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By combining experimental measurements with ab initio molecular dynamics simulations, we 

provide the first microscopic description of the interaction between metal surfaces and a low-temperature 

nitrogen-hydrogen plasma. Our study focuses on the dissociation of hydrogen and nitrogen as the main 

activation route. We find that ammonia forms via an Eley-Rideal mechanism where atomic nitrogen 

abstracts hydrogen from the catalyst surface to form ammonia on an extremely short timescale (a few 

picoseconds). On copper, ammonia formation occurs via the interaction between plasma-produced atomic 

nitrogen and the H-terminated surface. On platinum, however, we find that surface saturation with NH 

groups is necessary for ammonia production to occur. Regardless of the metal surface, the reaction is limited 

by the mass transport of atomic nitrogen, consistent with the weak dependence on catalyst material that we 

observe and has been reported by several other groups. This study represents a significant step towards 

achieving a mechanistic, microscopic-scale understanding of catalytic processes activated in low-

temperature plasma environments.  
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The use of low-temperature plasmas to drive heterogeneous chemical reactions continues to attract 

significant interest by both the plasma and catalysis communities.1-14 Since these processes are electrically 

driven, they are compatible with a decentralized, renewable energy-driven chemical manufacturing 

infrastructure. To this end, many chemical reactions are currently being investigated by the plasma 

community, such as methane reforming,1-3 CO2 hydrogenation,10-11 and others.7, 15 Among these reactions, 

the case of plasma-driven nitrogen fixation is particularly interesting because its thermal counterpart – the 

Haber-Bosch process,16-19 which is the standard for the industrial production of ammonia – is particularly 

energy-intensive. Reasonably high degrees of nitrogen conversion to ammonia have been reported for a 

broad range of reactor designs, varying from atmospheric pressure dielectric barrier discharges (DBDs) in 

contact with a catalyst bed6, 20 to low-pressure plasmas driven by radio-frequency excitation.21-22 No external 

heating is required in any of these cases, and good degrees of nitrogen fixation, even with the catalyst at 

nominally room temperature, are observed. The exact mechanism leading to the reasonably efficient 

fixation of nitrogen in these systems is still under intense debate. Mehta et al.6 attributed the reasonably 

high yield of ammonia in a dielectric barrier discharge to the plasma-induced vibrational excitation of 

nitrogen, effectively lowering the barrier for dissociation upon adsorption onto the catalyst surface. This 

results in an increased activity for metals such as Co, i.e., catalysts that interact more weakly with nitrogen 

(with a more positive nitrogen adsorption energy) compared to those optimized for the Haber-Bosch process 

such as Ru. In addition, Mehta et al.6 predicted a strong dependence of reaction turnover frequency over 

the catalyst material, varying by orders of magnitude. Iwamoto et al.23 compared the activity of different 

materials by placing metallic wool within a tubular plasma reactor operated at atmospheric pressure, making 

sure that the area exposed to the plasma is constant between the different materials. They found a very 

similar ammonia yield (well within a factor of two) for metals such as Pt, Au, Ag, Cu, Pd, and Fe. In the 

thermally activated case, the reactivity of these metals would differ by several orders of magnitude. 

Iwamoto et al.23 attempted to gain a microscopic understanding of this behavior by performing atomistic 

DFT calculations. They found a reasonable correlation between ammonia yield and the stability of surface 

M3N groups, where M is the metal. Shah et al.21 impinged a low pressure (0.26 Torr) radio-frequency N2-

H2 plasma onto metallic meshes of Cu, Pd, Ag, and Au, and obtained effectively the same ammonia yield, 

suggesting a weak dependence on catalyst material. The authors performed a detailed microkinetic analysis 

for the case of Fe, supporting the hypothesis that nitrogen dissociation is the main activation mechanism in 

the low pressure regime. Van Helden et al.24 generated a N2-H2 plasma via a high-temperature plasma torch, 

followed by expansion of the ionized gas into a low-pressure chamber. The authors used emission 

spectroscopy to determine the concentration of ammonia in the gas-phase and found the same value after 

the stainless steel reactor walls were coated with a silicon nitride layer. The authors concluded that ammonia 

was produced at the reactor walls via recombination of plasma-produced radicals, consistent with a lack of 
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material dependence. Finally, Hong et al.8 demonstrated a reasonably high yield of ammonia even when an 

atmospheric pressure low-temperature plasma was in contact with a diamond-like carbon surface, 

suggesting a reaction pathway that is drastically different from that of a thermally-activated process. 

Overall, the scientific community agrees that excitation of nitrogen in the gas-phase is critical, with the 

accepted dominant mechanism being vibrational excitation for atmospheric pressure processes because of 

the reduced electric field strength and lower electron temperature.25 Nitrogen dissociation is generally 

considered to be prevalent at lower pressure. Both Eley-Rideal and Langmuir-Hinshelwood mechanisms 

are generally invoked to explain the formation of ammonia in plasma-assisted processes.21, 26 

Still, significant gaps in knowledge exist with respect to the interaction between plasma-produced 

species and catalyst surfaces. While reactor-level characterization of ammonia yield, in combination with 

micro-kinetic models, can be useful from the point of view of process design and optimization, this strategy 

is limited as it cannot provide a mechanistic, microscopic understanding of surface reaction pathways. 

Common atomistic models such as DFT are limited to static, zero kelvin configurations, and therefore 

cannot predict chemical configurations in a dynamic environment. In this manuscript, we address this 

knowledge gap by combining a reactor-level characterization of a low-pressure RF plasma operating in a 

hydrogen-nitrogen mixture complemented with large-scale Born-Oppenheimer Molecular Dynamics 

(BOMD) simulations. We focus on a low-pressure, RF-sustained plasma since these conditions are 

conducive to a spatially and temporally uniform plasma, as opposed to dielectric barrier discharges, which 

are composed of transient and highly localized plasma filaments, complicating the plasma-surface 

interaction and the interpretation of the measurements. To complement our experimental measurements, 

we utilize BOMD calculations since this technique provides a direct, dynamical, and unbiased approach for 

predicting reaction mechanisms on surfaces.27-29 Since BOMD includes both dynamic and steric effects, it 

naturally gives unbiased results compared to static electronic structure methods such as conventional 

density functional theory (DFT). Also, since the potential energy surfaces (which dictate the forces on the 

nuclei) are computed in an ab initio manner during a BOMD simulation, it is superior to classical molecular 

dynamics and empirical force-field techniques. Its capability of handling radicals such as atomic nitrogen 

and hydrogen (via spin-polarization quantum mechanical effects) makes it essential for investigating 

plasma-produced ammonia processes in low-pressure reactors, where the dissociation of N2 and H2 is the 

dominant excitation mechanism. 

The measurements are performed on a RF-driven plasma operating in a 1:3 N2:H2 mixture at a 

pressure of 1 Torr. The system is comprised of a quartz cylindrical plasma reactor with three ring electrodes, 

two of which are grounded while the center electrode is connected to a radiofrequency (RF) power source. 

The tube diameter is 1”, with each electrode being 1” wide. The plasma is ignited in a mixture of nitrogen 
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flowing at 20 standard cubic centimeters per minute (sccm) and hydrogen flowing at 60 sccm. A schematic 

and a photograph of the reactor are shown in Figure 1a. A Faraday cage is used to prevent interference with 

the surrounding electronics. Part of the exhaust stream is sampled through a 50 m orifice expanded into a 

low-pressure chamber onto which a residual gas analyzer (RGA) is mounted. The transmission coefficient 

of the orifice is dependent on the atomic mass unit (amu) of the sampled species. We have carefully 

calibrated the response by flowing known amounts of N2, H2, and NH3 though the reactor. Details of the 

calibration procedure are given in the Supplementary Information document (see Figure S1). 

The catalyst consists of an aluminum foil substrate (1”6”) onto which 100 nm metallic films are 

applied via DC magnetron sputtering. The foil is then rolled into a cylinder to line a portion of the inside 

wall of the reactor. This approach ensures that the catalyst-active area is identical when different materials 

are compared. It is important to note that the position of the catalyst in the tube reactor is critical. We 

observed a negligible ammonia yield when the catalyst is placed in the initial section of the reactor, i.e., 

under the grounded electrode placed immediately upstream of the RF biased electrode. This low yield is an 

expected result since the ammonia produced at the entrance of the reactor rapidly dissociates as it travels 

through the plasma. We have further verified this hypothesis using a control experiment, where we added 

a known amount of ammonia to the gas stream without placing any catalyst (metal foil) into the reactor. 

For this experimental setup, plasma ignition results in the decomposition of >90% of the ammonia supplied 

at the inlet, strongly supporting our hypothesis. To ensure higher ammonia yields, in all our experiments, 

we placed the catalyst under the downstream grounded electrode, i.e., closer to the exit of the plasma 

volume. The residence time through the plasma volume at 1 Torr, based on the flow velocity, is 30 msec. 

The yield of ammonia is calculated by monitoring the partial pressures of nitrogen at amu 28 and 

ammonia at amu 17. The degree of molecular fragmentation induced by the electron gun of the RGA is 

accounted for in the calculations. In this manuscript, we report the nitrogen fixation efficiency , i.e., the 

atomic fraction of nitrogen carried by ammonia at the reactor exhaust, defined as: 

𝜂 =
𝑃𝑁𝐻3

2∙𝑃𝑁2+ 𝑃𝑁𝐻3

,  (1) 

where PNH3 and PN2 are the partial pressures of ammonia and nitrogen downstream of the plasma volume, 

respectively. In Figure 1b, we show the measured fixation efficiency at a power of 150W for different 

metals. In the absence of any catalyst (labeled as “No Catalyst” in Figure 1b) we reproducibly observed a 

yield of roughly 0.5%, which can be attributed to ammonia production at the quartz surface. The Al and Ti 

surfaces did not show any increase in the yield compared to the “no catalyst” case. We strongly suspect that 

this inactivity is due to their native oxide layer, which makes their catalytic activity comparable to that of 

quartz. Among the other metals, Mo yielded roughly 0.75% of ammonia, while Ag, Cu, Pd, Co, and Ni 
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behaved very similarly, yielding ~1.25% of ammonia. Pt and Fe produced around 1.6% of ammonia. As a 

whole we observed a weak dependence on catalyst material, consistent with other reports in the literature. 

Also, we found a roughly linear dependence of the ammonia yield on the RF input power (as shown in 

Figure S2). It is important to note that using a too high input power (above 150W) led to sputtering of the 

metal and contamination of the reactor tube. We, therefore, do not report those results. The error bars were 

determined by repeating the measurement with the Al foil five times and picking the maximum spread 

among those as the measured error. 

We performed optical emission spectroscopy (OES) to estimate the density of atomic species in the 

plasma since atomic nitrogen is the main activated species in the low-pressure plasma regime. A small flow 

Figure 1. (a) Schematic and photograph of the flow-through RF-driven 

plasma reactor for the fixation of N2 and production of ammonia. (b) 

Histogram comparing the nitrogen fixation efficiency, as defined in 

equation (1), for a power input of 150W and a pressure of 1 Torr, for 

different catalytic surfaces. (c) Example of an optical emission spectrum 

observed for a nitrogen-hydrogen mixture, with the small addition (5%) 

of argon as an actinomer. For clarity, the amplitude of the H peak has 

been reduced by a factor of 5. The right panel also shows the ratio between 

atomic hydrogen and nitrogen densities, as obtained by the OES data, 

following the procedure outline in the text. 
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of argon has been added to the nitrogen-hydrogen mixture as an actinomer,30 and the density of atomic 

nitrogen and atomic hydrogen have been obtained by the emission line intensity ratios using the procedure 

outlined by Tatarova et al.31 An example of the spectrum used for the calculation is shown in Figure 1c. We 

have used the following emission lines for our calculation: the H hydrogen line at 656.2 nm (transition 

3d2Dj to 2p2P0), the nitrogen line at 744.2 nm (transition 3p4S0 to 3s4P), and the 750.4 nm line for Ar (2p1 

to 1s2 transition). The following relation was used to calculate the densities of atomic nitrogen and 

hydrogen, respectively: 

𝑛𝑁

𝑛𝐴𝑟
=

𝐼(744)

𝐼(750)
∙

744

750
∙ (

𝑋𝐴𝑟

𝑋𝑁
) ∙

𝐴750/(∑ 𝐴𝑗,𝐴𝑟+𝐾𝑀
𝐴𝑟∙𝑛𝑀)

𝐴744/(∑ 𝐴𝑗,𝑁+𝐾𝑀
𝑁∙𝑛𝑀)

,   (2) 

𝑛𝐻

𝑛𝐴𝑟
=

𝐼(656)

𝐼(750)
∙

656

750
∙ (

𝑋𝐴𝑟

𝑋𝐻
) ∙

𝐴750/(∑ 𝐴𝑗,𝐴𝑟+𝐾𝑀
𝐴𝑟∙𝑛𝑀)

𝐴656/ ∑ 𝐴𝑗,𝐻
,  (3) 

where nN and nH are the densities of atomic nitrogen and hydrogen, and nAr is the density of argon as 

determined by ideal gas law. I(744), I(750), and I(656) are the emission intensities from the atomic species 

at those wavelengths corresponding to nitrogen, argon, and hydrogen, respectively. A744, A750, and A656 are 

the transition probabilities for the corresponding lines (numerical values are provided in the Supplementary 

Information). Aj,Ar, Aj,N, and Aj,H are the transition probabilities for all other optically allowed transitions 

from the same excited states for the corresponding atomic species, which need to be accounted for to obtain 

the correct branching ratio. The transition probabilities are obtained from the NIST atomic spectra 

database.32 KAr
M and KN

M are quenching rates that account for the non-radiative relaxation of the excited 

state of Ar and N respectively due to collision with partner M, with M = Ar, N2, H2. We use the same values 

utilized by Tatarova et al.31, with the numerical values provided in the Supplementary Information. nM is 

the density of the collision partner, as determined by ideal gas law. XAr, XN, and XH are the electron impact-

induced excitation rates to the selected excited states of argon, nitrogen, and hydrogen. The excitation rates 

are obtained by averaging the electron-induced excitation cross sections33 over the electron energy 

distribution function (EEDF). While Tatarova et al.31 assumed a Maxwell-Boltzmann EEDF, here we use 

Bolsig+,34,35 a commonly utilized freeware software for the solution of the Boltzmann transport equation, 

to obtain the EEDF. It is well-known that the EEDF strongly depends on the electron temperature Te. Since 

Te is an unknown variable, we calculated the EEDF over a wide range of Te (between 2 and 6 eV), and the 

corresponding EEDFs are shown in Figure S3. The atomic nitrogen and hydrogen densities obtained 

following this procedure are shown in Figure S4 as a function of input RF power and electron temperature. 

For a power of 150W and Te = 6 eV, we find that the atomic hydrogen density nH is 41014 cm-3, and the 

atomic nitrogen density nN is roughly one order of magnitude smaller, 41013 cm-3. In Figure 1c, we also 

show the ratio between atomic hydrogen and nitrogen densities. For all conditions assumed here, the atomic 
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hydrogen density exceeds that of atomic nitrogen by at least a factor of 5, with a weak dependence on the 

electron temperature. These density values are consistent with those from other groups.36-39 Tatarova et al.31 

report a nitrogen degree of dissociation as high as 4%, although they investigate a more energy-dense, 

microwave sustained plasma. 

Overall, our measurements confirm the weak dependence of ammonia yield on the catalyst 

material. Surprisingly, we observed effectively the same yield on Pt and Fe, despite Pt being an inactive 

catalyst under thermally-activated conditions because of its more positive nitrogen adsorption energy of 0.6 

eV6 (i.e., nitrogen does not absorb on Pt as strongly as on Fe). Similarly, we observed a good yield even for 

Cu (1.1% compared to 1.6% for Pt at 150 W RF power), despite DFT calculations predicting a very high 

nitrogen adsorption energy of 3.4 eV for this metal40 (i.e., nitrogen does not absorb on Cu). In addition, the 

OES characterization suggests that for all the conditions under consideration here, the atomic hydrogen 

density exceeds that of atomic nitrogen (see Figure 1c). Therefore the flux of atomic hydrogen to the catalyst 

surface greatly exceeds that of atomic nitrogen, which implies a higher probability of formation of a 

hydrogen-terminated surface under plasma exposure. As such, it is necessary to investigate the interaction 

between the plasma-produced species and the hydrogen-terminated surfaces to advance our understanding 

of plasma-driven heterogeneous catalysis. To this end, we performed large-scale BOMD simulations of 

atomic nitrogen impinging onto hydrogen-terminated catalyst surfaces. Given the fact that these simulations 

are computationally demanding, we focused on two metals, namely, Cu and Pt. Both of these metals adsorb 

nitrogen more weakly compared to the optimal choice for a thermally driven process (they are on the right 

branch of the well-known volcano plot for ammonia synthesis) and show good ammonia yield for a plasma-

driven reaction, consistent with other reports in the literature. They also have greatly different nitrogen 

adsorption energies, with the case of Cu (+3.4 eV)40 being significantly more positive than that of Pt (+0.6 

eV)6. Our own calculations of the nitrogen binding energies for Cu(111) and Pt(111) surfaces find values 

of -3.681 eV and -5.115 eV, respectively (see table S1), consistent with the more positive adsorption energy 

for copper. It is, therefore, interesting to investigate the microscopic behavior of these metals, given their 

similar yields of ammonia under plasma exposure. 

We performed spin-polarized, ab initio Born-Oppenheimer molecular dynamics (BOMD) 

simulations with three-layer 6×6-Cu(111) and Pt(111) surfaces, where the atomic positions of the bottom 

layer (36 metal atoms) are fixed. We passivated all the metal atoms in the top-layer with either hydrogen 

or nitrogen. First, we optimized these passivated structures using DFT and conducted NVT simulations to 

check their stability at room temperature. We used the Nosé-Hoover thermostat of the chain length three to 

maintain the temperature at 300 K and subsequently simulated the impingement of nitrogen atoms onto H-

terminated surfaces. The initial positions and velocities for all the NVE simulations were obtained from the 
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NVT simulations, and a 0.5 fs time step was used to integrate the equations of motion. For the impinging 

nitrogen atom, the initial velocity was set such that it has 0.1 eV kinetic energy towards the surface (we 

tried with other incidence energies in the range of 0.03-0.3 eV, and all of them gave similar results (see 

Figure S10)), and its initial position was kept 5 Å above the passivated surface. To avoid any spurious 

interactions between the periodic images, 15 Å of vacuum space was used. On the hydrogen-terminated 

surfaces, we impinged an N atom at 9 different angles, from 0 to 80 degrees at 10-degree intervals. The 

results for the case of Cu are presented first in Figure 2. Figure 2a shows the hydrogen-terminated Cu 

surface at 0 K and after equilibration at 300 K, confirming the stability of the hydrogen termination at room 

temperature. A similar simulation with a nitrogen-terminated Cu surface at 300 K (Figure 2b) resulted in 

the facile desorption of the nitrogen molecules. This observation is consistent with the high adsorption 

energy of nitrogen on copper. In Figure 2c, we show the NVE simulation results of the atomic nitrogen 



10 
 

impinging onto an H-terminated Cu surface with six consecutive snapshots spanning an interval of 1 ps. 

The corresponding energy profiles (see Figure S7) and movies are available in the Supplementary 

Information. These NVE results clearly suggest that the incoming nitrogen atom readily abstracts hydrogen 

atoms from the surface and rapidly desorbs as ammonia (within 1 ps). The time-dependent bond distance 

and angles of the formed NH3 molecules are shown in Figure S11. The outcome of NVE simulations 

performed at different angles of incidence is shown in Figure S5. For all the incident angles, we consistently 

Figure 2. Optimized geometry (left) and the geometry after a 1 ps long NVT 

simulation (right) of an (a) H-terminated and (b) N-terminated Cu(111) surface. 

At room temperature, only hydrogen termination was found to be stable 

whereas nitrogen termination led to the desorption of N2 molecules from the 

Cu surface. (c) Atomic geometries at various time steps during an NVE 

simulation of an atomic nitrogen impinging onto a H-terminated Cu(111) 

surface at normal incidence, with a kinetic energy of 0.1 eV. In the initial frame 

of this NVE simulation, the N atom was placed at 5 Å above the surface. The 

outcomes for eight other angles of incidence are given in Figure S5. For all 

conditions, either NH3 or NH2 is the reaction product. The three layers of the 

copper surface are shown in different shades of orange/yellow color. 
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observed the formation and desorption of NH3 or NH2 (accompanied by the desorption of H2 in a few cases) 

from the Cu surface. 

In stark contrast, the BOMD simulation results on the Pt surface are drastically different from the 

Cu surface, as summarized in Figure 3. Figure 3a and 3b show the results of NVT simulations on Pt for 

determining the stability of H-termination and N-termination, respectively. As expected, hydrogen is stable 

at room temperature on Pt. Nitrogen is also stable on Pt at room temperature, showing a very different 

behavior compared to Cu (Figure 2b), which instead showed rapid desorption of nitrogen molecules from 

the surface. This is consistent with the less positive adsorption energy of nitrogen on Pt compared to Cu. 

Moreover, the NVE simulations for Pt (Figure 3c) have a very different outcome compared to the case for 

Cu (Figure 2c). Impinging atomic nitrogen does not lead to the formation of NH2 or NH3 molecules; rather, 

it sticks onto the Pt surface without formation of an N-H bond, at least within the time window considered 

Figure 3. Optimized geometry (left) and the geometry after a 2 ps long NVT 

simulation (right) of an (a) H-terminated and (b) N-terminated Pt(111) surface. 

At room temperature, both hydrogen and nitrogen terminations were found to 

be stable for a Pt surface. (c) Atomic geometries at various time steps during 

an NVE simulation of an atomic nitrogen impinging onto a H-terminated 

Pt(111) surface at a 20° angle to the surface normal, with a kinetic energy of 

0.1 eV. In the initial frame of this NVE simulation, the N atom was placed at 5 

Å above the surface. The outcomes for eight other angles of incidence are given 

in Figure S6. For most of the cases, we observe a strong adsorption of the 

nitrogen atom onto the Pt surface, without any immediate N-H bond formation. 

The three layers of the platinum surface are shown in different shades of 

cyan/blue color. 
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here (<2 ps). The corresponding energy profiles (Figure S8) and movies are available in the Supplementary 

Information. The outcomes of the same NVE simulation performed for different nitrogen impinging angles 

are shown in Figure S6. For the majority of cases, we observe strong adsorption of nitrogen onto the Pt 

surface without immediate formation of an N-H bond. However, in one case, we observed the formation of 

an N-H surface group, and in another case, the formation of NH3. So while these calculations do not rule 

out the formation of ammonia as a result of N-impingement onto H-terminated Pt, they do suggest that the 

likelihood of such reaction pathway is considerably smaller for Pt compared to Cu. This lower probability 

is a consequence of the stronger interaction of atomic nitrogen with Pt compared to Cu (see Figures 2b and 

3b, and table S1). 

The above results suggest that the same microscopic mechanism, i.e., a direct abstraction of 

hydrogen atoms (from an H-terminated catalyst surface) by the impinging nitrogen atom, cannot explain 

the similar yields of ammonia for hydrogen-terminated Cu and Pt surfaces. To solve this discrepancy, we 

first assumed that the continuous impingement of atomic hydrogen and nitrogen onto the Pt surface 

ultimately leads to the formation of an NH-termination. This assumption is justified by the significantly 

larger density of atomic hydrogen compared to atomic nitrogen (Figure 1c), with the corresponding thermal 

flux of atomic hydrogen exceeding that of atomic nitrogen by an even larger factor. Next, we performed 

BOMD calculations on this NH-terminated Pt, as shown in Figure 4. The NVT simulations in Figure 4a 

suggest that the NH termination is not entirely stable at room temperature, with some NH and NH2 

fragments desorbing from the surface. Most importantly, we observe that the direct formation of NH3 from 

the NH-terminated Pt is possible under exposure to either atomic hydrogen or nitrogen within the 

computational time scales accessible to the BOMD technique. In Figure 4b, we show results from the case 

of atomic hydrogen impinging onto the NH-terminated surface. The formation and desorption of NH3 are 

clearly observed (see Figures S12 and S13 for the time-dependent bond-distance and angles of the formed 

NH3 molecules). In Figure 4c, we show the case of atomic nitrogen impinging onto the NH-terminated Pt 

surface. Within 1 ps, we observe the formation and desorption of ammonia, similar to what is observed for 

the case of H-terminated Cu. The corresponding energy profiles (Figure S9) and movies are available in 

the Supplementary Information. 

Overall, these results suggest that there are important differences in the mechanism of ammonia 

formation for the case of Pt and Cu. For Cu, nitrogen does not adsorb onto the surface, and ammonia is 

formed via an Eley-Rideal mechanism leading to the direct abstraction of surface-bound hydrogen by the 
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impinging atomic nitrogen. For Pt, impinging atomic nitrogen adsorbs onto the surface without the direct 

abstraction of hydrogen. The saturation of the surface with NH groups is necessary for activating the direct 

abstraction mechanism. Interestingly, NH3 formation has been observed for both cases of atomic hydrogen 

and atomic nitrogen impinging onto the NH-terminated Pt surface. The computational results also explain 

the similar yield of ammonia that we measure for Cu and Pt. Our OES measurements strongly suggest that 

Figure 4. (a) Optimized geometry (left) and configurations after an 8-ps long 

NVT simulation (right) of an NH-terminated Pt(111) surface. At room 

temperature, the NH termination was found to be reasonably stable for a Pt 

surface with the desorption of a few NH and NH2 groups during the simulation. 

(b) The outcomes of NVE simulations for an atomic nitrogen impinging onto a 

NH-terminated Pt(111) surface at 0° and 30° angles to the surface normal, with 

a kinetic energy of 0.1 eV. (c) Atomic geometries at various time steps during 

an NVE simulation of an atomic nitrogen impinging onto a NH-terminated 

Pt(111) surface at normal incidence, with a kinetic energy of 0.1 eV. For both 

H and N impingement, we observed the formation and desorption of ammonia 

on the NH-terminated Pt surface. 
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the flux of atomic hydrogen to the surface largely exceeds that of atomic nitrogen. Assuming a temperature 

of 300 K and using the densities reported earlier (nH~41014 cm-3 and nN~41013 cm-3), we find that the 

atomic hydrogen flux to the surface is ~1020 cm-2s-1 while the atomic nitrogen flux is ~2.71018 cm-2s-1, i.e., 

the atomic hydrogen flux is ~40 times larger than that of atomic nitrogen. From the 66 cross-sectional area 

of the cells used in our BOMD calculations, these fluxes imply that, on average, one hydrogen radical 

impinges onto that surface every ~350 ns, and one nitrogen radical impinges every ~13 s. These timescales 

are considerably longer than the ones over which we have observed relevant reactions in the BOMD 

calculations (ps). This result is consistent with a mass-transport limited mechanism in which the formation 

of ammonia is not limited by surface reaction kinetics (which occur on a ps time scale) but rather by the 

flux of ammonia precursor to the surface (which occurs on a hundred-ns time scale). 

While the difference in ammonia yields between Cu and Pt is relatively small, it is reproducible 

with Pt producing more ammonia than Cu. While our work focuses on the gas-phase dissociation of nitrogen 

as the dominant activation pathway in low-pressure plasma reactors, this does not rule out that vibrational 

excitation of molecular nitrogen is also present and contributing to the total ammonia yield. Some 

dissociative adsorption of nitrogen may occur on metal surfaces even at room temperature, consistent with 

the proposal from Mehta et al.6 This process is likely to be more relevant to Pt compared to Cu because of 

the negligible interaction between Cu and nitrogen (Cu has a much more positive nitrogen adsorption 

energy of +3.4 eV40 compared to that of Pt, which is equal to +0.6 eV6). This explanation is consistent with 

the larger ammonia yield that we reproducibly measure for the case of Pt. 

To summarize, we have characterized a low-pressure RF-driven plasma reactor for the production 

of ammonia from a nitrogen-hydrogen mixture. Consistent with previous reports, we observe a weak 

dependence on catalyst material. Careful characterization suggests that under these conditions, the flux of 

atomic hydrogen to the catalyst surface largely exceeds that of atomic nitrogen. We have performed large-

scale BOMD simulations focusing on two metals, Cu and Pt, which exhibit a significantly different 

interaction with atomic nitrogen. For the case of Cu, ammonia is formed via direct abstraction of hydrogen 

from the surface when it is exposed to plasma-produced atomic nitrogen. The case of Pt is more complex. 

Direct abstraction of ammonia under either atomic nitrogen or hydrogen fluxes can occur rapidly for Pt, but 

only after the surface is saturated with NH groups. In both scenarios, plasma-produced atomic nitrogen is 

converted into ammonia on a ps time scale. While our observations are limited to short reaction time scales, 

which do not capture slower pathways such as Langmuir-Hinshelwood processes, they are consistent with 

a mass-transport-limited regime and the weak dependence on catalyst material, which we observe and has 

been reported by several other groups. This work represents the first application of BOMD to the case of 

plasma catalysis and suggests that this technique is valuable for providing microscopic and mechanistic 



15 
 

insight into the plasma-surface interaction, with potential future application to other relevant plasma-

activated chemical reactions. 
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