasco et 

al.10 The remaining sticking probabilities of ER type reactions (R189-R195) were adopted from the same study, 

where the values were chosen based on agreement with experimental data, due to a lack of reported values. 

Specifically, the ER reaction with H2 as the gas phase reactant (R195) was chosen as significantly lower (order 

of magnitude 10−4 compared to 10−2 … 10−3). Note that Hong et al. report three unique sets of sticking 

probabilities for three types of surfaces (aluminium oxide, nanodiamond coated alumina and metal).28 

The diffusion energy barrier of 0.2 eV for Langmuir-Hinshelwood (LH) type reactions (R196-R198) is adopted 

from Carrasco et al. who assumed this value based on the typical characteristics of chemisorbed H atoms on 

Fe.10,28,40 The activation barrier for NH2(s) formation (R197) was taken as 0.3 eV based on detailed surface 

kinetics studies,41,42 while for the production of NH3, a barrier of 0.2 eV was adopted.10 For the elementary LH 

step between N(s) and H(s) (R196), an activation energy of 1.099 eV is used, after Hong et al.28,41 They used 

the H atom diffusion barrier because the N atom diffusion barrier was reported as significantly higher (0.9 eV 

compared to 0.2 eV).28 

The sticking coefficients for N2 dissociative adsorption (R199) are resolved for the vibrational levels based on 

the studies by Hansen et al. Their calculations generally represent metallic surfaces.35,36 The sticking 

probabilities of the dissociative adsorption of electronically excited N2 and all H2 molecules (R200-R205) were 

adopted from Hong et al., following their assumptions.28 We assumed their H2(v = 3) sticking probability also 

for any higher level (R204). 

From the above, it is clear that the surface kinetics are subject to many assumptions and thus also to 

uncertainties. That includes the exact surface described. We summarize the above as a metal surface, most 

representative of iron, merely for reference and context. Indeed the exact surface characteristics, such as step or 

surface sites, are not captured. This would require a more detailed model, such as micro-kinetics models.43–45 

This type of model uses surface reaction rates derived from density functional theory calculations and generally 
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solves those reaction rates in steady state conditions and does not include a full gas phase chemistry. To our 

knowledge, such micro-kinetics models have not yet been combined with a full time dependent plasma kinetics 

model. The present study, albeit with a less accurate surface description, focusses mainly on giving novel insight 

in the temporal discharge behaviour (i.e. the role of the micro-discharges and their afterglows). This study thus 

allows to better demarcate future studies, considering the increased number of degrees of freedom in a combined 

model (i.e. surface kinetics + plasma kinetics, introducing the exact surface, described by the surface binding 

energy).43 

Nevertheless, the surface kinetics without radical-surface interactions (i.e. without radical adsorption and ER 

reactions) in our model provided similar NH3 turnover frequencies as Mehta et al.44 Indeed, our steady state 

NH3 turnover frequencies are calculated to be 1.39 × 10−8 s-1 and 1.44 × 10−8 s-1 when vibrational dissociative 

adsorption is neglected and included, respectively. Considering that our surface kinetics are an approximation, 

we believe that this turnover frequency of 10−8 s-1 is in good agreement with the left side of the volcano plots 

by Mehta et al. (see figure S1: our results are indicated with a red dot). 

 

Figure S1. Comparison of our calculated turnover frequency (red dot) against the volcano curves of Mehta et al. Adapted by permission 

from Springer Nature: Nature Catalysis, Overcoming ammonia synthesis scaling relations with plasma-enabled catalysis, Mehta et al, 

2018. 
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S.1.2. Translation of Experimentally Measured Current and Voltage Characteristics to the Model 

Conditions 

We measured the charge-voltage characteristics, i.e. Lissajous figures, to (1) calculate the actual plasma current 

and gas voltage from the measured current and applied voltage, and (2) determine the partial discharging 46. The 

Lissajous figures of the N2/H2 plasma are given in figure S2(a). In addition, in figure S2(b), the Lissajous figure 

for a measurement in pure argon is plotted, for which it is assumed that the plasma reactor is fully discharging 

47. With those figures, we can determine the dissipated plasma power, 𝑃𝑑𝑖𝑠𝑠, and the partial discharging factor, 

𝛽, using the following equations 46. 

 𝑃𝑑𝑖𝑠𝑠 = 𝑊𝑓𝐷 (S1) 

   

 𝑊 = 2𝑈𝑏Δ𝑄𝐷 (S2) 

   

 
Δ𝑄𝐷 =

𝑄0

1 − 𝐶𝑐𝑒𝑙𝑙/𝐶𝑑𝑖𝑒𝑙
 (S3) 

   

 
𝑈𝑏 = (1 +

𝛼

𝛽

𝐶𝑐𝑒𝑙𝑙

𝐶𝑑𝑖𝑒𝑙
) Δ𝑈 (S4) 

   

 𝛼 + 𝛽 = 1 (S5) 

   

 
𝛼 =

𝐶𝑑𝑖𝑒𝑙 − 𝜁𝑑𝑖𝑒𝑙

𝐶𝑑𝑖𝑒𝑙 − 𝐶𝑐𝑒𝑙𝑙
 (S6) 

   

where 𝑊 is the work done by the plasma, 𝑓𝐷 is the discharge frequency, 𝑈𝑏 is the burning voltage, Δ𝑄𝐷 is the 

charge transferred by the discharge, 𝑄0 is the measured charge transferred, Δ𝑈 is the measured burning voltage, 

𝐶𝑑𝑖𝑒𝑙 is the capacitance of the dielectric, 𝐶𝑐𝑒𝑙𝑙 is the capacitance of the reactor and 𝜁𝑑𝑖𝑒𝑙 is the effective dielectric 

capacitance. 
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(a) (b) 

Figure S2. Lissajous figure measured in our PB DBD and a 1:3 N2:H2 gas mixture (a) and operated with argon only (b). From those 

measurements, Δ𝑈 = 3066.7 V and 𝑄0 = 385.72 nC are determined (a). The capacitances 𝜁𝑑𝑖𝑒𝑙 = 88.87 pF and 𝐶𝑐𝑒𝑙𝑙 = 16.468 pF are 

determined from the two steepest and the two slighter slopes in (a), respectively. In addition 𝐶𝑑𝑖𝑒𝑙 = 181.28 pF is determined according 

to the plotted slopes in (b). 

The plasma current 𝑖𝑝𝑙𝑎𝑠𝑚𝑎 and gas voltage 𝑈𝑔𝑎𝑠 are given in figure S3, calculated with 46 

 
𝑖𝑝𝑙𝑎𝑠𝑚𝑎(𝑡) =

1

1 − 𝐶𝑐𝑒𝑙𝑙 𝐶𝑑𝑖𝑒𝑙⁄
[
𝑑𝑄(𝑡)

𝑑𝑡
− 𝐶𝑐𝑒𝑙𝑙

𝑑𝑉(𝑡)

𝑑𝑡
] (S7) 

   

 
𝑈𝑔𝑎𝑠(𝑡) = (1 +

𝛼

𝛽

𝐶𝑐𝑒𝑙𝑙

𝐶𝑑𝑖𝑒𝑙
) 𝑉(𝑡) −

1

𝛽𝐶𝑑𝑖𝑒𝑙
𝑄(𝑡) (S8) 

   

 

Figure S3. Plasma current and gas voltage, as well as the actual applied voltage, in our PB DBD and a 1:3 N2:H2 gas mixture. 
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The plasma current and gas voltage are used to calculate the instantaneous plasma power, which is shown in 

figure S4. Based on this figure (black line), we defined the average life-time of the micro-discharges as 200 ns 

(100 ns at FWHM), and we assume 25 micro-discharge per discharge half cycle. 

 

Figure S4. Instantaneous plasma power measured in our PB DBD and a 1:3 N2:H2 gas mixture, as well as the model representation of 

the instantaneous plasma power (red line). 

The average instantaneous maximum power, i.e., if all micro-discharge peaks would be of the same height, is 

given by 3 

 
𝑃𝑚𝑎𝑥 =

𝑃𝑑𝑖𝑠𝑠

(1 − 𝛾)𝑁𝑀𝐷𝑓𝐷𝜏𝑀𝐷 + 𝛾
 (S9) 

   

 𝑃𝑚𝑖𝑛 = 𝛾𝑃𝑚𝑎𝑥, 𝛾 ∈ [0,1] (S10) 

   

Where 𝑁𝑀𝐷 is the number of micro-discharges per discharge half cycle, 𝑓𝐷 is the discharge frequency, 𝜏𝑀𝐷 is 

the micro-discharge life-time, 𝑃𝑚𝑎𝑥 and 𝑃𝑚𝑖𝑛 are the average instantaneous maximum and minimum power, 

respectively, and 𝛾 is a distribution factor which defines the eventual minimum and maximum instantaneous 

power and power density (see section S.1.3 below). Table S7 summarizes all parameters introduced in section 

S.1.2, together with the values assumed in our model of the most relevant parameters. 
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Table S7. Summary of the parameters explained in section S.1.2. 

Symbol Description Determination Value Units 

𝑃𝑑𝑖𝑠𝑠 Average dissipated plasma power Eq. S1 68 W 

𝑊 Work done by the plasma Eq. S2   

𝑓𝐷 Discharge frequency Experiments 23.5 kHz 

𝑈𝑏 Burning voltage Eq. S4   

Δ𝑄𝐷 Charge transferred by the discharge Eq. S3   

𝑄0 Δ𝑄𝐷, as measured Figure S2(a)   

𝐶𝑐𝑒𝑙𝑙 Capacitance of the reactor Figure S2(a)   

𝐶𝑑𝑖𝑒𝑙 Capacitance of the dielectric Figure S2(b)   

𝛼 Non-discharging fraction Eq. S6   

𝛽 Partial discharging fraction Eq. S5 0.44  

Δ𝑈 𝑈𝑏, as measured Figure S2(a)   

𝜁𝑑𝑖𝑒𝑙 Effective dielectric capacitance Figure S2(a)   

𝑁𝑀𝐷 Number of micro-discharges per discharge half cycle Figure S4 25  

𝜏𝑀𝐷 Micro-discharge life time Figure S4 200 ns 

𝛾 Power distribution factor Chosen 0.1  

𝑃𝑚𝑎𝑥 Average maximum instantaneous power Eq. S9 332 W 

𝑃𝑚𝑖𝑛 Average minimum instantaneous power Eq. S10 33 W 

 

It should be noted that the distribution factor, 𝛾, is different from the definition in our previous work, in which 

we did not consider the experimentally measured instantaneous plasma power. With the more direct translation 

of the experimental current and voltage characteristics, we found that the relevant order of magnitude of the 

distribution factor is now in the range between 0.1 and 1, instead of between 10-6 and 1 as in our previous work 

3. We chose 𝛾 = 0.1, such that 𝑃𝑚𝑎𝑥 is in reasonable agreement with the experimental measurement (cf. the red 

curve in figure S4). Lower 𝛾 values would result in very high 𝑃𝑚𝑎𝑥, i.e. 540 W for 𝛾 = 0.01. 

Figure S4 represents all the micro-discharges (red line) over a time of 50 s. In our model we consider an 

interpulse time of 76.8 ms, because the gas molecules do not feel all the micro-discharges when they travel 

through the reactor, i.e. we consider the number of micro-discharges of a single discharge period, but distributed 

over the longer gas residence time. 
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S.1.3. Relationship Between Instantaneous Power and Power Density: Choice of Discharge Volumes 

The model description of the instantaneous power (cf. the red line in figure S4) consists of micro-discharge 

pulses and a constant, minimum, power value. We assign the latter to a uniform plasma component that is also 

present in between the micro-discharges. We thus need to define a discharge volume for both the micro-

discharges and the uniform plasma. We assign the following volume to the uniform plasma: 

 𝑉𝑈 = 𝛽(1 − 𝛼𝑝𝑎𝑐𝑘𝑖𝑛𝑔)𝑉𝑅 (S11) 

   

i.e., the uniform discharge volume, 𝑉𝑈, is the reactor volume, 𝑉𝑅, corrected for packing with the packing factor, 

𝛼𝑝𝑎𝑐𝑘𝑖𝑛𝑔, as well as corrected for partial discharging of the plasma reactor, 𝛽. We chose 𝛼𝑝𝑎𝑐𝑘𝑖𝑛𝑔 = 0.68, i.e. 

corresponding to a body-centred cubic structure, which is not the most optimal packing, but more likely to occur 

in practice. Indeed, the hexagonal close-packed structure, with  𝛼𝑝𝑎𝑐𝑘𝑖𝑛𝑔 = 0.74, i.e. most optimal packing, is 

assumed to be unlikely. This was based on counting the number of beads in our reactor after the standard 

preparation procedure (e.g. including a vibrating step to ensure a dense packing). Equation S11 yields a uniform 

plasma discharge volume of 2.8 cm3. 

Furthermore, we attributed the size of typical voids in the assumed packed bed structure to the discharge volume 

of individual micro-discharges, such that the micro-discharge volume, 𝑉𝑀𝐷, depends on the packing bead radius, 

𝑟𝑏𝑒𝑎𝑑 

 
𝑉𝑀𝐷 =

4

3
𝜋(0.29𝑟𝑏𝑒𝑎𝑑)3 (S12) 

   

For a packing bead radius of 0.95 mm, Equation S12 yields a micro-discharge volume of 8.8×10-5 cm3. 

Using the above discharge volumes for the micro-discharges and the uniform plasma, we calculate the maximum 

and minimum power density in the model as 3.4×106 and 11.8 W/cm3, respectively. 
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S.2. Surface Coverages and Gas Phase Concentrations in the Micro-Discharge 

 

(a) 

 

(b) 

Figure S5. Surface coverages and fraction of empty surface sites (a), and concentrations of the neutral gas phase species and electrons 

(b), as a function of time in the first micro-discharge. This figure corresponds to figure 1 in the main paper. 

 

Figure S6. Number densities of the N2 (solid lines) and H2 (dashed lines) molecules in the ground state and the sum of the electronically 

and vibrationally excited states, as a function of time in the first micro-discharge. This figure corresponds to figure 2 in the main paper. 
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Figure S7. H2 vibrational distribution function (VDF) at various moments in the micro-discharge, as well as the Boltzmann distribution 

at the gas temperature (400 K). 

Table S8. Typical species densities in cm-3 of the various surface adsorbed species and plasma radicals in both the micro-discharge and 

afterglow. The equivalent coverages are given between brackets. 

Species 

Micro-discharge 

(at maximum power density) 

Afterglow 

(end) 

NH2(s) 8.6 × 108 (6.0 × 10−9) 6.1 × 106 (4.3 × 10−11) 
NH(s) 8.5 × 109 (5.9 × 10−8) 3.0 × 107 (2.1 × 10−10) 
H(s) 1.4 × 1017 (1.0) 1.4 × 1017 (1.0) 
N(s) 1.5 × 1013 (1.0 × 10−4) 2.4 × 1013 (1.7 × 10−4) 
Surface 1.5 × 1014 (1.1 × 10−3) 1.4 × 1014 (9.9 × 10−4) 
NH3 2.9 × 1013 6.9 × 1014 
NH2 1.6 × 1012 1.9 × 1012 
NH 2.0 × 1014 1.5 × 1011 
H 1.2 × 1017 1.0 × 1014 
N 8.4 × 1014 8.1 × 1010 
H2 1.4 × 1019 1.4 × 1019 
N2 4.3 × 1018 4.6 × 1018 
e− 1.2 × 1014 1.2 × 1010 

 

S.3. Calculated Plasma Parameters 

The N2 vibrational temperature (figure S8(a)) is calculated to be slightly above 2100 K during the micro-

discharges, and it relaxes back to above the gas temperature (700 K compared to 400 K) over approximately 1 

ms. The H2 vibrational temperature behaves similarly but reaches lower values, i.e. 600 K and 1100 K in the 

afterglow and micro-discharge, respectively. Figure S8(b) illustrates the calculated reduced electric field (E/N) 

and electron temperature (Te), as a function of time. The maximum E/N was calculated to be 105 Td in each 

micro-discharge (and the maximum electron temperature was 5.9 eV. After the micro-discharges, both values 

significantly drop to virtually zero, but then rise again, and reach constant values in the entire afterglows, around 

E/N = 6 Td and Te = 0.7 eV. 
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(a) (b) 

Figure S8. N2 and H2 vibrational temperature (a) and reduced electric field and electron temperature (b) as a function of time in the 

plasma, from the start of the plasma to the end of the first micro-discharge and afterglow pair. The maximum values of the reduced 

electric field and electron temperature are 105 Td and 5.9 eV, respectively. The micro-discharge with a 200 ns duration takes place at 

38.4 ms. 

S.4. NH3 Formation: Detailed Analysis of the Reaction Rates and Determination of the Rate-Limiting 

Step 

Figure S9(a) depicts the actual reaction rates of the main NH3 (and precursor) formation reactions as a function 

of time from the start of the plasma until the end of the first afterglow. The main NH3 formation reaction is the 

elementary LH step of NH2(s) with H(s); blue curve. Similarly, NH2(s) is mainly formed from the LH reaction 

of NH(s) with H(s); red curve. NH(s), however, is formed from elementary ER steps, either by gas phase N with 

H(s), or by gas phase H with N(s); black curve in figure S9(a). This process is predominant in the micro-

discharges (cf. figure S9(b)). In addition, we also plot the formation rate of NH2(s) from gas phase NH and H(s) 

(ER mechanism; green curve), as it is also important in the micro-discharges (cf. figure S9(b)). Similarly, the 

ER formation of NH3 by NH2 and H(s) is also plotted (dark yellow curve), becoming important in the late 

afterglow. 
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(a) (b) 

Figure S9. Main reaction rates for the formation of NH3, NH2(s) and NH(s) as a function of time in the plasma, from the start of the 

plasma to the end of the first micro-discharge and afterglow pair (a), and as a function of time in the first micro-discharge (b). “Total ER 

→ NH(s)” stands for the sum of both reactions N + H(s) and H + N(s) reactions. In (a) the blue, red and black curve mostly overlap with 

each other. In (a), the micro-discharge with a 200 ns duration takes place at 38.4 ms. 

Directly after the micro-discharge, we see in figure S9(a) a complete overlap between the reactions forming 

NH3, NH2(s) and NH(s) (blue, red and black curves). This means that the intermediate products, NH(s) and 

NH2(s), are immediately converted towards NH3. During the micro-discharges, there is no overlap between the 

various reaction rates, and the earlier products are generally formed at a higher rate (black and green curves are 

higher than blue curve). Note that in addition to the reactions in figure S9(b), NH3 is net destroyed during the 

micro-discharges due to electron impact dissociation (cf. figure 2 in the main paper). Towards the end of the 

afterglow, the NH3 formation is faster than the NH2(s) formation, and the latter is slightly faster than NH(s) 

formation, meaning that both NH2(s) and NH(s) are slightly being depleted in the afterglow, as discussed in 

section 3.2 in the main paper. 

To find the rate-limiting step, we further investigate the formation of NH(s) in figure S10, where we plot the 

rates of the individual ER reaction steps as a function of time, again from the start of the plasma until the end 

of the first afterglow (figure S10(a)) and in the micro-discharge (figure S10(b)). The ER reaction of N with H(s) 

is generally faster, especially in the micro-discharges, and generally determines the total NH(s) formation, 

except before the first micro-discharge, where the ER reaction of H with N(s) seems more important. This is 

attributed to the relatively high dissociation of H2 at the very beginning (see figure S13 below). 
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(a) (b) 

Figure S10. Reaction rates for the formation of NH(s) as a function of time in the plasma, from the start of the plasma to the end of the 

first micro-discharge and afterglow pair (a), and as a function of time in the first micro-discharge (b). In (a), the micro-discharge with a 

200 ns duration takes place at 38.4 ms. 

Based on figures S9 and S10, we can identify the elementary ER reaction step between N and H(s) as the limiting 

reaction in NH3 formation, i.e. N2 dissociation in the plasma and H2 or H (dissociative) adsorption are required 

for this. Similarly, the alternative ER reaction requires N(s). In figure S11, we show that the rate of this reaction 

overlaps with the direct adsorption of N, shortly after the micro-discharge. Thus, N atoms are required in both 

NH(s) formation pathways. 

  

(a) (b) 

Figure S11. Reaction rates for the formation and consumption of N(s) as a function of time in the plasma, from the start of the plasma 

to the end of the first micro-discharge and afterglow pair (a), and as a function of time in the first micro-discharge (b). In (a), the micro-

discharge with a 200 ns duration takes place at 38.4 ms. 

Unlike N(s), which is only significantly formed by direct adsorption and only reacts further to the desired 

products (NH(s)), the formation and consumption of H(s) is more complex. In the afterglow, we found that the 

net H(s) formation rate, attributed to direct adsorption (red curve in figure S12) overlaps in the afterglow with 

the total H(s) consumption rate to the desired products (blue curve). The contributions of individual processes 

to the net H(s) formation is given in figure S13. 
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During the micro-discharges (figure S12(b) and S13(b)), more H(s) is destroyed than formed. Indeed, this is 

due to the importance of H + H(s) → H2.  The dissociative adsorption (H2 → 2 H(s)) has the lowest reaction 

rate once a micro-discharge occurred and the net formation of H2 is then always higher, this means that the net 

H(s) formation is not determined by the dissociative adsorption anymore. However, the H(s) coverage is never 

significantly influenced after the initial coverage, due to the predominant dissociative adsorption before the first 

micro-discharge, and it is always nearly 1 (cf. figure 1(a) in the main paper and figure S5(a)). 

  

(a) (b) 

Figure S12. Total and net reaction rates for the formation and consumption of H(s) as a function of time in the plasma, from the start of 

the plasma to the end of the first micro-discharge and afterglow pair (a), and as a function of time in the first micro-discharge (b). In (a), 

the micro-discharge with a 200 ns duration takes place at 38.4 ms. 

  

(a) (b) 

Figure S13. Net formation of H(s) and the individual reactions that determine the net formation as a function of time in the plasma, from 

the start of the plasma to the end of the first micro-discharge and afterglow pair (a), and as a function of time in the first micro-discharge 

(b). The green and blue curves generally overlap (i.e., H → H(s) and H + H(s) → H2). In (a), the micro-discharge with a 200 ns duration 

takes place at 38.4 ms. 

We show in figure S14 the rates of direct adsorption of N and H atoms and compare it to the dissociation rates 

of N2 and H2. The dissociation rates of both N2 and H2 (i.e., upon electron impact) exhibit a sharp peak in the 

micro-discharge (red curves), followed by a pronounced drop, because the electric field reduces to near 0 

directly after the micro-discharge (cf. section S.3 above). In the micro-discharges, the H2 dissociation rate is 3 

orders of magnitude higher, and consequently H adsorption is also 3 orders of magnitude faster than N 
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adsorption. Directly after the micro-discharges, the ER reaction between H and N(s) (green dashed curve) 

clearly overlaps with direct adsorption of N (blue solid line). The dissociation of H2 eventually overlaps with 

the direct adsorption of H in the afterglows (red and blue dashed lines), while the N2 dissociation overlaps more 

with the ER reaction between N and H(s) (red and green solid lines). However, due to the quenching of H(s) 

back to H2, we need to consider the net formation of H(s). This reaction rate is higher than for the ER reaction 

between N and H(s) (green curve). Instead, the net H(s) formation overlaps with the sum of all the ER and LH 

reactions that lead towards NH3 and which require H(s) (cf. figure S12(a)). 

  

(a) (b) 

Figure S14. Gas phase dissociation and atomic adsorption reaction rates for nitrogen (solid lines) and hydrogen (dashed lines) as a 

function of time in the plasma, from the start of the plasma to the end of the first micro-discharge and afterglow pair. The curves of “ER 

→ NH(s)” are defined according the gas phase atom, i.e. N + H(s) is the solid curve and H + N(s) is the dashed curve. In (a), the micro-

discharge with a 200 ns duration takes place at 38.4 ms. 

Based on the above, we identify the adsorption of N and H atoms, both in ER reactions and direct adsorption, 

as rate-limiting. Consequently, electron impact dissociation of N2 or H2 in the plasma can be the overall rate-

limiting step. In order to further specify the rate-limiting step, we performed calculations in which the rate 

coefficients for the atomic adsorption processes or for electron impact gas phase dissociation are multiplied by 

a factor 2. The adjusted reactions are listed in table S10 and the results are compared in figure S15. 

Table S9. The test cases to confirm the rate-limiting reaction step. In each case the rate coefficient of the listed reactions was multiplied 

by a factor two. 

Case Modified reactions 

Reference None 

Increased H2 dissociation e− + H2(X, V) → e− + H + H 

Increased H atom adsorption 

H + Surface → H(s) 

H + H(s) → H2 

H + N(s) → NH(s) 

H + NH(s) → NH2(s) 

H + NH2(s) → NH3 

Increased N2 dissociation e− + N2(X, E, V) → e− + N + N 

Increased N atom adsorption 
N + Surface → N(s) 

N + H(s) → NH(s) 

N + N(s) → N2 
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(a) 

  

(b) (c) 

Figure S15. Comparisons of the various test cases presented in table S8 in which we increase the rate coefficients of specific reactions 

by a factor 2 (cf. table S8), showing the effect on the NH3 formation rate, i.e. the reaction rate of NH2(s) + H(s) → NH3, as a function of 

time (a), and 15 μs after the micro-discharge (b), and the eventual NH3 concentration (c). In (a), the micro-discharge with a 200 ns 

duration takes place at 38.4 ms. 

It is clear from figure S15(a) that the increased rate coefficient of the feed gas dissociation and of the atomic 

adsorption influences the final NH3 synthesis reaction step (NH2(s) + H(s) → NH3). Most notably, the slope of 

the increased N adsorption is steeper, due to faster depletion of gas phase N atoms. Only an increased H atom 

adsorption does not increase the NH3 formation rate throughout the afterglow, which is attributed to the faster 

H atom recombination rate by H + H(s) → H2. 

In figure S15(b) the NH3 formation rates are compared shortly after the micro-discharge. Clearly both an 

increase in N2 dissociation and N atom adsorption by a factor 2 effectively enhance the NH3 formation rate by 

the same factor 2, directly after the micro-discharge. However, as noted before, the NH3 formation rate with 

increased N atom adsorption rates will fall below the reference, due to the faster depletion of N atoms in the 

gas. An increase in the H2 dissociation by a factor 2 also enhances the NH3 formation rate, but only by a factor 
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1.3, due to a slight increase in H(s), and thus all further hydrogenation processes on the surface (N + H(s) → 

NH(s), NH(s) + H(s) → NH2(s) and NH2(s) → NH3). The increase by a factor 1.3, instead of 2, approximately 

follows by considering all these three hydrogenation processes (i.e., √2
3

= 1.26). 

In figure S15(c) the eventual NH3 concentration is shown. Here the factor 2 increase is not directly reflected, 

due to how steady state is reached, i.e. because the overall system is non-linear in time. An increased gas phase 

H2 dissociation enhances the NH3 concentration by a factor 1.22. N atom adsorption increases the NH3 

concentration slightly more (factor 1.27), mainly due to an increase in N + H(s) → NH(s). H atom adsorption 

does not increase the NH3 formation rate and the eventual NH3 concentration is equal. The largest benefit is 

seen from an increased electron impact N2 dissociation in the gas phase, enhancing the NH3 concentration by a 

factor 1.41. 

Based on the above analysis, electron impact N2 dissociation in the plasma, followed by N atom adsorption at 

the surface, is identified as the rate-limiting step determining the NH3 yield. H2 dissociation in the plasma can 

also increase the formed NH3, but to a lesser extent, as the H(s) precursor is required in multiple reaction steps. 

In addition, the surface is always generally covered with H(s) (see figure 1(a) in the main paper) and H2 is easier 

to dissociate than N2 (i.e. a dissociation threshold of 4.5 eV and 9.8 eV, respectively), thus the rate-limiting 

behaviour of the NH3 synthesis in a DBD is attributed to nitrogen. 

S.5. N2 Dissociative Adsorption Compared Against N Atom Direct Adsorption 

 

Figure S16. Comparison of N(s) formation rates from the various atomic adsorption and dissociative adsorption processes, resolved for 

the ground state species (X), electronically excited states (E) and vibrational levels (V), as a function of time in the plasma, from the 

start of the plasma to the end of the first micro-discharge and afterglow pair. The micro-discharge with a 200 ns duration takes place at 

38.4 ms. 
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S.6. Data Used in the Assessment of the Reaction Mechanisms 

We present the data based on which we assessed the reaction mechanisms presented in the main paper. We 

based ourself on the NxHy gas phase species (i.e. N, H, NH, NH2 and NH3), the surface adsorbed and related 

species (i.e. Surface (free sites), N(s), H(s) NH(s) and NH2(s)) and the electrons and feed gas (i.e. e− and H2 

and N2, respectively). In addition, any other relevant species that is dictated by the significant reactions are also 

presented (i.e. electronically excited molecules: H2(E) and N2(E) and ions: N2
+, H2

+, N2H+ and H3
+). We first 

considered separately whether or not the species is produced or destroyed during the micro-discharge and during 

the afterglow (cf. also figure 4 in the main paper). The reaction rates, source terms and the reactions themselves 

were carefully inspected to determine whether or not the single reaction could be considered, and if indeed only 

the production or destruction had to be considered during a single phase of the discharge (i.e. the micro-

discharges and their afterglows). 

The above analysis was based on the relative information instead of the absolute rates, i.e. the production-to-

destruction ratio and the contribution of a reaction to either the production or destruction of a specific species. 

This is because the total source terms, and thus the typical reaction rates, can differ by orders of magnitude 

between the various species (cf. figure 4 and 5 in the main paper). In table S10 and S11 we present the reactions 

and their contribution to either the production or destruction of a species during the micro-discharge and the 

afterglow, respectively. In addition we note how we considered the species, based on the production-to-

destruction ratio. The (individual) vibrational levels of both the N2 and H2 molecules, as well as the N2 electronic 

states, N2(E), are not resolved in table S9 of the micro-discharges, as those species typically show fast excitation 

and de-excitation processes between the various levels or states. Similarly, in addition in the afterglow (table 

S10), the H2(X) and N2(X) ground states are populated (and depopulated) by the various vibrational interactions 

and (de-)excitation processes and H2(E) is mainly quenched back to the feed gas. Those interactions were not 

considered in detail, however typical vibrational distribution functions were shown in figure 3 and S6 for N2 

and H2, respectively. 

For context, we provide the reaction rates of the listed reactions in table S12, time averaged over the first micro-

discharge and over the afterglow. Some reactions were not explicitly mentioned in the main paper (numbered 

in the tables with n.a.), those reactions typically quench any desired product back to the feed gas or indicate the 

population of electronically excited states or vibrational levels, which lead to the subsequent interactions 

between those states or levels. 
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Table S10. The various species considered in the assessment of the reaction mechanisms and the most significant reactions and their 

contribution to the production (+) and/or destruction (−) of this species in the micro-discharges. Either the production, destruction or 

both are given, depending on the specific consideration made, which is based on the production-to-destruction ratio (P/D). 

Species Consideration (# main paper) Reaction Contribution  

NH2(s) Most significantly produced (P/D = 1.8) (13) NH + H(s) → NH2(s) 0.86 (+) 

  (19) NH(s) + H(s) → NH2(s) 0.14 (+) 

NH(s) Most significantly produced (P/D = 12) (16) N + H(s) → NH(s) 0.84 (+) 

H(s) Produced and destroyed (P/D = 0.98) (14) H + Surface → H(s) 1.00 (+) 

  (15) H + H(s) → H2 0.98 (−) 

N(s) Most significantly produced (P/D = 3.2) (17) N + Surface → N(s) 0.96 (+) 

Surface Produced and destroyed (P/D = 1.01) (15) H + H(s) → H2 + Surface 0.99 (+) 

  (14) H + Surface → H(s) 1.00 (−) 

NH3 Most significantly destroyed (P/D = 0.08) (21) e− + NH3 → e− + NH2 + H 0.56 (−) 

  (22) e− + NH3 → e− + NH + H2 0.32 (−) 

NH2 Produced and destroyed (P/D = 18) (21) e− + NH3 → e− + NH2 + H 0.92 (+) 

NH Most significantly produced (P/D = 3.1) (12) N + H2(E) → H + NH 0.99 (+) 

H Most significantly produced (P/D = 421) (6) e− + H2(X, V, E) → e− + H + H 0.89 (+) 

  (10) N2(E) + H2 → N2 + H + H 0.10 (+) 

N Most significantly produced (P/D = 1.4) (5) e− + N2(X, V, E) → e− + N + N 0.78 (+) 

H2(X) Most significantly destroyed (P/D = 0.03) (6) e− + H2(X) → e− + H + H 0.63 (−) 

  (11) e− + H2 → e− + H2(E) 0.27 (−) 

H2(E) Most significantly produced (P/D = 6.0) (11) e− + H2 → e− + H2(E) 1.00 (+) 

N2(X) Most significantly destroyed (P/D = 0.13) (n. a. ) e− + N2(X) → e− + N2(V)  0.94 (−) 

e− Most significantly produced (P/D = 3.1) (7) e− + N2 → e− + e− + N2
+ 0.65 (+) 

  (8) e− + H2 → e− + e− + H2
+ 0.17 (+) 

N2
+ Produced and destroyed (P/D = 1.00) (7) e− + N2 → e− + e− + N2

+ 0.52 (+) 

  (n. a. ) e− + N2(E) → e− + e− + N2
+ 0.44 (+) 

  (28) N2
+ + H2 → N2H+ + H 0.98 (−) 

H2
+ Produced and destroyed (P/D = 1.00) (8) e− + H2 → e− + e− + H2

+ 1.00 (+) 

  (27) H2
+ + H2 → H3

+ + H 0.76 (−) 

  (n. a. ) H2
+ + N2 → N2H+ + H 0.24 (−) 

H3
+ Most significantly produced (P/D = 5.8) (27) H2

+ + H2 → H3
+ + H 1.00 (+) 

N2H+ Most significantly produced (P/D = 2.1) (28) N2
+ + H2 → N2H+ + H 0.67 (+) 

  (n. a. ) H2
+ + N2 → N2H+ + H 0.33 (+) 
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Table S11. The various species considered in the assessment of the reaction mechanisms and the most significant reactions and their 

contribution to the production (+) and/or destruction (−) of this species in the afterglows of the micro-discharges. Either the production, 

destruction or both are given, depending on the specific consideration made which is based on the production-to-destruction ratio (P/D). 

Species Consideration (# main paper) Reaction Contribution  

NH2(s) Produced and destroyed (P/D = 1.00) (19) NH(s) + H(s) → NH2(s) 0.99 (+) 

  (20) NH2(s) + H(s) → NH3 1.00 (−) 

NH(s) Produced and destroyed (P/D = 1.00) (16) N + H(s) → NH(s) 0.86 (+) 

  (18) H + N(s) → NH(s) 0.14 (+) 

  (19) NH(s) + H(s) → NH2(s) 1.00 (−) 

H(s) Produced and destroyed (P/D = 1.00) (14) H + Surface → H(s) 1.00 (+) 

  (15) H + H(s) → H2 0.98 (−) 

N(s) Produced and destroyed (P/D = 1.1) (17) N + Surface → N(s) 1.00 (+) 

  (18) H + N(s) → NH(s) 1.00 (−) 

Surface Produced and destroyed (P/D = 1.00) (15) H + H(s) → H2 + Surface 0.98 (+) 

  (14) H + Surface → H(s) 1.00 (−) 

NH3 Most significantly produced (P/D = 8.7) (20) NH2(s) + H(s) → NH3 0.88 (+) 

NH2 Produced and destroyed (P/D = 1.00) (21) e− + NH3 → e− + NH2 + H 0.29 (+) 

  (n. a. ) N + H2 + M → NH2 + M 0.66 (+) 

  (n. a. ) H + NH2 → H2 + NH 0.33 (−) 

  (n. a. ) N + NH2 → N2 + H2 0.19 (−) 

  (n. a. ) N + NH2 → N2 + H + H 0.19 (−) 

  (23) NH2 + H(s) → NH3 0.10 (−) 
NH Produced and destroyed (P/D = 0.97) (12) N + H2(E) → H + NH 0.99 (+) 

  (n. a. ) H + NH → N + H2 0.98 (−) 

H 
Most significantly destroyed (P/D = 

0.14) 

(14) H + Surface → H(s) 0.35 (−) 

  (15) H + H(s) → H2 0.35 (−) 

  (n. a. ) H + H + H2 → H2 + H2 0.13 (−) 

  (n. a. ) H + NH → N + H2 0.13 (−) 

N Produced and destroyed (P/D = 0.98) (n. a. ) H + NH → N + H2 1.00 (+) 

  (12) N + H2(E) → H + NH 0.96 (−) 

e− 
Most significantly destroyed (P/D = 

0.008) 

(24) e− + H3
+ → H2 + H 0.30 (−) 

  (25) e− + H3
+ → H + H + H 0.30 (−) 

  (26) e− + N2H+ → N2 + H 0.37 (−) 

N2
+ Produced and destroyed (P/D = 0.98) 

(n. a. )  N2(E) + N2(E)
→ N2

+ + N2 + e− 

1.00 (+) 

  (28) N2
+ + H2 → N2H+ + H 0.98 (−) 

H2
+ 

Most significantly destroyed (P/D = 

0.008) 
(27) H2

+ + H2 → H3
+ + H 

0.78 (−) 

  (n. a. ) H2
+ + N2 → N2H+ + H 0.21 (−) 

H3
+ 

Most significantly destroyed (P/D = 

3×10-6) 

(24) e− + H3
+ → H2 + H 0.50 (−) 

  (25) e− + H3
+ → H + H + H 0.50 (−) 

N2H+ 
Most significantly destroyed (P/D = 

0.0002) 
(26) e− + N2H+ → N2 + H 

1.00 (−) 
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Table S12. The time averaged reaction rates, of the reactions in table S10 and S11, during a micro-discharge and its afterglow. 

 Reaction rate (cm-3s-1), time averaged over the: 

(# main paper) Reaction Micro-discharge Afterglow 

(4) H2 + Surface → H(s) + H(s) 1.01 × 1015 9.46 × 1014 
(5) e− + N2(X, V, E) → e− + N + N 4.63 × 1021 1.19 × 1013 
(6) e− + H2(X, V, E) → e− + H + H 4.81 × 1023 7.72 × 1015 
(7) e− + N2 → e− + e− + N2

+ 1.78 × 1020 7.80 × 106 
(8) e− + H2 → e− + e− + H2

+ 6.84 × 1020 3.65 × 107 
(9) e− + N2 → e− + N2(E) 2.45 × 1023 6.41 × 1015 
(10) N2(E) + H2 → N2 + H + H 5.59 × 1022 1.64 × 1016 
(11) e− + H2 → e− + H2(E) 2.04 × 1023 1.81 × 1015 
(12) N + H2(E) → H + NH 7.81 × 1021 4.17 × 1017 
(13) NH + H(s) → NH2(s) 8.77 × 1016 3.89 × 1013 
(14) H + Surface → H(s) 1.55 × 1019 1.17 × 1018 
(15) H + H(s) → H2 1.55 × 1019 1.15 × 1018 
(16) N + H(s) → NH(s) 1.49 × 1017 7.36 × 1015 
(17) N + Surface → N(s) 2.57 × 1016 1.30 × 1015 
(18) H + N(s) → NH(s) 8.46 × 1015 1.18 × 1015 
(19) NH(s) + H(s) → NH2(s) 1.47 × 1016 8.51 × 1015 
(20) NH2(s) + H(s) → NH3 5.57 × 1016 8.60 × 1015 
(21) e− + NH3 → e− + NH2 + H 1.36 × 1019 8.54 × 1014 
(22) e− + NH3 → e− + NH + H2 7.73 × 1018 1.88 × 1014 
(23) NH2 + H(s) → NH3 3.40 × 1014 3.09 × 1014 
(24) e− + H3

+ → H2 + H 4.29 × 1019 5.53 × 1014 
(25) e− + H3

+ → H + H + H 4.29 × 1019 5.53 × 1014 
(26) e− + N2H+ → N2 + H 2.30 × 1020 6.85 × 1014 
(27) H2

+ + H2 → H3
+ + H 5.19 × 1020 3.36 × 109 

(28) N2
+ + H2 → N2H+ + H 3.38 × 1020 1.38 × 1011 

(n. a. ) H + NH2 → H2 + NH 1.63 × 1017 9.67 × 1014 
(n. a. ) N + NH2 → N2 + H2 1.43 × 1017 5.75 × 1014 
(n. a. ) N + NH2 → N2 + H + H 1.43 × 1017 5.75 × 1014 
(n. a. ) e− + N2(E) → e− + e− + N2

+ 1.53 × 1020 4.98 × 108 
(n. a. ) H2

+ + N2 → N2H+ + H 1.64 × 1020 9.23 × 108 
(n. a. ) N + H2 + M → NH2 + M 1.06 × 1015 1.94 × 1015 
(n. a. ) H + NH → N + H2 2.51 × 1021 4.25 × 1017 
(n. a. ) H + H + H2 → H2 + H2 5.03 × 1018 2.23 × 1017 

  

The data presented in table S10 and S11 also gives some insight in the sensitivity of the overall assessed reaction 

mechanisms to changes in the underlying rate coefficients of either the involved reactions themselves or of other 

reactions also present in the chemistry set (cf. table S1-S6). Indeed, reaction rate coefficients always have an 

uncertainty, typically in the order of 30%.48,49 In general, if we concluded that there is only one significant 

reaction relevant to the production or destruction of one species, while the contribution of this reaction is just 

slightly above 0.5 (i.e. 50%), then it is clear that a slight change in this or other reactions could change the actual 

main reaction taking place. On the other hand, if we find a large contribution to the overall production or 

destruction (i.e. contributions of 0.8, or 80%, and up), then it is less likely that other reactions that were not part 

of our assessed reaction mechanisms (which thus have very low contributions) would become the most 

important, even when the uncertainties in the rate coefficients are considered. In table S10 and S11, the lowest 
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considered contribution to the production or destruction of a species, for determining the reaction mechanisms, 

is 0.81, i.e. 81%, which is the sum of the four reactions (0.33 + 0.19 + 0.19 + 0.1) accounting for the destruction 

of NH2 in the afterglow (cf. table S11). 

S.7. Influence of Langmuir-Hinshelwood Reactions and Alternative Reaction Mechanisms 

Because the adopted Langmuir-Hinshelwood activation energies are subject to uncertainties, we calculate 

several hypothetical cases in which we change the activation energy and thus the rate coefficients governing the 

reactions, as shown in table S13. The diffusion barrier is kept constant, as reported in table S6. We cover cases 

in which the reactions are slower and faster. Results are given in table S14. 

Table S13. Summary of the calculations performed to investigate the influence of the LH reactions. 

Case Reaction Activation energy 

Rate coefficient 

cm3s-1 s-1 

Adopted chemistry 

H(s) + N(s) → NH(s) 𝐸𝑎 = 1.099 eV 7.5 × 10−22 1.1 × 10−4 

H(s) + NH(s) → NH2(s) 𝐸𝑎 = 0.3 eV 8.8 × 10−12 1.3 × 106 

H(s) + NH2(s) → NH3 𝐸𝑎 = 0.2 eV 1.6 × 10−10 2.3 × 107 

Equal barriers 

H(s) + N(s) → NH(s) 𝐸𝑎 = 1.0 eV 1.3 × 10−20 1.9 × 10−3 

H(s) + NH(s) → NH2(s) 𝐸𝑎 = 1.0 eV 1.3 × 10−20 1.9 × 10−3 

H(s) + NH2(s) → NH3 𝐸𝑎 = 1.0 eV 1.3 × 10−20 1.9 × 10−3 

Increased barriers 

H(s) + N(s) → NH(s) 𝐸𝑎 = 2.0 eV 3.3 × 10−33 4.8 × 10−16 

H(s) + NH(s) → NH2(s) 𝐸𝑎 = 2.0 eV 3.3 × 10−33 4.8 × 10−16 

H(s) + NH2(s) → NH3 𝐸𝑎 = 2.0 eV 3.3 × 10−33 4.8 × 10−16 

Barrierless 

H(s) + N(s) → NH(s) 𝐸𝑎 = 0.0 eV 5.3 × 10−8 7.6 × 109 

H(s) + NH(s) → NH2(s) 𝐸𝑎 = 0.0 eV 5.3 × 10−8 7.6 × 109 

H(s) + NH2(s) → NH3 𝐸𝑎 = 0.0 eV 5.3 × 10−8 7.6 × 109 

 

Table S14. Calculated steady state NH3 concentration and NH3 formation rate through the LH pathway (H(s) + NH2(s) → NH3) for 

the various test cases. 

Case NH3 concentration (ppm) 

LH NH3 formation rate (cm-3s-1) 

in the first afterglow 

Basic chemistry 223 8.6 × 1015 

Equal barriers 224 2.4 × 1010 

Increased barriers 224 6.0 × 10−3 

Barrierless 223 8.7 × 1015 

 



S30 

 

Table S14 lists the calculated steady-state NH3 concentration for the basic model and the additional calculations. 

It can be seen that all additional calculations give the same concentration as the basic chemistry which was used 

to assess the reaction mechanisms in detail. In the basic chemistry model we found that the eventual formation 

of NH3 is through the LH reaction: H(s) + NH2(s) → NH3. Table S14 also reports the corresponding reaction 

rate of this LH reaction. Despite the same NH3 concentration, we do see different LH reaction rates when 

increasing the activation energy (i.e. for barriers of 1.0 eV and 2.0 eV in the case of equal barriers and increased 

barriers, respectively). This means that reactions other than this LH reaction should be responsible for the 

formation of NH3. When the LH reactions were barrierless, the eventual rate is the same, despite a significantly 

higher rate coefficient (cf. table S13), thus indicating a preceding step as rate limiting, i.e. the formation of 

NH(s) by ER reactions. Indeed, also when the LH formation of NH(s) is increased, i.e. the barrierless case, the 

formation rate is still the same, indicating that the same ER NH(s) formation is still faster than the LH 

alternative. 

In addition, when the LH reactions are slower (increased barriers), we don’t see a change in the main 

formation of NH(s) by the ER reactions, but we do see other NH3 formation reactions taking place in the final 

step, with the same rate as when the formation was due to LH reactions, as shown in table S15. 

Table S15. Comparison of the NH3 formation rate by the most important reactions for the various test cases. 

 NH3 formation rate (cm-3s-1) in the first afterglow 

Case 𝐇(𝐬) + 𝐍𝐇𝟐(𝐬) → 𝐍𝐇𝟑 𝐇𝟐 + 𝐍𝐇(𝐬) → 𝐍𝐇𝟑 𝐇 + 𝐍𝐇𝟐(𝐬) → 𝐍𝐇𝟑 

Basic chemistry 8.6 × 1015 3.4 × 1013 2.2 × 1011 

Equal barriers 2.4 × 1010 7.7 × 1015 7.6 × 1014 

Increased barriers 6.0 × 10−3 7.7 × 1015 7.6 × 1014 

Barrier-less 8.7 × 1015 6.8 × 108 6.8 × 108 

 

The reaction H2 + NH(s) → NH3 is dominant when the LH reaction (H(s) + NH2(s) → NH3) is not fast 

enough, and is characterized by a nearly equal rate (underlined in table S15). We also list H + NH2(s) → NH3 

which has the highest reaction rate after the LH reaction and the H2 ER reaction in the basic chemistry case. 

Indeed, we also found that the stepwise ER hydrogenations with H are fast enough to account for the same NH3 

formation rates if the H2 ER reaction is absent. 

Based on the above we can present two alternative NH3 formation paths as revealed by our model. After the ER 

formation of NH(s), a single reaction step might form NH3: 

 H2 + NH(s) → NH3 (S13) 

   

Alternatively, stepwise ER hydrogenation reactions might form NH3: 
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 H + NH(s) → NH2(s) (S14) 

   

 H + NH2(s) → NH3 (S15) 
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