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Abstract

Correlations between the energies of elementary steps limit the rates of thermally catalyzed reac-
tions at surfaces. Here, we show how these limitations can be circumvented in ammonia synthesis
by coupling catalysts to a non-thermal plasma. We postulate that plasma-induced vibrational
excitations in N9 decrease dissociation barriers without influencing subsequent reaction steps. We
develop a density-functional-theory-based microkinetic model to incorporate this effect and param-
eterize the model using Ny vibrational excitations observed in a dielectric barrier discharge (DBD)
plasma. We predict plasma enhancement to be particularly great on metals that bind nitrogen too
weakly to be active thermally. Ammonia synthesis rates observed in a DBD plasma reactor are
consistent with predicted enhancements and with predicted changes in the optimal metal catalyst.

The results provide guidance for optimizing catalysts for application with plasmas.
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The rates of heterogeneous catalytic processes are governed by the adsorption energies
of reaction intermediates and the activation energies along pathways that connect these
intermediates. For a wide range of reactions on a variety of catalyst surfaces, it has been
shown that the adsorption energies of various intermediates are correlated to one another by
linear scaling relationships [1]. Further, the activation energies are typically linearly related
to adsorption energies through the Brgnsted-Evans-Polanyi relationships [2, 3]. When they
hold, these relationships significantly reduce the number of independent parameters available
for tuning catalyst performance, often placing severe limitations on maximum achievable
activity or selectivity [4, 5].

A classic example of these correlation-imposed constraints is the ammonia synthesis re-
action, Ny + 3Hy == 2NHj3 [4, 6]. An ideal catalyst for this reaction should be able to
stabilize the transition state for Ny dissociation, while simultaneously having a weak affinity
for NHy (x = 0,1,2) intermediates in order to not limit further reaction and/or desorp-
tion of NH3. However, because these activation and adsorption energies are correlated with
each other on conventional metal catalysts, it is not possible to adjust these energies in-
dependently. As a consequence, optimization of these catalysts has been restricted along
a volcano-type relation in a one-dimensional parameter space [7, 8], and even on the best
identified materials, practical rates are only attainable at elevated temperatures (~ 700 K)
and pressures (~ 100 atm). Finding ways to circumvent the scaling relations may provide a
path towards enabling a more sustainable low temperature and pressure ammonia synthesis
process [4, 6, 9].

While ammonia synthesis catalysts that are not bound by scaling relations remain elusive,
one way of overcoming the above limitations is to assist nitrogen dissociation by applying an
external stimulus. For instance, promotion of Ny into less stable vibrationally or electroni-
cally excited states may reduce the activation energy for Ny dissociation without influencing
subsequent reaction steps. Non-thermal plasmas, generated by weakly ionizing the source
gas via an electric discharge, are rich sources of such vibrationally and electronically excited
molecules, along with other reactive species like radials, ions, and free electrons. Because
these plasmas operate far from thermal equilibrium, the activated species can be generated
without significantly increasing bulk gas temperature. Several studies have now demon-
strated that promising yields of ammonia can be obtained at low temperature (400 to 500

K) and atmospheric pressure when a non-thermal plasma is operated in tandem with a
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catalyst [10-19]. It has been suggested that a plasma-catalytic ammonia synthesis process
relying on renewable electricity could be particularly suitable for small scale production
[15, 18]; in fact, one such process has recently been patented [20]. While these reports are
encouraging, it is unclear whether the low 7" and P activity in a plasma-enabled process can
rival that of the conventional Haber-Bosch process (100-200 atm, 600-800 K). Very little is
known about the fundamental mechanisms involved and the roles played by the activated
species. As a result, optimization of plasma-catalyst systems has so far been limited to
trial-and-error experimentation—commonly starting with the best known thermal catalysts
(or cheap alternatives) and studying the influence of operational parameters (e.g. flow rates,
reactant composition, reactor type, plasma power, etc) on performance.

In this article, we report an analysis that shows that ammonia synthesis scaling relations
can be overcome through vibrational excitation of Ny in a plasma-enabled catalytic pro-
cess. Vibrational excitations are a natural starting point for the development of concepts
that link traditional thermochemical catalysis and plasma catalysis. Vibrational excitation
has significantly lower excitation energy thresholds compared to other forms of excitation
(e.g. electronic excitation, ionization, or dissociation), and is thus the predominant ex-
citation channel for Ny in non-thermal plasmas [21]. Further, the rates of dissociation of
impinging gas molecules are known to increase when they are vibrationally excited [22-28].
We first build a microkinetic model that combines density functional theory (DFT) cal-
culated energies of ammonia synthesis intermediates and information about nitrogen vibra-
tional states extracted through experimental characterization of a dielectric barrier discharge
(DBD) plasma. The model shows that the optimal catalysts and active sites in plasma catal-
ysis may differ from those in thermal catalysis. Moreover, the low temperature and pressure
ammonia synthesis rates on these optimal materials are predicted to be comparable with
the high temperature and pressure Haber-Bosch rates. Experimental evaluations of NHj
synthesis rates at ambient pressure using a DBD plasma confirm that NH3 production is
enhanced in the presence of supported metal catalysts, that rates far exceed thermal rates
at the same conditions, and that relative trends in rate enhancement follow prediction. This

work represents a first step towards rational design of materials for plasma catalysis.
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RESULTS
Microkinetic modeling

We begin with a discussion of the thermal ammonia synthesis reaction, which has been

found to be well described by the following elementary steps [8, 29, 30]:

Ny + 2% == 2N* (1)
Hy +2* = 2H" (2)
N* + H* == NH* +* (3)
NH* + H* = NH," + * (4)
NH,* + H* == NH; + 2* (5)

Here * represents a free surface site and X* represents intermediate X adsorbed on a surface
site. In this work, we calculated ammonia synthesis turnover frequencies (TOF's) employing
a mean-field microkinetic model consisting of the same elementary steps, with density func-
tional theory (DFT) calculated reaction and activation energies obtained from the literature
8, 31-33]. We did not a priori assume nitrogen dissociation to be rate limiting, and solved
for steady-state coverages using a combined ODE integration and root finding technique
[34].

Calculated rates for thermal ammonia synthesis at temperatures and pressures represen-
tative of of Haber-Bosch conditions (673 K, 100 atm) and target [9] low 7" and P conditions
(473 K, 1 atm) are compared in Figure 1. Haber-Bosch rates are shown for step sites (which
are generally considered to be the active sites), while rates at the target conditions are shown
for both steps (orange) and terraces (green). Our results recover the volcano curve predicted
by literature models [7, 8] and indicate that Ru and Fe are the optimal mono-metallic cat-
alysts at high 7" and P. At reduced temperature and pressure, rates on the same stepped
surfaces are several orders of magnitude lower than the corresponding Haber-Bosch rates.
Rates on terrace sites are a further few orders of magnitude lower. The results in Figure 1
highlight the magnitude of rate improvements required of a plasma-assisted catalytic process
to facilitate low T" and P production.

We now elaborate the thermal mickrokinetic model to incorporate the influence of Nj

vibrational excitation on surface reaction rates. A schematic representation of the promotion
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FIG. 1. Modeled ammonia synthesis rates during thermal catalysis. Rates on metal step sites
under representative Haber-Bosch conditions are shown in blue. Rates at the less severe target
conditions on metal steps and terraces are shown in orange and green, respectively. Reaction

conditions: No:Hy = 1:3, Ny conversion = 1 %.

of Ny dissociation probability by vibrational excitation is shown in Figure 2a. The potential
energy diagram for dissociation of a ground state gas molecule with activation energy F,
is shown in blue. In the vibrationally excited state, the energy of the initial state (IS)
is increased by the energy of vibration, F,. In the ideal case, this increase in IS energy
would lower the dissociation barrier by an equivalent E, (green dashed curve). For the more
general case in which the vibrational coordinate does not project directly onto the reaction
coordinate [28], the reduction in activation barrier can be written as E, times an efficiency
factor a (orange curve). For Ny, which has a single, extended vibrational ladder and a
relatively large vibrational spacing (~ 0.3 eV), significant enhancements in the dissociation
rates may be possible through vibrational excitation.

For nitrogen molecules in the vibrational state v, we can now write the forward rate
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FIG. 2. Relationships between No vibrational state and effective dissociation barrier. (a) Schematic
reaction coordinate comparing activation energies for Ny dissociation starting from ground (blue) or
second vibrationally excited state. The dashed green and orange curves correspond to a vibrational
efficiency («) of unity and less than unity, respectively. (b) Variation of the Fridman « factor as a
function of nitrogen binding energy on steps and terraces. « vanishes in the limit that dissociation

is non-activated, as occurs at Ey < —1 on steps.

us constant of reaction (1) as [21],

EY) — oE,

k) = Aexp (— P
B

H(EY) - aEy>> (6)

s where H(z) is the Heaviside step function,

0, <0
H(z) = L as0 (7)
Jx—
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We note that in the above expression the vibrational degree of freedom is not included in
the pre-exponential factor; all other degrees of freedom are in thermal equilibrium [35].

For homogeneous, gas-phase reactions, « is often described using the Fridman-Macheret

model [21]:
£

EY + EY

o =

(8)

Here E) and EY are the activation barriers for the forward and backward reactions.
This expression is motivated by molecular reaction dynamics theories proposed by Polanyi
[36], which state that translational energy contributes more significantly to overcoming the
early transition states associated with exothermic reactions and that vibrational energy
contributes more significantly to overcoming the late transition states associated with en-
dothermic reactions. Polanyi’s rules generally also apply for gas-surface reactions [26, 28, 37/,
but an expression analogous to equation (8) has not been developed for such reactions. We
adopt the Fridman a model in equation (8) to modulate the effect of Ny vibrational excita-
tion on surface dissociation rates. It should be noted that this choice of o does not impact
the qualitative trends predicted by our model, but absolute rate predictions will be sensitive
to this choice. The Fridman « is plotted as a function of nitrogen binding energy on steps
and terraces in Figure 2b. For metals that strongly bind nitrogen, EY) is low (BEP rela-
tion), and thus « is low. In contrast, on metals where nitrogen dissociation is endothermic,
EY ), and « values are larger.

In a DBD plasma, inelastic collisions with electrons and vibrational-vibrational (V-V)
energy exchange excite Ny vibrational states to temperatures much greater than the bulk
gas temperature [21, 38]. Further, these vibrational states are expected to follow non-
Boltzmann statistics [21, 38]. To gain information about this excitation, we performed
optical emission spectroscopy (OES) measurements in a DBD reactor with and without the
presence of a catalyst. The spectra were obtained by integrating the optical emission over
space and time. The spectra were then curve fit using Specair™ [39], and the vibrational
temperature of Ny (7)) was extracted as a fitting parameter. For comparison, the bulk gas
temperature (7y,s), measured using an in situ thermocouple, was 398.5 + 5 K. Figure 3a
shows the T,; of Ny at different No:Hs ratios for the case when the reactor was packed with
100 mg of 5 % Ni/Al,O3 catalyst and operated under a 10 W DBD plasma. We found that

the estimated Ny vibrational temperature had a weak dependence on the gas composition
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and that the catalyst and support had no appreciable impact on the plasma properties (see
Supplementary Figure 7). An average value of T,; = 3000 K was used in our model.

Using the vibrational temperature, a simple estimate of the non-Boltzmann population
densities of vibrationally excited Ny states in the plasma can be obtained using the Treanor

formula [21, 40, 41],

(9)

hw Shwv?
Po(v, Toin, Tyas) = Bexp (_ v zhwv )

Tor ' Tyur
Here z. is the anharmonicity coefficient, and B is a normalization constant. By including the
anharmonicity of the Ny molecules, the Treanor distribution captures the non-resonant V-V
energy transfer mechanism that results in the overpopulation of higher energy vibrational
states. However, the Treanor formula does not capture the depopulation of highly excited
vibrational states by vibration-to-translation (V-T) relaxations or via direct dissociation
in the plasma phase, resulting in an exponentially parabolic distribution. To account for
the depopulation of highly excited levels, we truncate the distribution at the Treanor min-
imum (which includes the first 10 vibrationally excited states) to compute the normalized
population densities. The normalized Treanor population densities at T,;, = 3000 K and
Tyas = 473 K are plotted in Figure 3b. We find that the Treanor distribution predicts that
only about 63.2 % of Ny remains in the ground vibrational state. The first vibrationally
excited state has a population of 21.4 %, while the states in the tail of the distribution (vg -
v1p9) have probabilites of around 0.2 %. For comparison, the equilibrium Boltzmann distri-
bution at T,; = 3000 K is plotted in blue in Figure 3b. While the populations of the first
few vibrational states are similar in both the Boltzmann and the Treanor distribution, the
Boltzmann distribution does not consider V-V processes, and thus predicts populations of
higher vibrational states that are orders of magnitude lower than the Treanor distribution.

We can now write reaction (1) as a collection of state-specific reactions of the form,

N, 4 2% —= 2N* whose individual rates are given by,
r1(v) = kpo Pa,62 — k(05 (10)

In the above equation, Py, is the partial pressure of No, and fy and 6, are the coverages
of adsorbed N and of free sites respectively. The forward rate constant, kY ), is computed
using equation (6) and the corresponding backward rate constant, kz@, is computed as

LY = k) /K,. Here K, is a vibrational state-specific equilibrium constant (where the

8
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FIG. 3. Plasma-induced vibrational excitation of Ny. (a) Vibrational temperature of Ny versus
Ns:Hjy ratio as determined by optical emission spectroscopy. The plasma power was 10 W and the
reactor was packed with 100 mg 5% Ni/AlsO3. Error bars reflect uncertainty at 95% confidence.
(b) Treanor (orange) and Boltzmann (blue) vibrational distribution functions (VDF) for Ny at T;,
= 3000 K and T, = 473 K.

non-equilibrium vibrational degree of freedom is treated explictly). It should be noted that
the reaction becomes more exothermic with increasing vibrational state (see Figure 2a),
and K, increases accordingly. The probability weighted rate of reaction (1) is then simply
> r1(v). While plasma excitation may also similarly influence Hy dissociation (reaction (2)),
we assume that this step remains fast compared to Ny dissociation. Further, we assume
that the hydrogenation steps are unaffected by the plasma. Thus, the rate expressions
for reactions (2) to (5) in our plasma-catalysis model are identical to the corresponding

expressions in thermal catalysis.
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Using the modifed rate expressions, the vibrational-distribution-weighted (plasma-on)
reaction rates at the target conditions (473 K and 1 atm) were computed and compared to
the thermal catalytic (plasma-off) rates from Figure 1. This comparison is made in Figure 4
for stepped and terrace sites. For both types of sites, the optimal plasma-on reaction rates
(i.e. the peaks of the volcano curves) are several orders of magnitude higher than those for
thermal catalysis. For step sites (Figure 4a), the peak of the plasma-on volcano curve shows
a distinct shift towards weaker nitrogen binding energies, predicting Co and Ni to be near
the volcano peak. Comparing the low 7" and P plasma-on volcano curve to the high 7" and
P Haber-Bosch one in Figure 1, we find that rates on the optimal plasma-on catalyst are
comparable to those on the optimal thermal catalyst at 673 K and 100 atm, Ru steps.

The rightward shift of the plasma-on volcano peak for metal steps can be understood
using a Sabatier analysis [3] for the hydrogenation reactions. These Sabatier rates, plotted
as gray dashed lines, are the maximum rates possible (i.e. under ideal coverages) for the
NHy (x =0, 1,2) hydrogenation steps (reactions (3) to (5)):

Rga1, = min (%réﬂa", %rfax, %T?ax) . (11)
The maximum achievable rate through Ny vibrational excitation is bounded by the Sabatier
lines for the hydrogenation steps, i.e. rate enhancements by vibrational excitation are only
possible as long as N, dissociation is rate limiting. Metals which bind N less strongly have
smaller hydrogenation barriers, and consequently the rate enhancements are higher for these
metals. Rate enhancements are minimal for metals on the left leg of the plasma-off volcano
curve, because the rate is limited by site poisoning rather than Ny activation. It should be
noted that the exact extent to which the volcano peak is shifted towards the right is sensitive
to the model choices, including the nature and truncation of the vibrational distribution, and
the rate enhancement factor a.. This sensitivity also implies opportunities to further improve
performance by tuning the plasma properties. For instance, higher ammonia synthesis rates
may be obtained on metals on the right of Co or Ni, if high energy vibrational states could
be populated more than what is considered here.

For terrace sites (Figure 4b), a similar shift of the plasma-on volcano peak is not observed,
indicating that N, dissociation remains the rate limiting step. Indeed, the Ny activation
energies on terraces sites are significantly higher than those for steps (see Supplementary

Figures 1-4). Ru remains the most active metal terrace under plasma-on conditions, although

10
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FIG. 4. Rate enhancements with plasma-induced Ng vibrational excitation. Comparison of Na
vibrational-distribution-weighted (plasma-on) and thermal (plasma-off) ammonia synthesis rates
on (a) step and (b) terrace sites. Reaction conditions: 1 atm, Tyes = 473 K, T, = 3000 K,

conversion = 1 %. The dashed lines are the maximum possible rates for the hydrogenation reactions.

the TOF on these sites are predicted to be two orders of magnitude lower than those on Co
steps. However, the plasma-on TOF on Ru terrace sites is of the same order of magnitude of
that on Ru steps, despite the fact that their plasma-off TOFs are five orders of magnitude
apart. This result suggests the possibility of a change of active site for ammonia synthesis
from a step site to a terrace site if sufficient excitation of Ny can be achieved in the plasma
phase. The Sabatier line in Figure 4b lends further support to this idea—because the
activation barriers for the hydrogenation reactions are lower on terraces, the upper bound

for rate enhancements by vibrational excitation is higher.

11
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While the above discussion is focused the effects of vibrational excitation, the results also
provide insights into how other forms of Ny excitations may influence the activity trends.
We anticipate that electronic excitation, ionization, and dissociation will also reduce (or
eliminate) the activation barrier for Ny dissociation, and like vibrational excitation, will

shift the active sites for ammonia synthesis to more noble ones.

Plasma-catalytic kinetics

We measured NHj3 synthesis rates on a series of catalysts selected to span the top of the
predicted volcano curves. We compared five different metal catalysts (Fe, Ru, Co, Ni, Pt)
supported on ~y-alumina (100 g of material, 5 wt. % metal). Experiments were performed
in a DBD plasma reactor, similar to the one used in our previous studies of methane dry
reforming [42, 43]. The DBD plasma was operated at 10 W and ~ 20 kHz at atmospheric
pressure, and the reactor temperature maintained at 438 K. The catalysts were verified as
thermally inactive under these conditions. As expected based on literature reports [10-
12, 14, 15], some NH3 was produced when Ny and Hy were passed through the plasma alone
(empty DBD reactor) or when they were flowed through the reactor packed with 7-Al,Os.
Ammonia yields were found to increase with the introduction of the metal catalysts, most
substantially for the Ni and Co catalysts. In a series of test experiments with varying
Ns:Hs feed compositions, it was found that non-stoichiometric ratios in the range of 1:1 to
3:1 produced higher ammonia yields than the stoichiometric 1:3 ratio, similar to previous
reports [12, 14] (see Supplementary Figure 10). Accordingly, in comparing the performance
of different catalysts, we used a No:Hs ratio of 2:1.

To make a connection to model predictions, ammonia synthesis rates on the various
catalysts were measured at the above conditions as a function of residence time, defined
as the mass of material divided by the mass flow rate of the reactants (W/F) (plotted
in Supplementary Figure 11). Rates as a function of W/F were also measured to elucidate
background contributions (i.e. the reactor packed with 100 mg of the y-alumina support). To
ensure that comparisons were made in the kinetic regime, rates were extrapolated to initial
rates (rY) in the limit of zero residence time, i.e. W/F = 0 (see Supplementary Methods).

From the initial rates, the reactivity of the catalysts were compared by calculating the

12
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site-time yield of ammonia:

7“0 _ 7,0
M/Al2O3+DBD Al2O3+DBD

STY =

(12)

Nsites
We subtracted the initial rates of the background reaction to ensure that only rate con-
tributions intrinsic to the metal were compared. ngges in equation (12) are the moles of
catalytically active sites per gram of material. Because both steps and terrace sites may
potentially be active in plasma-catalysis for some of the tested materials (as predicted by
Figure 4), we estimated ngjtes using CO chemisorption, which probes both steps and terraces.
The STY estimates are thus expected to be a lower limit, especially for metals on the right
of the volcano curve, for which the activity of step sites dominates. Measured STYs are plot-
ted against the DFT-calculated nitrogen adsorption energy in Figure 5. A clear variation in
activity vs metal catalyst is evident, and the observed activity trend of Co > Ni = Ru > Pt
> Fe tracks remarkably well with model predictions. We note that absolute correspondence
between the measured STY and modeled TOF should not be expected given the simplic-
ity of the model and differences in site-normalization between the model and experiments.
However, the measured STY provides strong evidence both of a plasma-catalyst interaction
that enhances NHj3 synthesis rates well over thermal rates at the same conditions and a shift

in the volcano maximum to weaker binding metals, consistent with model predictions.
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FIG. 5. Experimental plasma-catalytic kinetics. Measured ammonia site-time yields in the di-
electric barrier discharge reactor on metal/AlyOg3 catalysts as a function of the DFT-calculated
nitrogen adsorption energy. Reaction conditions: No:He = 2:1, plasma power = 10 W, reactor

temperature = 438 K. Error bars indicate the standard deviation in the site-time yield.

CONCLUSIONS

Application of a non-thermal plasma to a catalytic system can selectively activate cer-
tain degrees of freedom of gas molecules, allowing manipulation of reaction energetics in a
way that is not possible in conventional thermal catalysis. Using a microkinetic model that
incorporates nitrogen vibrational excitations expected of a non-thermal No:Hy plasma, we
predict that it is possible to produce NH3 at low temperatures and atmospheric pressure in
plasma-catalytic reaction environments at rates that can match those of the high tempera-
ture and pressure Haber-Bosch process. However, such rates cannot be achieved on catalyst
motifs that are most active for thermal catalysis; instead the optimal catalyst is shifted to
sites that bind N more weakly. The shift in optimal catalyst is confirmed by kinetic ex-
periments in a plasma-reactor, showing that the idealized model can provide the essential
insights to help guide the design of plasma-catalytic systems. The work thus represents

an important step forward in connecting plasma catalysis to well established concepts of
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conventional heterogeneous catalysis.

Our analysis also highlights opportunities for further improvements in reaction rates
through careful control of the plasma properties. For example, populations of high-energy
excited states could be increased using high voltage pulsed discharges [14, 44]. Another
possibility is the use of warm plasmas, such as microwave [45] or gliding arc discharges [46],
which are known to be more effective in populating high energy vibrational states than the
DBD discharge discussed here, albeit at higher gas temperatures. Post-plasma catalysis
may be an option for these higher temperature plasmas. With sufficient excitation of high-
energy states, active sites for ammonia synthesis may transition from step sites to terrace

sites, enabling more atom efficient catalysis.

METHODS
Computational Details

Adsorption and activation energies for the ammonia synthesis intermediates were col-
lected from the literature [8, 31, 33]. Most of these energies are also tabulated in the
CatApp database [32]. In these reports, all calculations were performed using the DACAPO
code, with exchange and correlation effects described by the RPBE functional [47]. Core
electrons were described using Vanderbilt ultrasoft pseudopotentials. The plane-wave cutoff
used was at least 340 eV. Further details of the calculations can be found in the respective
studies. The energies were verified for consistency and were found to produce the same over-
all reaction energies for steps and terrace sites. The adsorption energy of nitrogen, Fy, was
used as a descriptor for the microkinetic models, and the energies of all other intermediates
and transition states were obtained through scaling relations or Brgnsted-Evans-Polanyi re-
lationships (plotted in Supplementary Figures 1 to 4). Standard entropies for gas phase
species were obtained from the NIST Chemistry WebBook [48]. Surface-bound species were
treated in the frozen adsorbate limit. Zero point energies (ZPEs) for the gas species were
calculated from vibrational frequencies obtained from the NIST CCCBDB [49]. For the
adsorbed species, vibrational frequencies on Ru(211) were used to calculate the zero-point
energies. These vibrational frequencies were taken from Ref. [8] (for N containing interme-

diates) and from Ref. [30] (for H). Coverage effects on the adsorption energies and entropies
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were not included during construction of the volcano curves, similar to previous reports on
thermal ammonia synthesis (See refs. [3, 7, 8]). This neglect of coverage effects is not ex-
pected to strongly influence the relative ordering of the metals or the position of the volcano
peak. However, we note that the absolute rates of metals on the far left of the volcano curve
(i.e. those that bind adsorbates very strongly) are known to be significantly underestimated
for some reactions when coverage effects are not included [50, 51]. All steps were consid-
ered to be potentially rate limiting. Steady-state coverages of the reaction intermediates
were first pre-converged through integration of the coupled ordinary differential equations,
and subsequently refined using an arbitrary precision root finding algorithm [34]. Overall
reaction rates were obtained from the steady state surface coverages. The spectroscopic
constants for modeling the vibrational levels of Ny were taken from Ref. [52]. The code
required to solve the microkinetic models is provided as a python module in the supporting

information, along with examples of reproducing the results of this study.

Plasma Characterization

Optical emission spectroscopy (OES) was performed on a modified, L-shaped quartz reac-
tor tube (shown in Supplementary Figure 5) consisting of an 8 mm diameter tube with 5 mm
inner diameter bent at a 90° angle. The catalyst material was packed into the 90° bend where
a planar quartz window was integrated into the tube to allow for emission measurements.
This configuration allowed for more effective optical access to the catalyst packed bed than
the straight reactor tube configuration used for ammonia synthesis kinetic measurements;
OES measurements conducted on both configurations confirmed the geometry did not ap-
preciably alter quantitative data. To generate the DBD plasma, a tungsten electrode was
inserted into the reactor tube and a 6 cm long stainless-steel mesh electrode was attached
to the outside. The current i(¢) and voltage V' (t) were measured during all experiments.
The current was obtained by measuring the voltage drop across a test resistor (R = 100
) placed in series with the plasma. The average plasma power was found by averaging
the instantaneous power (P(t) = V(t)i(t) — i*(t)R) over one cycle. The DBD plasma was
driven by an AC power supply (PVM500) using a sinusoidal waveform at ~ 20 kHz; the
plasma power was maintained at 10 W for all measurements. An optical fiber connected

to an Ocean Optics USB 2000+ spectrometer recorded emission data. In the configuration
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with no catalyst, an integration time of 0.01 s was employed, and in the configurations with
either a 100 mg Al,O3 support, or a 100 mg Al,O3 support mixed with 5% Ni catalyst, an
integration time of 0.05 s was used. Measurements were conducted in pure Ny and Hy at a
fixed total flow rate of 20 sccm with the flow ratio of No/Hs varying from 0.33 to 5.0. For
all ratios, the experiments were conducted 3 times under both the no catalyst condition and
with the AloO3 support only, while the 5% Ni/AlyO3 system was tested 4 times.

The second positive system of Ny, which produces emission lines from approximately
300-385 nm, was used to monitor the plasma [53, 54]. The emission spectra (shown in
Supplementary Figure 6a) were curve fit using the commercial software Specair™, which
calculates the OES by determining the population of the upper state of the transitions based
on a Boltzmann distribution and the specified temperatures of the internal energy modes
[55]. The fitting parameters of the model are the electronic (Ty..), vibrational (T,;), and
rotational (7., ) temperatures of Ny (where it is assumed that the rotational and translational
temperatures are approximately equal due to the fast relaxation time of the rotational states
[54-57]) and the relative population of different atomic/molecular species within the mixture.
The slit function, which is the representation of the instrument response and an input data of
the software, was measured using a diode laser (Thorlabs) at 635 nm with the spectrometer.
A theoretical spectrum was produced by convolving the theoretical emission spectrum with
the slit function. In the range of 300-385 nm, the relative intensities of roto-vibrational lines
are independent of Ty [57], and thus only T,; and T, were used as fitting parameters (see

Supplementary Figure 6b).

Experimental Kinetics

Kinetic experiments were performed in a DBD reactor similar to the one used in our
previous work [42, 43]. The reactor consists of a quartz tube (7 mm outer diameter, 5
mm inner diameter) with a tungsten rod (1.5 mm diameter) inserted through the center
serving as the ground electrode. An external, 6 cm length of stainless steel mesh (McMaster
200 x 1400 mesh) wrapped around the tube served as the high voltage electrode. This
configuration yields a discharge gap of 1.75 mm and a discharge volume of ~ 0.18 mL.
Kinetic measurements were performed using five commercially available catalysts (Fe, Ru,

Co, Ni, and Pt from Riogen Catalyst) supported on vy-alumina with a metal loading of 5
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wt. %. Background measurements were conducted using y-alumina (Strem Chemicals Inc., >
97 %) only. A Quantachrome Nova 2200e N5 physisorption instrument was used to determine
the surface area of each of the catalysts. The number of active metal sites was determined
through CO pulse chemisorption using a Micromeritics Chemisorb 2750 instrument. Metal
particle sizes were determined from transmission electron microscope (TEM) images taken
with an FEI Titan Microscope. Average metal particle sizes are based on at least 300
particles. Catalyst characterization is further discussed in the Supplementary Methods. All
characterization data are provided in Supplementary Table 1. X-ray diffraction patterns
and TEM images for the different catalysts are shown in Supplementary Figures 8 and 9
respectively.

For each experiment 100 mg of material was packed into the discharge region of the
plasma reactor and held in place by a silica frit. Prior to measurement, the catalysts were
pretreated in hydrogen at 773 K for 30 min to remove any oxide layers that may have
formed on the metal surface when exposed to the ambient environment. The DBD plasma
was generated within the discharge region using a high voltage AC power supply (PVM500)
using a sinusoidal waveform at ~ 20 kHz. A power deposition of 10 W was maintained
during all experiments and was monitored using an oscilloscope (Tektronix TDS3012B). The
reactor temperature was maintained at 438 K for all measurements and was monitored with
a thermocouple placed downstream from the discharge region on the immediately following
the silica frit. Nitrogen (Airgas 99.98 %) and hydrogen (Airgas 99.99 %) were introduced
into the system and controlled independently with mass flow controllers (GFC17). The total
gas flow rates were varied between 10 and 100 mL/min, and the inlet reactant composition,
Ny/Hs, was varied between 1/3 to 5. Ammonia production rates were monitored with an
in-line gas chromatograph (GC, Agilent Technologies, 7820A) with a thermal conductivity
detector (GC-TCD) using an Agilent CP-volamine column. In order to quantify ammonia
production, an external calibration was performed with a commercially mixed 10 % NHs/He
gas cylinder. For all reactions, ammonia was the only product observed (i.e. no hydrazine
or other N-containing products). Reaction progress was monitored in terms of ammonia

production due to the overlap of the hydrogen and nitrogen peaks in the GC trace.
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Data availability

An external Zenodo repository hosts code and raw data [58]. The microkinetic model is in-

cluded as a python module (mkm.py). Other utility functions are included in plasmautils.py.

Calculated turnover frequencies are included as json files. Raw data for the plasma charac-

terization and kinetic measurements are included as Excel spreadsheets (Raw_data-OFES.zlsz

and kinetic-expts.zlsz). Python scripts showing how these data files were used to create all

the figures in the paper are provided in the Supporting Data pdf file.
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