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ABSTRACT: Plasma-assisted catalysis is emerging as an alternative to several thermocatalytic processes. For ammonia synthesis, 

it could make the process milder, which would help production, decentralization and compatibility with renewable energy. However, 

one major obstacle preventing optimization of the plasma-assisted process is the incipient mechanistic understanding of ammonia 

formation on plasma-exposed catalysts. Here, optical emission spectroscopy OES is consistent with only a weak effect of the metal 

on plasma composition, and with the presence of small concentrations of plasma radicals in N2/H2 mixtures in DBD reactors, which 

are bound to enable new catalyst-involved pathways not considered in previous kinetic models for NH3 synthesis. Thus, we compre-

hensively examined, via density functional theory (DFT) calculations, the energetics (favorability) of 51 reactions on Fe, Ni, Co, Pd, 

Ga, Sn, Cu, Au, and Ag. Enthalpic barriers for Eley-Rideal (ER) reactions involving N• and H• radicals were found to be negligible 

and hence supportive of: i) plausible NNH formation and consequent prominent role of the associative pathway to form NH3 (con-

sistent with some experimental reports detecting surface-bound NXHY species), ii) likelihood of N• adsorption taking over N2* disso-

ciation as the primary source of surface bound N*, and iii) probable dominance of ER hydrogenation reactions over Langmuir-

Hinshelwood (LH) ones. The energetics herein presented will allow thoroughly studying pathway competition in future kinetic mod-

els, but numbers calculated here already suggest that the dominant pathway may change with metal identity. For instance, N2HY 

dissociation favorability is more likely to become competitive with ER hydrogenation earlier in the hydrogenation sequence in the 

more nitrophilic the metals. Yet, the calculated favorability of ER reactions is also already consistent with the weaker dependence of 

initial NH3 turnover frequencies (TOFs) on metal identity compared to the thermocatalytic scenario. With practical implications for 

computational catalyst screening, TOFs experimentally measured herein for an atmospheric dielectric barrier discharge (DBD) reactor 

linearly correlate with ΔErxn for the ER hydrogenation reaction H• + HNNH2* → HNNH3*. This descriptor may be robust to exact 

synthesis conditions, as its correlation with TOFs was maintained for earlier TOF data in a sub-atmospheric radio frequency (RF) 

reactor. 

■ INTRODUCTION 

Ammonia is a crucial chemical due to its widespread use 

in fertilizer production1 and could gain further importance in 

the future as a hydrogen carrier2 in a so-called “hydrogen 

economy.”3 The current yearly demand for ammonia is more 

than 200 million tons,4 with ammonia primarily produced 

from H2/N2 mixtures using a thermocatalytic process known 

as Haber Bosch (HB).5 HB requires high temperature to 

break the N≡N bonds in N2, high pressure to alleviate tem-

perature-driven reaction equilibrium limitations and, due to 

the high pressure, centralized ammonia production to make 

the process economically feasible. Currently, HB plants de-

mands ca. 2% of the world’s energy6—greatly due to the re-

quired in situ H2 generation via CH4 reforming to feed the 

process—and is responsible for ca. 1 % of the world’s CO2 

emissions.6 An opportunity to address the need to “decar-

bonize” ammonia production is through the use of decentral-

ized “green” hydrogen, which also has the appeal of decen-

tralizing ammonia production (e.g., it could be produced in 

situ in farms using it for fertilizers). However, as green hy-

drogen is likely to be intermittent in nature, compatible am-

monia synthesis processes need to be easily turned “on and 

off” for on-demand production. Given that the harsh HB 

conditions  are incompatible with the above scenario,7 it is 

critical to develop methods to synthesize ammonia under 

mild conditions.7–10  

A way towards mild ammonia synthesis is to help the 

catalyst break N≡N bonds at reasonable rates at moderate 

reactor temperature. A potential way to achieve this is by 

“electrifying” the process using electric fields,11 electro-

chemistry12 or plasmas,13 where the electricity could come 

from, for instance, solar or wind energy (the same sources 

that would be used to produce the green hydrogen feed).14,15 

In plasma reactors, electrical power would be used to gener-

ate a plasma phase where electron collisions with N2 and H2 

can excite and/or dissociate molecular species. Even without 

a catalyst, the plasma excitation/dissociation products can 
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collide with electrons and/or react with each other in a com-

plex reaction network16 that ultimately leads to the formation 

of some NH3—and some N2H2 depending on the reaction 

conditions (e.g., the type of plasma).17–19 However, some au-

thors suggest that most of ammonia formation in “cata-

lyst-less” plasma reactors occurs at the reactor walls instead 

of the bulk plasma,16 probably by adsorptive concentration 

of plasma species on the wall surface.  

On the other hand, the introduction of a metal catalyst 

into the reactor often increases ammonia production by sev-

eral-fold,20 indicating that under a plasma environment a 

“proper” catalyst likely does more than concentrate reactive 

species. The issue is that the “controlling” reaction pathways 

and the exact role of the catalyst under plasma conditions 

remain unclear and under debate, primarily due to the afore-

mentioned high complexity of plasma reaction networks.21 

This complexity also makes effects such as plasma-catalyst 

synergy difficult to unravel, at least to the extent needed to 

be predictive and able to rationally design better catalysts 

that can improve current ammonia energy-yields in plasma 

reactors (current record is 36 g-NH3/kWh)22 to more com-

petitive values (100-200 g-NH3/kWh). 

Some aspects of plasma-assisted ammonia synthesis on 

metal catalysts are increasingly clear from experiments. 

These include: i) the non-Arrhenius dependence of NH3 for-

mation rates on temperature as reported by both Hicks and 

coworkers23  and Lefferts and coworkers24, ii) the ability to 

reach conversions beyond the thermal equilibrium limit also 

reported by both above teams in separate works25,26 and iii) 

the first and zeroth dependence of NH3 formation rates on 

N2 and H2 pressure respectively, as determined by Hicks and 

coworkers23 from careful kinetic experiment at differential 

reactor conditions. However, these experiments are incon-

clusive on (among other mechanistic aspects) a crucial de-

bate point: whether vibrationally excited species or radical 

species are the species involved in the “rate controlling” 

steps to produce ammonia, particularly in dielectric barrier 

discharge (DBD) reactors. Accordingly, computational 

work is called to complement experiments to shed some light 

on the mechanistic debate. 

The case for vibrationally excited N2(v) stems from their 

expected abundance at typical electron temperatures for 

DBD reactors, and its enhanced dissociation rates to produce 

N* (* = catalyst site) relative to regular N2, which could ex-

plain enhanced catalytic NH3 production rates under plas-

mas. Schneider and coworkers27 postulated that the dissoci-

ation rate enhancement for N2(v) can be quantified by the a 

reduction in the dissociation barrier by nhv quanta, where n 

= excitation level, h =plank constant, v= vibration frequency. 

These authors thus implemented this idea into a microkinetic 

model, where the catalyst was exposed to a “minimal 

plasma” phase that included N2(v) but excluded plasma rad-

icals. Accordingly, N2(v) dissociative adsorption was the 

only “extra” reaction in the model besides the traditional HB 

reactions. 

On the other hand, radicals are expected to form in DBD 

plasmas. Using optical emission spectroscopy (OES), Wang 

et al28. reported both N• and H• plasma radicals during cata-

lytic ammonia synthesis in a DBD reactor. The difficulty in 

forming N• is the required collision of N2 with electrons of 

energy 9.6 eV, but even these energies can be found (albeit 

as minority) at the tail of the electron energy distribution at 

typical electron temperatures. Authors such as Lefferts and 

coworkers 25 also argue that the catalyst-free formation of 

NH3 under DBD plasmas is another (indirect) indication of 

the formation of plasmas radicals. The key here is that, due 

to their high reactivity, only a small concentration of radicals 

could let them “take over” the reaction mechanism. For in-

stance, even a small fraction of N• radicals reaching the cat-

alyst surface could outcompete N2 (and N2(v)) dissociation 

as a source of N* and thus could also explain enhanced cat-

alytic NH3 formation rates under plasmas.  

Importantly, the involvement of radicals on NH3 for-

mation on the catalyst could also produce changes beyond 

rate enhancement. Radicals reaching the catalyst surface 

could, for instance, enable Eley-Rideal (ER) reactions with 

surface species. Indeed, the occurrence of ER reactions be-

tween plasma radicals and chemisorbed species is suggested 

by isotopic labeling experiments by Gomez-Ramirez and 

coworkers.29 Although the case built by these experiments, 

is stronger for ER reactions involving NHx• radicals created 

from NH3 decomposition, and more speculative for N• and 

H• radicals created before NH3 is formed. Intriguingly, using 

FTIR spectrometry, Chen and coworkers30 reported the de-

tection of N2HY on metal surfaces during catalytic NH3 syn-

thesis under DBD plasmas, whereas, Koel and cowokers31 

reported the detection of NNH and N2H2 using molecular 

beam mass spectrometry. It is unclear how surface N2HY 

could form if only N2(v) (and not radicals) reach the catalyst 

surface, so the presence of N2HY species could be an indica-

tion of the direct mechanistic involvement of N• and H• on 

catalytic NH3 formation via ER reactions (a point of discus-

sion in the present work). 

Partly motivated by the above, interest on fundamentally 

understanding the role of plasma radicals on reactions at the 

catalyst surface continues to increase. Recently, Mangolini 

and coworkers32 used ab initio molecular dynamics (AIMD) 

to study the few picoseconds following the impingement of 

an N• radical on Cu and Pt surfaces fully covered with H*. 

In their simulations, N• seemed to more easily abstract H* 

from Cu than from Pt to form NH3, which the authors ex-

plained based on the stronger binding of N* in Pt. However, 

NH3 formation in their RF plasma experiments was actually 

more efficient in Pt than Cu. This apparent discrepancy 

could be due to incorrect assumptions about H* coverage 

and/or limiting the simulation to the one “reaction event” of 

N• impingement on a H-covered surface. The “time limita-

tions” of AIMD underscore the complementary value of ki-

netic models that can account for the variety of reactions that 

can happen involving plasma and surface-bound species at 

larger time scales. These models would allow understanding 

how the different reactions proceed on different metal cata-

lysts, and how the catalyst state changes under different 

plasma conditions (as there are some differences in reaction 

conditions among reported experiments). However, to be re-

liable, these models need to be “complete” (e.g., include all 

relevant reactions) and use sufficiently accurate enough re-

action parameters.  

 



3 

 

Several authors33–35 have used detailed “zero-dimen-

sional” kinetic models including both reactions in the plasma 

and on a catalyst, aiming to understand catalytic NH3 for-

mation under plasmas. For instance, both Murphy and 

coworkers34 and Boegaerts and coworkers33 lent further sup-

port to the presence of N• and H• (and other) radicals in DBD 

plasmas, although they disagreed on the influence of these 

radicals on the reactions involving the catalyst, what the am-

monia formation rate controlling step was, as well as other 

mechanistic aspects. Disagreements aside, it is worth noting 

that several key reactions parameters in their models were 

obtained from empirical fitting, hence presented uncertain 

accuracy. Perhaps, this is more noticeable for reactions in-

volving the catalyst. For instance, Boegaerts and cowork-

ers33 noted the conflict between plasma literature parameters 

intended to represent reactions on Fe and the corresponding 

known parameters from density functional theory (DFT) cal-

culations. Using accurate parameters for reactions involving 

the catalyst, however, is especially important in a scenario 

where the strategy to validate kinetics models (and related 

mechanistic insights) would rely on capturing experimental 

trends across different catalysts (e.g., NH3 rate of formation 

trends). 

Accordingly, recognizing on one hand the tremendous 

potential of kinetic models to provide mechanistic infor-

mation to a level of detail not accessible by experiments, but 

on the other hand the crucial need for model completeness 

and parameter accuracy, in the present work we aimed to use 

(DFT) calculations to obtain the energetic information that 

would yield first principles-informed reaction parameters for 

a (potentially) complete plasma-catalyst model. Accord-

ingly, we set out to interrogate with DFT i) the adsorption 

energetics of “gas” NXHY species (X = 0-2, Y = 0-3), ii) the 

energetics of LH reactions involving surface NXHY* species, 

and iii) the energetics of ER reactions involving NXHY* sur-

face species and H• and N• radicals, and iv) the energetics of 

dissolution of N* and H* to subsurface sites. While calcula-

tions i through iii are motivated by the earlier noted plausible 

involvement of plasma radicals on reactions at the catalyst 

surface, as well as surface N2HY* (and thus the involvement 

of the so-called associative mechanism pathway), calcula-

tion iv is motivated by our previous RF reactor experi-

ments.20 These experiments suggested that H* dissolution 

(through a “hydrogen sink” effect) and N* dissolution (as a 

precursor step to nitride formation) could impact ammonia 

formation rates. 

To choose the catalysts for our calculations, we consid-

ered metals for which experimental trends for NH3 for-

mation rates were available, as this way the implementation 

of our parameters in future models could lend itself for 

model validation against experimental trends. For instance, 

in our RF experiments,20 we observed NH3 formation rates 

to follow the trend Au > Sn > Ag > Ni > Pd > Cu > Ga > Fe, 

whilst Iwamoto and coworkers36 reported NH3 formation 

rates in DBD experiments to follow the trend Au > Pt > Pd 

> Ag > Cu > Fe > Ni. Accordingly, we decided to choose 

Au, Ag, Cu, Pd, Ga, Sn, Co, Ni and Fe for our calculations. 

Notice that this choice also creates a diverse set of metals 

including base, noble and low-melting point metals that al-

lows us to examine how metal characteristics impact the en-

ergetics and plausibility of studied reactions.  

Accordingly, we emphasize that while one practical mo-

tivation of the calculations here is the parametrization of fu-

ture kinetic models, we set the scope for this work to the 

analysis of the energetics of reactants, product and transition 

states on different metals, metal-based energetic trends, and 

the general plausibility of proposed reactions. This is to take 

advantage of the fact DFT calculations have the potential to 

provide clarity to experiments by decoupling and examining 

reaction events in significantly more controlled fashion than 

experiments can. To enrich the discussion around reaction 

energetics and plausibility, we complemented our DFT cal-

culations with NH3 synthesis experiments in a DBD reactor 

and optical emission spectroscopy (OES) characterization of 

the corresponding plasmas. Finally, we accompany the reac-

tion energetics analysis with the exploration of the potential 

for energetic data to explain and/or predict trends on exper-

imental data, including measured trends on turnover fre-

quencies (TOFs) across different metals. As an example of 

the latter, we examined correlations between reaction ener-

gies of studied reactions and TOFs for experiments herein 

performed as well for others reported in the literature. 

■ METHODS 

Experiments. 

Reactor Setup. The catalytic activity for different metal 

electrodes was assessed in an in-house DBD reactor (Fig. 1).  

 

 
Fig. 1. General schematic and details of the Plasma Catalytic Die-

lectric Barrier Discharge (DBD) reactor employed  
 

The reaction setup comprises (1) the plasma reactor core, (2) 

the optical emission spectroscopy system, (3) the oscillo-

scope, and (4) the gas chromatograph (GC). For the catalytic 

tests, N2 and H2 cylinders were connected to the reactor us-

ing mass flow controllers. The reactions were carried out at 

25 sccm of total flow rate with equimolar feed ratio of nitro-

gen to hydrogen (1:1) (N2:H2), at a plasma power of 15 Watts 

(unless noted otherwise). The average bulk temperature of 

the reactor was 125°C (± 2.8°C) with a fan continuously run-

ning during reaction time. The applied voltage was measured 

to be 12 ± 0.5 kVpk-pk with frequency of 25 ± 0.5 kHz. To 

determine the ammonia synthesis rate, the exhaust gas was 

sent to the gas chromatograph calibrated for ammonia syn-

thesis. The quantification was performed using an Agilent 

7820A GC equipped with a HP-PLOTU column (30 m × 

0.320 mm × 10 μm) and hydrogen as carrier gas. All elec-

trodes were pre-treated with hydrogen plasma for 10 
minutes at a constant power of 5 Watts before conducting 

the reaction. This had the main purpose of cleaning the metal 

surface from any native oxide content. 
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Metal electrodes. All the metal electrodes employed in this 

study had 2.0 mm diameter and 152 mm length. Alfa-Aesar, 

99.995% metal basis wires were employed for Co, Ni, Ag, 

Cu, and Fe electrodes, wire supplied by Surepure Chemetals 

Inc. for Pd electrodes, and wire from Midwest Tungsten Ser-

vice for the W electrode. The high voltage power supply was 

connected to the reactor using a litz wire and alligator clips. 

The inner electrodes were placed at the center of the quartz 

tube with an i.d. of 4 mm and an o.d. of 6.35 mm. The con-

nectors were made of polypropylene to avoid an arc for-

mation. The outer electrode was made of tinned copper mesh 

acting as the ground electrode.  

Electrical Measurements. The electrical characterization 

was carried out by measuring the applied voltage to the re-

actor by employing a high voltage probe (Tektronix 

P6015A). The charge was calculated using the voltage meas-

urement across a capacitor. The two probes are connected to 

an oscilloscope (Tektronix TDS2014C). The capacitor was 

connected to the reactor in series with the ground electrode.   

Optical Emission Spectroscopy. The light emitted from the 

discharge was led through an optical system, and the emis-

sion spectra of the glow region were measured at the center 

of the tube. The measurements were recorded using a dual 

channel UV−vis−NIR spectrophotometer (Avantes Inc., 

USB2000 Series) in a scope mode. Spectral range from 185 

to 1100 nm, using a line grating of 600 lines/mm and a res-

olution of 0.4 nm. A bifurcated fiber optic cable of 400 μm 

was employed. The spectral scans were conducted five times 

for each catalytic cycle with integration time of 3 seconds 

and scan/average of 100.  

DFT calculations. Plane-wave density functional theory 

(PW-DFT) calculations were performed using the 

VASP.5.4.1 ab-initio code.37–39 Calculations used the GGA 

Purdue-Burke-Ernzerhof (PBE) functional40 to model the 

electron exchange and correlation, along with the D2 correc-

tions by Grimme41–43 to explicitly introduce dispersion inter-

actions. An energy cutoff of 400 eV was used to define the 

basis set of Block waves to construct the solutions to the 

Kohn-Sham equations. All simulations used spin polariza-

tion. Smearing44 at the Fermi level was used to accelerate 

energy convergence with respect to number of k-points, us-

ing the Methfessel-Paxton method of first order with a 

smearing parameter of 0.03 to keep T*S under 1 x 10-3 eV. 

Electronic and atomic configurations were considered con-

verged when energy and forces fell below at least 10-5 eV 

and 10-2 eV/Å, respectively (10-3 eV/Å was used for config-

urations used as input for transition state finding methods). 

The bulk unit cells of all metals were optimized, and the 

slabs for our calculations were cleaved from these unit cells 

using the Crystal Builder module of Materials Studio.45 Bulk 

unit cells were optimized using 12 x 12 x 12 Gamma-cen-

tered k-point meshes. Lattice constants were within the ex-

pected accuracy for PBE (~2 %). The cleaved slabs were cut 

exposing the most stable facet of the metal. The slab for Ga 

was taken from our previous work.20 The most stable facet 

for Sn was determined here based on surface energy calcu-

lations (see Table S1) and were at least 3-layered with at 

least 1 layer frozen, leaving at least 15 Å vacuum space be-

tween slabs in the direction perpendicular to the surface. A 

4 x 4 x 1 k-point mesh was used for slab calculations, as 

further increasing the mesh density was found to not signif-

icantly alter adsorption energies. Calculations on isolated 

NxHy species were done at the gamma-point on a 20 Å x 20 

Å x 20 Å orthogonal cell.  

Vibrational frequencies were obtained using the finite-

displacement method systematically displacing atoms 0.01 

Å in all directions. Generally, vibrations of surface species 

were decoupled from the vibration of the heavier metal at-

oms by not performing displacements on them. Transition 

states were generally found using the climbing-image 

nudged elastic band (CI-NEB) method46, with the transition 

state verified to have only one imaginary frequency. Typi-

cally, seven images were used to construct the band, which 

was optimized until forces fell below 5 x10-2 eV/Å. In a few 

cases, the highest image from the band was found not to have 

only one imaginary frequency, in which case the transition 

state was “refined” by using the dimer method47 with the 

highest band image as input. For the dimer method the elec-

tronic and geometric configuration were considered con-

verged when the energy and forces fell below 10-8 eV and 

10-3 eV/Å, respectively. 

 Sorption and reaction energetics. Adsorption energies 

(∆Eads) were calculated as: 

∆𝐸𝑎𝑑𝑠 = 𝐸𝑠𝑙𝑎𝑏+𝑁𝑥𝐻𝑦
− 𝐸𝑠𝑙𝑎𝑏 − 𝐸𝑁𝑥𝐻𝑦

             (1) 

where Eslab+NxHy is the energy of the slab with the ad-

sorbed NxHy species, Eslab is the energy of the slab, and ENxHy 

is the energy of the isolated NxHy species. For cases where 

we estimated the activation energy directly from CI-NEB 

calculations, the reaction energies were calculated as: 

∆𝐸𝑟𝑥𝑛 =  𝐸𝑠𝑙𝑎𝑏+𝑃 − 𝐸𝑠𝑙𝑎𝑏+𝑅         (2) 

where Eslab+P and Eslab+R are the energies of the slab with 

the products and reactants, respectively. Activation energies 

(Ea) were calculated as: 

𝐸𝑎 = 𝐸𝑇𝑆 − 𝐸𝑅            (3) 

where ETS is the energy of the transition state. For cases, 

where Bronsted-Evans-Polanyi (BEP) relationships were 

used to estimate activation energies, the needed input reac-

tion energies (ΔErxn) to get Ea were calculated as: 

∆𝐸𝑟𝑥𝑛 = 𝐸𝑠𝑙𝑎𝑏+𝑃 + 𝐸𝑠𝑙𝑎𝑏 − 𝐸𝑠𝑙𝑎𝑏+𝑅1 − 𝐸𝑠𝑙𝑎𝑏+𝑅2       (4) 

for LH reactions, where Eslab+P, Eslab+R1, and Eslab+R2 are 

the energy of the slab with the adsorbed product, reactant 1 

and reactant 2, respectively, and as: 

∆𝐸𝑟𝑥𝑛 = 𝐸𝑠𝑙𝑎𝑏+𝑃 − 𝐸𝑠𝑙𝑎𝑏+𝑅1 − 𝐸𝑅2           (5) 

for ER reactions, where ER2 is the energy of the isolated 

reactant 2. The BEP relationships used here were derived ei-

ther by Norskov and coworkers48 or by us from transition 

state data herein generated. More specifically, for a given 

reaction directly examined here with transition state finding 

methods, we found the transition state at least for three met-

als (chosen as to spread out the values of ∆Erxn), and with the 

obtained values of Ea and ∆Erxn we derived the correspond-

ing BEP relationships to cost-effectively estimate Ea on the 

remaining metals. Note that the use of scaling relationships 

is necessary due to the large number of metal/reaction com-

binations relevant to plasma-assisted ammonia synthesis. 
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All the presented energetics was corrected with the 

zero-point energy (ZPE), which was calculated for every rel-

evant configuration as: 

𝑍𝑃𝐸 =  ∑ ℎ𝑣𝑖/2𝑛
𝑖=1   (6) 

where h is the Plank constant, vi is the frequency of vi-

brational mode i, and n is the number of vibrational modes.  

■ RESULTS AND DISCUSSION 

Optical emission spectroscopy of the plasma phase. To 

contextualize discussions on energetics and plausibility of 

reactions and experimental trends in following sections, we 

used OES to examine the plasma phase in our DBD reaction 

experiments. While recognizing that higher resolution OES 

could be obtained with more sophisticated equipment, we 

emphasize that our goal in this section is not to quantify spe-

cies but rather to assess i) the plausibility of potentially key 

species existing in the plasma, ii) abundance trends among 

these key plausible plasma species, and iii) whether there are 

dramatic differences in plasma composition across different 

metals. We start then by presenting in Fig. 2 the OESs col-

lected during reactions experiments in Fe and Ag, as we find 

the OESs for these two metals to make the most drastically 

different pair between studied metals. Fe-Ag turns out to be 

the pair with the most different nitrophilicity (see Section 

3.2). Emissions at different wavelengths is suggestive of the 

presence of different plasma species. For instance, emission 

around 656 nm (Fig. 2b) corresponds to Hα emission (due to 

electron decay in an electronically excited H atom), being 

indicative of H2 dissociation in the plasma and thus sugges-

tive of the presence of H• radicals in the plasma phase.28 This 

is an emission also detected in our earlier (sub-atmospheric 

pressure) RF experiments20, suggesting that H• radicals 

could play an important mechanistic role at a wide range of 

reactor pressures. 

In Fig. 2a, the emission corresponding to electron decay 

within N2 ([C3∏ →𝑢  B3 ∏ ]𝑔  transition) is shown, being orders 

of magnitude higher intensity in the OES than Hα. This is 

consistent with (expected) dramatically higher abundance of 

(neutral) non-dissociated N2 species than H•. Unclear from 

Fig. 2a, however, is the emission normally ascribed to  

NH[𝐴3 ∏ − X3 ∏] transition, which shows up at 336 nm.28 

Thus, we conducted time-lapsed experiments in Ag (Fig. 2d) 

and Fe (Fig. 2e), which show how the 336 nm feature be-

comes more apparent with time, ultimately being suggestive 

of the presence of NH species in the plasma (and hence NH• 

radicals). Plausibly, NH species originate from NH3 product 

dissociation. And indeed, as shown later in this work, we 

find OES intensity at 336 nm to correlate well with NH3 

TOFs. However, due to the influence of the tail of the 

N2[C3∏ →𝑢  B3 ∏ ]𝑔  transition one should be careful not to in-

terpret the intensity at 336 nm (which is several orders of 

magnitude higher than for Hα) as indicative of NH• radicals 

being orders of magnitude more abundant than H• radicals.  

Fig. S5c, on the other hand, shows that a distinctive 746 

nm emission (N[3p →3s] transition), which would be corre-

lated to atomic nitrogen,28 was not detectable at typical con-

ditions for our reaction experiments. This is consistent with 

N2 dissociation being significantly more difficult to form 

than H2 dissociation, thus harder to detect. However, Fig. 2c 

shows the distinctive emission at 746 nm in the OES when 

only N2 was fed to the reactor, indicating that at the plasma 

power used in our reaction experiments (15 W), N2 can dis-

sociate (and hence form N• radicals). Also, notice that with 

a small increase in plasma power (to 20 W), the 746 nm 

emission feature can also be distinguished when co-feeding 

N2 and H2 (Fig. 2f). Accordingly, the observations discussed  

.  

  

Figure 2. Optical emission spectra (OES) characterization of the plasma phase in the presence of Ag and Fe in a DBD reactor. Emissions at 

different wavelengths can be used to infer the presence of different species. (a) Emissions at 337 nm and 336 nm, which can be used to infer 

the presence of N2 and NH species, respectively (b) Hα emission, which can be used to infer the presence of atomic hydrogen. (c, f) emission 
at 746 nm, which can be used to infer the presence of atomic nitrogen. (d,e) Time-lapsed OES collection confirming the 336 nm emission 

feature associated with NH species. The reaction temperature was 125 C in (a-f), N2:H2 ratio was one in (a, b, d-f), and infinite in (c). Plasma 

power was 15 W in (a-e) and 20 W in (f). 
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Table 1. Relative emission intensities (REI) in the plasma OES calculated for experiments with different metals catalytically tested in a DBD 

reactor with respect to experiments with the W electrode. The species correlated with the emission wavelength are shown in parentheses. 

Each OES was collected five times, hence standard deviation (σ) is also shown. 

 Ag Cu Pd Co Ni Fe 

Emission REI σ REI σ REI σ REI σ REI σ REI σ 

336 nm (NH) 0.66 0.09 0.56 0.01 0.61 0.02 0.56 0.04 0.50 0.03 0.43 0.03 

337 nm (N2) 0.64 0.08 0.62 0.02 0.57 0.03 0.52 0.04 0.47 0.03 0.48 0.02 

391 nm (N2+) 1.40 0.15 1.20 0.02 1.11 0.03 1.12 0.13 1.08 0.06 1.16 0.04 

656 nm (H) 5.15 0.46 4.71 0.66 2.94 0.22 4.40 0.19 3.72 0.40 3.49 0.22 

 

at to this point are consistent with the following theses: i) 

neutral non-dissociated N2 species are significantly more 

abundant than plasma radicals, ii) H• radicals are more abun-

dant than N• radicals, and iii) NH radicals exist in the 

plasma, plausibly due to product NH3 dissociation.  

Now we proceed to assess to whether the plasma phase 

changes dramatically with metal. To this end, we compare 

the relative emission intensities (REI) for reaction experi-

ments with different metals (Fig. S6) at the wavelengths de-

scribed in the previous paragraphs. Given the impossibility 

of using metal-free DBD experiments as reference, Table 1 

shows the emission intensities relative to the corresponding 

emission intensity for experiments with a W electrode. The 

idea is that dramatic differences in the REIs at key features of 

the spectra across the tested metals would indicate dramatic dif-

ferences in the plasma compositions, which would in turn be 

indicative of the ability of the catalyst to dramatically affect the 

exact composition of the plasma.  

To consider statistics for this comparison, for each metal, 

the OES was collected five times (at different days), resulting 

in the standard deviations, σ, presented in Table 1. Using the 

average REI and σ in Table 1, t-tests were done to assess 

whether differences between different metal pairs were statisti-

cally significant. Out of 60 REI comparison between metal 

pairs, 74% were statistically significant. However, the largest 

REI difference between any two metals does not exceed 40% 

for emissions at 336 nm and 391 nm (those associated with N2 

and N2+), 47% for 656 nm emissions (Hα emissions), and 53% 

for 336 nm emissions associated (those associated with NH). 

Based on this, we ascertain that while differences in the plasma 

phase between metal may be statistically significant, the effect 

of metal identity on the plasma composition is weak, in agree-

ment with postulates by Go and coworkers.49  

Interestingly, despite the weakness of the effect, the REIs 

in Table 1 present moderate to strong correlations with the 

adsorption energy for the associated species as calculated 

from DFT in later sections (Fig. S7). For instance, Hα REI 

correlates with H• adsorption energy (R2 = 0.64), which is a 

significant difference with measurements in our earlier ex-

periments in a RF reactor, for which Hα emission intensity 

presented a distinctive volcano-type relationship with this 

adsorption energy. Meanwhile, emissions at 336 nm (asso-

ciates with NH) correlates rather strongly with NH• adsorp-

tion energy (R2=0.87). Regardless, the weak metal effect on 

the plasma phase indicates that differences in how plasma 

species interact with the catalysts surface and how subse-

quent reactions proceed is the primary reason for difference 

in NH3 formation rates across different metals. Now we pro-

ceed to examine these factors with DFT. 

Adsorption energies. As we will see through DFT calcula-

tions in a later section, the presence of H• and N• radicals in 

the plasma phase is likely the crucial factor facilitating the 

formation of NYHX species experimentally detected by Chen 

and coworkers30 and Koel and coworkers.31 Thus, in this sec-

tion, we discuss all ZPE-corrected adsorption energies (and 

adsorption site information) for all NYHX species on the most 

stable (most closely packed) surface for each metal—with 

the exact values presented in Table S2. Due to their lower 

surface energy, the studied surfaces would be the most abun-

dantly exposed surface on the corresponding metal catalyst. 

Although we find the ZPE correction for the adsorption en-

ergy of a given species to be similar across different metals, 

without this correction, adsorption strength could be overes-

timated as much as 0.24 eV (Table S3). As previous works 

suggest an inverse correlation between nitride formation ten-

dency and catalyst performance under plasma conditions, 

here we discuss the nitrophilicity of nine metals as measured 

by the N* adsorption energy. Per this metric, nitrophilicity 

follows the order Ag < Au < Cu < Sn < Ga < Pd < Co < Ni 

< Fe, making all studied metals less nitrophilic than Fe—the 

standard catalyst for thermal ammonia synthesis.  

 

Figure 3.  Adsorption energies for N*, H*, N2*, NH2* on the stud-

ied metal surfaces. N* (dark blue), H* (white), N2* (light blue), 

H2* (gray).  

N2, H2, N and H adsorption. Adsorption energies for these spe-

cies are presented in Fig. 3, with the corresponding adsorption 

configuration available on Fig. S8. N* is pertinent to the ad-

sorption of N• radicals. N* is most stable on hollow sites on 

most metals, except on Fe where it is most stable on long-bridge 

sites. The N* adsorption energy ranges between -2.34 eV in Ag 

to -6.86 eV in Fe. N2* is pertinent to the non-dissociative ad-

sorption of N2(g), which remains as a majority species in the 



7 

 

plasma (Fig. 2a). However, the adsorption of N2* is much 

weaker than N*, ranging between -0.11 eV in Ag and -1.44 eV 

in Fe. As the nitrophilicity of the metal increases, the adsorption 

of N2(g) switches from physisorption to chemisorption. The 

switch point occurs between Ga and Pd, where the adsorption 

energy jumps from -0.13 eV in Ga to -0.44 eV in Pd, and the 

adsorption configuration changes from N2 hovering on Ga (and 

less nitrophilic metals) to N2 directly binding a surface site in 

Pd (and more nitrophilic metals). Intriguingly, this switch oc-

curs despite almost identical N* adsorption energies for Pd and 

Ga. The N2 binding occurs vertically on a top site for Pd, Co, 

Ni, and switches to horizontally on Fe (the most nitrophilic 

metal).  

H* is pertinent to the adsorption of H• radicals, which are 

presumably more abundant than N• due to the H-H bond being 

weaker relative to N≡N (4.5 eV vs. 9.6 eV), in consistency with 

the easier detection of Hα emissions than those of associated 

with atomic nitrogen (Fig. 2). H* is most stable on hollow sites 

on all studied metals, including the less conventional hollow 

sites of Ga and Sn (Fig. S2-S3). The H* adsorption energy 

ranges between -1.80 eV for Sn and -2.88 eV for Fe. In all met-

als, the adsorption of H* is weaker than for N*, but stronger 

than for N2*. H2* is pertinent to non-dissociative adsorption of 

H2(g), which is the weakest among all species herein studied. 

H2(g) was physisorbed on all metals except Pd and Fe, adopting 

a vertically hovering position with adsorption energies in 

the -0.08 eV to -0.15 eV range. On Pd, H2* chemisorbs adopting 

a horizontally bound position on a top site, with an adsorption 

energy of -0.32 eV. On Fe, we did not find H2* to be stable, 

finding it to spontaneously dissociate to 2H* in all our geometry 

optimization attempts, which is consistent with Fe presenting a 

negligible barrier for H2(g) dissociative adsorption. 

 

Figure 4. Adsorption energies for NHY* species on the studied 

metal surfaces. As hydrogenation level increases (as Y changes 

from 0 to 3) bar color changes from dark blue to white.  

N2* and H2* can also be the basis to discuss adsorption of 

vibrationally excited N2 and H2, where changes in hv as these 

species adsorb can be inferred from ΔZPE data in Table S3. 

Based on the change of hv between the isolated and adsorbed 

N2 (∆hv|N2), N2* adsorption energies are directly descriptive of 

the adsorption of N2(v) on Ga and less nitrophilic metals. How-

ever, for Pd and more nitrophilic metals, ∆hv|N2 ranges between 

0.04 eV and 0.12 eV, making the adsorption of N2(v) in these 

metals less favorable than for N2. The change of hv between 

isolated and adsorbed H2 (∆hv|H2) is -0.02 eV on all metals ex-

cept Pd, making adsorption of H2(v) slightly more favorable 

than for H2. The opposite is true for H2(v) on Pd, since ∆hv|H2 is 

0.16 eV in this case.  

There is a strong correlation between N* and N2* adsorp-

tion energies when N2* chemisorbs (R2 = 0.98, Fig. S9a), but 

not when N2 physisorbs (R2=0.03, Fig. S9b). This is unsurpris-

ing as chemisorption of both N2* and N* is expected to follow 

the trends from the d-band model50 (i.e., higher d-band center 

equals stronger adsorption), whereas physisorption of N2* is not 

expected to do so. Consistent with this idea, there is no correla-

tion between N* and H2* adsorption energies due to the phy-

sisorption character of the latter (R2= 0.03, Fig. S10). But there 

is a weak correlation between N* and H* adsorption energies 

(R2 = 0.36, Fig. S11a), which becomes strong when Ga and 

Sn—two post-transition metals that do not follow the d-band 

model—are obviated (R2 = 0.96, Fig. S11b). In other words, Ga 

and Sn adsorb H* weaklier than expected from their binding 

strength to N*.  

NHY adsorption. Adsorption energies for these species is pre-

sented in Fig. 4, with the corresponding adsorption configura-

tions available on Fig. S12. NHY species form on the catalyst 

surface under the accepted HB mechanism but could also form 

in the plasma (albeit most plausibly from NH3 decomposition) 

and adsorb on the metal surface. For instance, the presence of 

NH species was suggested by emissions at 336 nm in our col-

lected OESs (Fig. 2). NH* adsorption energy ranges from -2.55 

eV in Au to -5.56 eV in Fe, with NH* preferably adsorbing on 

hollow sites on all metals, except on Fe where it preferably ad-

sorbs on long-bridge sites. More hydrogenated NHY species 

tend to adsorb weaklier, with the exception being NH* in Ag, 

on which the latter adsorbs weaklier than N*. NH2* adsorption 

energy ranges  

 

Figure 5. Top-view of most stable adsorption configurations for 

N2HY species on studied metal surfaces. N-NHY species on top row 

((a) Y = 1, (b) Y = 2, (c) Y = 3), HN-NHY species on middle row 

((c) Y = 1, (d) Y = 2, (e) Y = 3), H2N-NHY species on bottom row 

(((f) Y = 2, (g) Y = 3).    

from -1.02 eV in Ga and -2.92 eV in Fe, with NH2* adsorbing 

on bridge sites on all metals. NH3* adsorption energy ranges 

between -0.25 eV in Ga to -0.97 eV in Ni, with NH3 always 

adsorbing on top sites. Generally, adsorption weakening with 

NHY hydrogenation is more pronounced as the metal nitro-

philicity increases (Fig. 4). The correlation between NHY* and 

N* adsorption energy weakens as Y increases (from R2 = 0.74 

to R2 = 0.24), but it is also stronger when Ga and Sn are ignored 

(with R2 ranging from 0.99 to 0.78) (Fig. S13).  Interestingly, 



8 

 

when considering all metals, the adsorption energy of the more 

hydrogenated species correlates better with H* adsorption en-

ergy. For instance, NH3* and H* adsorption energies correlate 

with R2 = 0.95 (Fig. S14). Before discussing N2HY species, note 

that, where possible to compare, our calculated binding energies 

(and stable adsorption sites) for N*, H*, NH*, NH2* and NH3* 

agree relatively well with calculations by Norskov and cowork-

ers51, as well as Mavrikakis and coworkers52–55 despite use of 

different functionals by these authors (RPBE and PW91, re-

spectively). Moreover, the agreement improves when consider-

ing differences in binding between metals. 

N2HY adsorption.  An overview of adsorption configurations 

for these species is shown in Fig. 5. N2HY species are seldom 

considered in the HB mechanism56, but often considered for 

electrochemical ammonia synthesis12 where the associative 

mechanism is thought to come into play57. Given the experi-

mental detection of N2HY species,30 this mechanism may also 

be relevant to plasma-assisted ammonia. The associative mech-

anism starts with the formation of N-NH*, which preferentially 

adsorbs horizontally in all studied metals except Ni where it ad-

sorbs vertically on a hollow site. On Au, Ag, Cu, Sn, Ga, and 

Pd, both N atoms adsorb on hybrid bridge-top positions, 

whereas on Co, and Fe, both atoms are on bridge positions. N-

NH* adsorption energy ranges from -0.38 in Au to -3.06 eV in 

Fe. N-NH* and N* adsorption energies correlate well for all 

metals (R2= 0.80) but correlate better when Ga and Sn are ig-

nored (R2= 0.97) (Fig. S15). This is consistent with the ten-

dency by Ga and Sn to adsorb other species weaklier than ex-

pected from their binding strength to N*.    

N-NH* can be hydrogenated through the NH “bead,” which 

leads to N-NH2* and N-NH3* formation, with the adsorption 

energy increasing as hydrogenation increases (Fig. 6a), pre-

sumably due to the weakening of the N-N bond, which makes 

the hydrogen-free N increasingly interact more like N*. In fact, 

in Fe—the most nitrophilic metal—this is so that N-NH3 spon-

taneously breaks into N* and NH3(g). Both N-NH2* and N-NH3* 

tend to bind vertically (N-NH2*  

 

 

Figure 6. Adsorption energies for species emerging during sequen-

tial hydrogenation of NH bead of NNH (a) and during staggered 

hydrogenation of NNH (b). For each metal, as bar decolorize (from 

left to right), hydrogenation increases.  

tilts on Ga, Pd and Co). In N-NH2* the hydrogen-free N tends 

to bind on bridge sites (binding on hollow sites only on Cu, Sn, 

Ni), whereas in N-NH3* the hydrogen-free-N tends to bind on 

hollow sites (binding on bridge sites only on Sn) (Fig. 5). De-

spite the adsorption of N-NHY becoming more N*-like as hy-

drogenation increases, the adsorption energies of N-NH2* and 

N-NH3* correlate less with that of N* (R2 ~ 0.7) than N2H* does 

(Fig. S15). Interestingly, when Ga and Sn metals were ignored, 

the adsorption energy of N-NH3 correlates better with N* ad-

sorption energy (R2 ~ 0.99) because the N-N bond between the 

hydrogen-free N and NH3 is weak, and the hydrogen-free N is 

very similar with the simple N*. 

N-NH* can also be hydrogenated in staggered fashion to 

form HN-NH*, HN-NH2*, H2N-NH2* and H2N-NH3*. Among 

these, HN-NH* and H2N-NH2* are molecular species (diazene 

and hydrazine, respectively) that tend to adsorb weaklier than 

HN-NH2* and H2N-NH3*. Therefore, adsorption trends with 

hydrogenation and metal nitrophilicity, while rationalizable, are 

not simple (Fig. 6b). HN-NH* shifts from likely to desorb in 

Ag (∆Eads=-0.44) to unlikely to desorb in Fe (∆Eads = -3.12 eV). 

Except on Cu, Ni, and Fe, HN-NH* was most stable on its trans 

configuration. H2N-NH2* adsorption energies range from -0.68 

eV on Ga to -1.43 eV on Pd. Similar to NH3*, H2N-NH2* ad-

sorption energies correlate better with that of H* (R2 = 0.88, 

Fig. S17) than with that of N* (R2 = 0.35, Fig. S16).  

H and N dissolution. “Adsorption” energies at the most favor-

able dissolution subsurface sites are presented in Table S2, 

along with indication of the type of site. Typical dissolution re-

action pathways and all transition states are presented in Fig. 

S18. Again, these calculations were motivated by the hydrogen-

sink effect postulated to aid catalyst performance by removing 

H* from the surface, hence hindering recombination to H2(g) 

and boosting H* availability for reaction pathways that lead to 

NH3.
20 We denoted subsurface  

 

Figure 7. BEP relationship between activation and reaction en-

ergies for H dissolution reaction (r1). R2 = 0.90. 

sites as “◇” and dissolved H as H◇, which was generally 

found to be more stable on octahedral subsurface sites, ex-

cept on Pd (tetrahedral site), Ga (distorted tetrahedral site) 

and Sn (distorted hexagonal prism). Pd, as expected from its 

use in hydrogen membranes58, binds H◇ more strongly (-

2.38 eV) than other metals studied here, with a binding al-

most as strong as the corresponding H* adsorption. Metals 

such as Cu, Co, Ni and Fe also bind H◇ strongly (between -

1.84 eV and -2.10 eV) but noticeable less so than the corre-

sponding H*. Accordingly, we generally observed positive 

reaction energies for: 

(a) 

(b) 
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H* + ◇ → * + H◇      (r1) 

which range from -0.01 eV for Ga to 0.91 eV for Fe, and 

which present only moderate (inverse) correlation with H* 

adsorption energies (R2 = 0.54, Fig S19). However, a strong 

correlation was found between the reaction and activation 

energies for the dissolution reaction r1 (R2 = 0.90, Fig. 7), 

even though the activation energy for Fe dissolution was 

taken from ref. 59,60. Metals seem to cluster into three groups 

based on to what extent hydrogen dissolution is facilitated in 

them: Ga, Sn, Pd and Ag (Ea < 0.4 eV), Cu, Ni, Au (0.6 eV 

< Ea < 0.9 eV) Co and Fe (Ea > 1.0 eV).  

Nitride formation is another process that has been sug-

gested to impact ammonia formation.20 Nitride formation 

likely requires nitrogen dissolution to the bulk, motivating 

us to inspect the dissolution reaction r2: 

N* + ◇ → * + N◇      (r2) 

The reaction energy for r2 ranges from -0.15 eV in Ga to 

1.61 in Fe, with only a moderate (inverse) correlation with 

N* adsorption energies (R2 = 0.53, Fig S20). Similar to r1, 

the inverse correlation arises because the stronger the sur-

face adsorption is, the less likely the subsurface binding is to 

match it.  Given, the strong correlation between reaction and 

activation energies (R2 = 0.96, Fig. S21), the less nitrophilic 

metals tend to have lower dissolution barriers. The exception 

is Ga and Sn, whose low activation energy for r2 (and r1) is 

likely due to their “open” structures which allows for metal 

atom mobility as N (and also H) goes from the surface to the 

subsurface. For instance, an inspection to Fig. S18 show the 

significant rearrangement of metal atoms in the dissolution 

transition states in Sn.   

ER reactions. Given the experimentally detected presence 

of radicals in N2/H2 plasmas, one of the major differences 

between plasma-assisted and thermocatalytic ammonia syn-

thesis is that in the former ER reactions where plasma radi-

cals react with surface-bound species become plausible. 

ER activation barriers. In our previous work20, we assumed 

a scaling relationship proposed by Bird et al.61 to estimate 

barriers for ER reactions involving molecular species to hold 

for ER reactions involving radicals. On the other hand, Bo-

gaerts and coworkers have recently assumed energy barriers 

for ER reactions involving radicals to be zero.62 Thus, to ex-

amine the typical barrier for ER reactions, we chose to di-

rectly study the reaction coordinates for reactions r3 to r8 

using CI-NEB calculations on at least three metals each: 

H• + N* → NH* (r3) 

N• + H* → NH* (r4) 

H• + N2* → NNH* (r5) 

N• + NH* → NNH (r6) 

H• + NH* → NH2* (r7) 

H• + NH2*→ NH3* (r8) 

The above reactions represent a diversity of ER reaction 

scenarios. For instance, whereas for r3 we expected H• to be 

able to land directly on N to form NH* without a barrier, for 

r4 we were uncertain whether NH having to flip upon N• 

landing on H* would manifest on a barrier. r5 represents a 

scenario where a radical collides with a weakly bound mol-

ecule, r6 where a radical has to “scoop up” a strongly bound 

species, r7 and r8 where upon collision with the radical the 

bound species has to migrate to a different adsorption site. 

To set up the reactant state for each of these calculations we 

i) took the optimal configuration for the product from Sec-

tion 3.2 and displaced either the H or N atom assumed to 

come from the radical vertically up to 3.0 Å from their posi-

tion in the product and froze it at that location, ii) took the 

“leftover” surface-bound species (the reactant) and (as 

needed) moved to the nearest adsorption site known to be 

optimal for it from Section 3.2, iii) optimized the reactant 

state. Once this was done, we built intermediate configura-

tions between reactant and product states using interpolation 

and ran CI-NEB calculations as described in Section 2.2.  

A bird’s eye view of energy vs. reaction coordinate plots 

is presented in Fig. S22. Our calculations were unable to re-

veal a barrier/transition state for any of the tested ER reac-

tions on any of the tested metals. Representative reaction co-

ordinates for r3-r8 reactions on assorted metals are pre-

sented on Fig. 8 to gain insights on how these reactions pro-

ceed. For r3, we observe the reaction to proceed as expected 

with an H• radical able to simply land on N* to form NH*. 

For r4, we observe that a close enough N• radical can ab-

stract surface-bound H* to form an NH• radical slightly 

away from the surface, which then rotates as it falls back on 

the surface as NH*. For r5, we observe that a H• radical on 

collision course with the surface can attract a “hovering” N2* 

to form NNH• slightly away from the surface, which then 

lands as NNH*. For r6, we observe that a N• radical close 

enough to a surface-bound NH* can abstract the H atom to 

form a NH• radical that rotates as it lands on the leftover N* 

to form NNH*. For r7 (and r8), we observe that a H• radical 

on collision course with the surface can attract a nearby NH* 

(NH2*), which starts to move from a hollow (bridge) site to 

a bridge (top) site to form NH2* (NH3*). 

 

 

Figure 8. Reaction coordinates for ER reactions r3 to r8. (a) r3 

on Au, (b), r4 on Sn (c) r5 on Ga, (d) r6 on Co, (e) r7 on Ag, (f) r8 

on Pd. 

Table 2. Estimated entropic barrier (TSa) in eV at different temper-

atures and partial pressures for ER reactions involving the H• or N• 
radical. The assumption is that the radical loses one degree of 
freedom in a reactant-like transition state. 

 H• radical N• radical 
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P [bar] T = 

398 K 

T = 

673 K 

T = 

398 K 

T = 

673 K 

1 x 10-6 0.32 0.56 0.36 0.64 

1 x 10-5 0.29 0.51 0.33 0.59 

1 x 10-4 0.26 0.47 0.31 0.55 

1 x 10-3 0.24 0.43 0.28 0.50 

1 x 10-2  0.21 0.38 0.26 0.46 

1 x 10-1  0.18 0.34 0.23 0.41 

1  0.16 0.29 0.20 0.37 

 

The above suggests that the assumption that ER reactions 

involving plasma radicals generally do not present energy 

(enthalpic) barriers is acceptable. Note, however, that ER re-

actions still must overcome entropic barriers as the inability 

of our CI-NEB calculations to reveal barriers does not pre-

clude relevant transition states from existing. Rather, the im-

plication is that the transition state elusiveness is due to ex-

cessive resemblance to the reactant state (as opposed to 

product state given the high exothermicity of the reaction). 

One interpretation of this picture is that the major change 

between the reactant and transition state for an ER reaction 

is at least the loss of one degree of freedom by the H• or N• 

radical (as a transition state always presents one less degree 

of freedom that reactants and products), with the entropy of 

activation Sa corresponding to the loss of one third of the 

entropy the radical possesses in the gas phase.  For this as-

sumption, as a reference for discussion, Table 2 presents TSa 

at 673 K and 398 K. These reaction temperatures correspond 

to our earlier RF experiments and our current DBD experi-

ments, respectively. Per this calculation, ER reactions in-

volving a H• radical present entropic barriers lower than 0.56 

eV and 0.32 eV at 673 K and 398 K, respectively, assuming 

H• radical concentration is not lower than 10-6 bar.  

Under a similar assumption for concentration, for ER re-

actions involving a N• radical, the entropic barriers are lower 

than 0.64 eV and 0.36 eV at 673 K and 398 K, respectively. 

Based on these entropic barriers, the fact that Ga ~ -TSa, and 

the reasonable assumption that for surface reactions Ea ~ Ga 

(Fig. S25), we will be using a 0.5 eV as a rough threshold 

when discussing favorability of ER reactions versus surface 

reactions. Although we focus on TSa ~ 0.5 eV, with the data 

at hand, one can adjust upcoming analysis with a different 

threshold depending on the assumptions of how much en-

tropy the radical loses at the transition state. For instance, 

one could use a threshold of TSa ~ 1.0 eV instead if one as-

sumes that the radical loses two thirds of its entropy.   

ER reaction energies. Given the negligible energy (or en-

thalpic) barrier for ER reactions, and the independence of the 

(low) entropic barrier from metal identity, we focus now on 

the favorability of ER reaction based on reaction energies.  

Reaction energies for 20 ER reactions considered in this 

work are presented in Table S4. These reactions include i) 

recombination reactions where a N• (H•) radical collides 

with N* (H*) to make N2(g) (H2(g)), ii) NHY-making reac-

tions, which only lead to ammonia, iii) and HXNNHY-

making reactions, which lead to diazene, hydrazine, and am-

monia. Nitrogen and hydrogen ER recombination are more 

favorable when the adsorption strength of N* and H*, re-

spectively, is weaker. For instance, since Ag adsorbs N* 

weaklier than on Fe, nitrogen recombination is more favor-

able on Ag (Fig. S23). Across all metals, nitrogen recombi-

nation (r9, ΔErxn ranging from -7.89 eV in Ag to -3.37 eV in 

Fe): 

N• + N* → N2(g) (r9) 

is significantly more favorable than hydrogen recombination 

(r10, ΔErxn ranging from -2.45 eV in Sn to -1.37 eV in Fe): 

H• + H* → H2(g) (r10) 

 Competing with r9 and r10 are r3 and r4, which lead to 

NH*. Once NH* is formed, ER hydrogenation can only fol-

low the sequence: 

H• + NH* → NH2* (r11) 

H• + NH2* → NH3* (r12) 

However, r11 must compete with r6 (which forms NNH*) 

and r12 must compete with r13 (which forms NNH2*): 

N• + NH2* → NNH2* (r13) 

r6 and r13, however, are more thermodynamically favored 

(i.e., more exothermic) than r11 and r12, consistent with a 

trend where ER reactions involving N• radicals tend to be 

more favorable than those involving H• radicals (Fig. S24). 

Once NNH* or NNH2* is formed, ER hydrogenation can 

follow different sequences “assembled” from the following 

reactions: 

H• + NNH* → NNH2* (r14) 

H• + NNH* → HNNH* (r15) 

H• + NNH2* → NNH3* (r16) 

H• + NNH2* → HNNH2* (r17) 

H• + HNNH* → HNNH2* (r18) 

H• + NNH3* → HNNH3* (r19) 

H• + HNNH2* → HNNH3* (r20) 

H• + HNNH2* → H2NNH2* (r21) 

H• + HNNH3* → H2NNH3* (r22) 

H• + H2NNH2* → H2NNH3* (r23) 

H• + H2NNH3* → 2NH3* (r24) 

 

 
Figure 9. Minimum energy ER hydrogenation pathway for 

NNH* on studied metals. For the N2H2 intermediate, NNH2* is 

most stable on Ni, Co, Pd, Ga, and Cu, whereas HNNH* is most 

stable on Fe, Sn, Au, and Ag. 

If we assume that the most thermodynamically favored 

hydrogenation sequence is dominant, upon formation of 



11 

 

NNH* via r6, Fe, Sn, Au, and Ag would follow the hydro-

genation sequence r15 (HNNH*) → r18 (HNNH2*) → r21 

(H2NNH2*) → r23 (H2NNH3*) → r24 (2NH3*), whereas Ni, 

Co, Pd, Ga, and Cu would follow the sequence r14 (NNH2*) 

→ r17 (HNNH2*) → r21 (H2NNH2*)) → r23 (H2NNH2*) 

→ r24 (2NH3*). On the other hand, upon formation of 

NNH2* via r13, all metals would follow the hydrogenation 

sequence r17 (HNNH2*) → r21 (H2NNH2*) → r23 

(H2NNH2*) → r24 (2NH3*). Notably, hydrazine (a species 

detected in some plasma-assisted ammonia synthesis exper-

iments19,63) is an intermediate in all the above pathways.  

Fig. 9. Illustrates the energetics of these minimum en-

ergy hydrogenation sequences for each metal starting from 

NNH*. The hydrogenation process is a continuously down-

hill process except on Ga, where H2NNH3 formation is an 

endothermic step. In the first hydrogenation step, NNH2 is 

most stable in most studied metals, except on Fe, Sn, Au, 

and Ag where HNNH has lower energy. An important ob-

servation from Fig. 9 is that the hydrogenation steps tend to 

become more favorable the less nitrophilic the metal is. 

However, as HXNNHY hydrogenation increases, dissocia-

tion reactions become more likely (see below), in which case 

hydrogenation would continue individually on the produced 

NHX and NHY fragments.  

Dissociation reactions. Reaction and activation energies for 

10 dissociation reactions are presented in Table S6. We start 

our discussion with reactions r25 and r26, which in tradi-

tional HB ammonia synthesis are the sole source of N* and 

H* for subsequent NHY* formation: 

N2* + * → 2N* (r25) 

H2* + * → 2H* (r26) 

Using scaling relationships27, we estimate the barrier for r25 

to range from 1.64 eV on Fe to 6.77 eV on Ag. Again, as-

suming that entropic contributions for surface reactions are 

such that Ea and Ga (free energy of activation) are similar (a 

reasonable assumption for discussion purposes as shown in 

Fig. S25), then it is likely that above some critical radical 

concentration, N• radicals (even as a minority species) are 

the dominant source of N* even on Fe. Similarly, using scal-

ing relationships48, we estimate the energy barrier for r26 to 

range from 0.85 eV to 1.27 eV on Ag, Au, Ga, and Sn. Thus,  

 

 

Figure 10. Transition states for dissociation reactions r27 (a), r28 

(b), r29 (c), r30 (d), r33 (e) and r32 (f) on Au (yellow), Cu (orange), 

Ni (green) and tin (gray). 

 

above a critical radical concentration, H• radicals are the 

likely dominant source of H* on these metals. On the other 

hand, the energy barrier for r26 ranges from 0.08 eV to 0.36 

eV on Co, Ni, Pd and Cu, which could make r26 competitive 

as a source of H* (especially on Fe, Ni, Co). Incidentally, 

the barrier for r26 on Fe is likely negligible in consistency 

with our observation of spontaneous dissociation when at-

tempting to optimize H2*. 

 Regardless of the dominant source for N* and H*, in the 

plasma-assisted process, the reaction energetics discussed so 

far is supportive of the presence of radicals facilitating the 

formation of HXNNHY species, which could dissociate ac-

cording to: 

NNH* + * → N* + NH* (r27) 

NNH2* + * → N* + NH2* (r28) 

NNH3* + * → N* + NH3* (r29) 

HNNH* + * → 2NH* (r30) 

HNNH2* + * → NH* + NH2* (r31) 

HNNH3* + * → NH* + NH3* (r32) 

H2NNH2* + * → 2NH2* (r33) 

H2NNH3* + * → NH2* + NH3* (r34) 

Transition states found for these reactions are presented in 

Fig. 10. From HXNNHY dissociation energy barriers ob-

tained explicitly here, we derived scaling relationships to in-

fer energy barriers from reaction energies for the same reac-

tion on different metals (Fig. S26).  

We found the first hydrogenation of N2* to NNH* to al-

ready significantly facilitate N-N bond breaking. For in-

stance, while the N2* dissociation barrier for Ni was esti-

mated to be 2.57 eV, the NNH* dissociation barrier on this 

metal was found to be 0.45 eV. Thus, the barrier for r27 was 

estimated to range between 0.00 eV in Fe to 3.00 eV in Ag. 

This trend for r27 is consistent with general trends for r28-

r34, whose barriers tended to be lower the more nitrophilic  

 

 

Figure 11. Energy barriers for the dissociation of HXNNHY species 

on studied metal surfaces. For each metal, Y increases from left to 

right (and for same Y, larger X is placed to the right). Note that 0.00 

eV bars were given a 0.02 eV height to facilitate visualization. 
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the metal was (Fig. 11). For instance, on Fe, all HXNNHY 

species dissociate with barriers below 0.5 eV, whereas on 

Ag, only until hydrogenation creates NNH3, does the barrier 

to break the N-N bond goes below 0.5 eV. Accordingly, un-

der the assumption of one third entropy loss (Table 2) on a 

highly nitrophilic metal such as Fe one can expect dissocia-

tion to occur as early as NNH* is formed, with hydrogena-

tion continuing on N* and NH*. On the other hand, follow-

ing the sequence on Fig. 9, on a metal such as Ag, hydro-

genation could continue until H2NNH3 is formed, at which 

point dissociation can occur, releasing an NH3* and the NH2 

being hydrogenated in a subsequent step. To be sure, if the 

radical actually loses more entropy at the transition states for 

ER hydrogenations, N2HY dissociation reactions would be-

come more competitive in more metals, and earlier in the 

hydrogenation sequence. For instance, N2HY dissociation 

barriers in Co and Ni are all below 1.0 eV, which is the 

threshold we noted for competitivity in case the radical loses 

two thirds of its entropy.  

As inferred from the statements above, an observed gen-

eral trend is that, as hydrogenation increases, N-N bond 

breaking tends to become easier. Although the hydrogena-

tion of a given N atom is more influential than the overall 

hydrogenation of the HXNNHY species. For instance, the 

barrier for NNH3* dissociation is lower than for HNNH2* 

dissociation. This trend is more apparent on the less nitro-

philic metals. Ga, a moderately nitrophilic metal, is intri-

guing in that dissociation barriers of HXNNHY species tend 

to remain above 1.0 eV as long as Y stays below 3. Once Y 

equals 3, the dissociation barrier drops dramatically, at least 

below 0.2 eV. In this aspect, it is quite different than the 

slightly less nitrophilic Sn, on which the dissociation of 

HXNNHY species seems to be dramatically easier. 

LH reactions.  

Hydrogenation. Under the accepted mechanism for the HB 

process, hydrogenation occurs through the LH reactions: 

N* + H* → NH* (r35) 

NH* + H* → NH2* (r36) 

NH2* + H* → NH3* (r37) 

Calculated reaction energies for these reactions are shown in 

Fig. 12, along with hydrogenation barriers estimated from 

scaling relationships using our calculated reaction energies 

as input. Reactions r35-r37 tend toward exothermicity and  
 

 

Figure 12. Reaction (ΔErxn) and activation (Ea) energies for LH hydrogenation reactions. Color scale for ΔErxn and Ea indicated by the top 

color bars. Orange and blue indicate more favorable and less favorable reactions, respectively.  

lower barrier as metal nitrophilicity decreases. Indeed, the 

barriers for r35-r37 tend to be below 1.00 eV for Sn, Cu, Au 

and Ag (but still above 0.5 eV), and above 1.00 eV for Fe, 

Ni, Co, and Pd (with Ga straddling both groups). Thus, only 

for the former group LH hydrogenation would have a chance 

to be competitive with ER hydrogenation under the assump-

tion of either one third or two thirds entropy loss by the rad-

ical in the latter reactions (TSa ~ 0.5 eV and TSa ~ 1.0 eV, 

respectively).   

As noted from our discussion on ER reactions, formation 

of NNH can initiate the associative mechanism. An alterna-

tive to the ER pathway would be NNH formation through 

the LH hydrogenation reaction: 

 

N2* + H* → NNH* (r38) 

 

However, using a universal scaling relationship48, we esti-

mate barriers of 1.46 eV or higher for r38 (Fig. 12). Thus, 

based on the entropic barriers (Table 2) for the NNH-

forming ER reactions r5 and r6, it is likely that NNH for-

mation is dominated by ER pathways.  

 Once NNH is formed, then hydrogenation could occur 

through the LH reactions: 

 

NNH* + H* → NNH2* (r39) 

NNH* + H* → HNNH* (r40) 

NNH2* + H* → NNH3* (r41) 

NNH2* + H* → HNNH2* (r42) 
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HNNH* + H* → HNNH2* (r43) 

NNH3* + H* → HNNH3* (r44) 

HNNH2* + H* → HNNH3* (r45) 

HNNH2* + H* → H2NNH2* (r46) 

HNNH3* + H* → H2NNH3* (r47) 

H2NNH2* + H* → H2NNH3* (r48) 

H2NNH3* + H* → 2NH3* (r49) 

 

Similar to r35-r37, Fig. 12 shows that r39-r48 tend more to-

ward exothermicity and barriers below 1.00 eV on Sn, Cu, 

Au and Ag and toward endothermicity and barriers above 

1.00 eV on Fe, Ni, Co, and Pd (with Ga straddling both 

groups). The reaction with a commonly low barrier is r49, 

which occurs with a barrier lower than 0.50 eV on all metals. 

As for the least resistant LH hydrogenation path, for both the 

least nitrophilic metals in the former group, Ag and Au, with 

the most nitrophilic metal in the latter group, Fe, the least 

resistant path to arrive to H2NNH3* is via r40 → r43 → r46 

→ r48. For Ag and Au the highest barrier to be overcome is 

1.18 eV, 1.04 eV, and 1.30 eV, whereas for Fe is 1.53 eV. 

For the remaining metals, the least resistance hydrogenation 

sequence is r39 → r42 → r46 → r48, where the lowest bar-

rier to be overcome is 0.8 eV. Comparing the barriers be-

tween LH and ER hydrogenation, it is likely that when radi-

cal concentration is above some critical value ER hydro-

genation dominates, at least until H2NNH3 is formed. Once 

the latter species is formed, the low barrier for r49 may make 

NH3* formation via a last LH step competitive with a last 

ER step. 

Recombination. Alternatives to recombination ER reactions 

r9 and r10 are LH reactions r11 and r12: 

2N* → N2(g) + 2*      (r50) 

2H*  → H2(g) + 2*      (r51) 

but in contrast to the ER route, these reactions do present an 

energy barrier and tend to be more favorable for hydrogen 

(Ea ranging from 0.48 eV on Sn to 1.18 eV on Pd) than for 

nitrogen recombination (Ea ranging from 1.10 eV on Ag to 

3.29 eV on Fe) (Table S8). Similar to ER recombination, LH 

recombination of nitrogen and hydrogen correlates inversely 

with the adsorption strength of N* and H*, respectively. The 

barriers for LH recombination of nitrogen suggest it as un-

likely to be competitive with ER nitrogen recombination in 

any metal. On the other hand, LH recombination of hydro-

gen could be competitive with the analogous ER reaction on 

Ga, Sn, Ag, and Au.  

Adsorption and desorption reactions. The (negative of) 

adsorption energies discussed in Section 3.2. can be consid-

ered as the reaction energies for (desorption) adsorption re-

actions of species that can be found in the plasma phase as 

molecules or radicals. For instance, adsorption energies for 

N* and NH* can be considered reaction energies for the ad-

sorption of N• and NH• radicals, respectively, whereas the 

negative of the adsorption energies for NH3*, N2H2* and 

N2H4* can be considered reaction energies for the desorption 

 

 

 

Figure 13. Correlation between turnover frequency (TOF) in various experiments and reaction energy for r20 (H• + HNNH2* → HNNH3*). 

a) Current experiments: DBD reactor, T =125 C, P = 1 atm, N2:H2 ratio= 1, flow rate = 25 sccm, plasma power = 15W, b) DBD reactor, T = 

not reported (no heat exchange), P = 1 atm, N2:H2 ratio= 1, flow rate = 100 sccm, applied voltage = 5 kV, taken from ref.36, c) RF reactor, T 

= 400 C, P = 3.5 x 10-4 atm, N2:H2 ratio= 0.25, flow rate = 20 sccm, plasma power = 300 W, taken from ref 20. 

of NH3(g), N2H2(g) and N2H4(g), respectively.  The adsorption 

of radicals is highly exothermic, meaning their desorption is 

highly endothermic. On the other hand, to what extent mo-

lecular species are likely to desorb before they continue to 

react may depending on the metal. For example, HNNH (di-

azene) on Fe is less likely to desorb (ΔEdes = 3.12 eV) before 

it dissociates (Ea = 0.00 eV), whereas on Sn, Au or Ag (ΔEdes 

< 0.65 eV) this desorption may be more competitive with, 

say, ER hydrogenation to HNNH2. H2NNH2 (hydrazine) de-

sorption is somewhat less competitive with ER hydrogena-

tion, with slightly higher barriers even on Ag (ΔEdes > 0.65 

eV). 

Correlations with experiments. As previously noted, the 

reaction energetics presented here can be used to build 

DFT-informed kinetic models for each metal. The complex-

ity of the reaction networks makes it apparent that these 

models are necessary to fully shed light on the dominant re-

action pathways as a function of reaction conditions (which 

affect plasma composition) and implications on relative 

metal performance. However, at this point we can already 

note that the plausible dominance of ER reactions discussed 

here based on DFT calculations is consistent with the lesser 

impact of metal composition on plasma-assisted ammonia 

synthesis20,27,36 compared to the thermocatalytic process, for 

which observed TOF across metals span a wide range of or-

ders of magnitude.64  

Full understanding of the plasma-assisted ammonia syn-

thesis mechanism (and plasma catalysts interactions) can 

open the door to rational manipulation of plasma conditions 
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(reactor design) to maximize ammonia production as well as 

to identification of better catalysts than currently tested. The 

latter typically relies on the identification of a rate control-

ling step (RCS)65, with catalyst modifications rationalized 

on the basis of boosting the RCS. Knowledge of the RSC can 

also facilitate computational high throughput screening us-

ing a “cheap” catalyst descriptor associated with the RCS 

(typically a binding energy) ref.66,67 However, given the 

breadth of reaction energetics data herein presented, we con-

sidered the empirical identification of a potential ad hoc de-

scriptor that could already be used for screening. 

To accomplish this, we first calculated TOFs from cata-

lytic tests in an atmospheric pressure DBD reactor (see Sec-

tion 2.1). Fe, Ni, Co, Pd, Cu and Ag were tested, with am-

monia synthesis rates RNH3 varying from 2.3 μmolNH3/min in 

Fe to 4.5 μmolNH3/min in Au (with energy yields varying 

from 0.15 gNH3/kWh to 0.30 gNH3/kWh, respectively). A 

common observation to our current experiments and those 

earlier by us (RF)20 and Iwamoto et al.36 (DBD) is that an 

HB-inactive metal such as Ag is found to outperform an HB-

active metals such as Fe. 

Calculating exact values for experimental TOFs is one of 

the most difficult endeavors in catalysis due to uncertainties 

on what the active site are and on their quantification. How-

ever, for the exercise here, we are only interested in trends 

across metals. Thus, to calculate TOFs we did not attempt to 

subtract the background NH3 production in the absence of 

catalyst (as it would be the subtract the same number to all 

metals) and approximated all metal atoms as active sites, 

with which: 

𝑇𝑂𝐹 =  
𝑅𝑁𝐻3

𝑛𝑚𝑒𝑡𝑎𝑙
    (7) 

where nmetal is the number of moles of the metal estimated 

from the metal molecular weight and the mass of the metal 

electrodes (Fe = 4.3 g, Ni = 4.5 g, Co = 4.7 g, Pd = 5.9 g, Cu 

= 4.8 g, Ag = 5.3 g). This approach is consistent with our 

estimation of TOFs for our earlier ammonia synthesis exper-

iments on an RF reactor, which we also examine here. Ad-

ditionally, this approach allows us to take advantage of data 

by Iwamoto et al.36 who tested a breadth of metal catalysts 

to convert their rate data to TOFs to further test descriptors. 

Indeed, given the variability of plasma conditions that can 

be tested for ammonia synthesis, we aimed to identify a de-

scriptor that could potentially be robust to changing reaction 

conditions. 

Earlier, Iwamoto et al.36 correlated reaction rates with 

M3N formation energy, which was calculated essentially as 

N* adsorption energy on a M3 cluster. Thus, we first tested 

the reaction energy for: 

N• + * → N*        (r52) 

as a possible descriptor. The correlation (R2) between TOFs 

and this descriptor was 0.59 for Iwamoto et al TOFs and 0.73 

for TOFs herein but decreased to 0.38 for TOFs in our RF 

experiments. Given that we observed a strong correlation (R2 

=0.89) between NH intensity from the OES and TOFs herein 

(Fig. S28), we considered also the reaction energy for: 

NH• + * → NH*        (r53) 

as descriptor, but a similar scenario to that for ∆Erxn of r52 

occurred. At this point, we decided to test all the reaction 

energies at our disposal as potential descriptor and calcu-

lated their correlation factors with the above TOFs (Fig. 

S29). Through this exercise, we identified ∆Erxn of r20 as a 

robust descriptor for TOFs herein (R2 = 0.76), TOFs for Iwa-

moto et al. (R2 = 0.91), and TOFs for our earlier RF experi-

ments (R2 = 0.86) as shown in Fig. 13. Note that the lower 

R2 for Fig. 13a is likely due to the absence of Au, as drop-

ping Au from Fig. 13b,c results in R2 values similar to Fig. 

13a.  

Intriguingly, r20 is an ER hydrogenation reaction, which 

is a type of reaction we have shown is likely important for 

plasma-assisted NH3 synthesis. But r20 is a hydrogenation 

step (HNNH2 to HNNH3) that is less favorable than the com-

peting hydrogenation step r21 (HNNH2 to H2NNH2). Without 

info from a kinetic model, we ascribe this to the empirical 

character of the descriptor. As a side note, ∆Erxn of r21 cor-

relates with R2 in the 0.71 - 0.80 range for the TOFs in Fig. 

13. In any case, it is important to note that the empiric char-

acter of the descriptor herein identified does not preclude its 

potential effectiveness in catalyst screening. Also, note that 

since we know the electrode area in our experiments (9.6 x 

10-4 m2), we could have presented TOFs based on these ar-

eas, which are identical for all electrodes. Such exercise, 

produces a higher r2 (r2= 0.88, Fig. S30) than in Fig. 13a, 

but does not allow us to compare fairly with the data in Fig. 

13b-c.  

■ CONCLUSIONS    

In consistency with growing literature, optical emission 

spectroscopy in a DBD reactor were consistent/suggestive 

with/of the presence of plasma radicals during catalytic, 

plasma-assisted ammonia synthesis, but likely at much 

higher concentrations that non-dissociated N2 species 

(which could include vibrationally excited N2). Comparison 

of OES also suggested that the effect of the metal on the 

plasma, while statistically significant, was weak.  All the 

above motivated comprehensive DFT calculations to under-

stand the favorability of new reactions (i.e., not occurring 

during the traditional Haber-Bosch process) that could be fa-

cilitated by these species. These calculations were per-

formed on nine metals, with the obtained energetics being of 

potential use in kinetics models that could yield a more ac-

curate picture of the dominant pathways within the complex 

reaction network of this process. However, the scope of the 

work here was set to achieving a more granular analysis of 

the relative (energy-based) favorability of proposed reac-

tions, and changes in this favorability across metals. This 

analysis was found to be suggestive of i) the plausibility of 

an associative pathway initiated by NNH formation from 

radical-involving reactions, ii) the likelihood of N radicals 

as the dominant source of N*, iii) the probability of ER hy-

drogenation to be the dominant hydrogenation pathway, and 

iv) the likelihood of difference in dominant pathways across 

metals when doing plasma-assisted ammonia synthesis. 

Note, however, that our analysis here is based on a “transi-

tion state theory” approach, and important points such as en-

ergy dissipation during highly exothermic reactions involv-

ing impinging radicals were not considered in this work.  Fi-

nally, the breadth of energetics data, along with catalytic ex-

periments on six metals on a DBD reactor, allowed us to em-

pirically identify a potentially robust (and easy to calculate) 
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energetic descriptor (the reaction energy for HNNH2 ER hy-

drogenation to HNNH3) to discover better catalysts for these 

application via computational screening. 
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