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Abstract. Reliable kinetic models are essential to rationalize observations and to
guide the selection of appropriate plasma-catalyst combinations. Kinetic models
coupling plasma- and heterogeneous-catalytic-chemistries, however, are primitive.
Here, we combine reduced plasma chemistries and DFT-parameterized surface
reactions to model NO formation from Ny oxidation, an alternative nitrogen fixation
process. We first show plasma excited species can enhance turnover frequencies of both
Pt and Au. The enhancing potential is a function of plasma species and their densities.
We then compare NO production between plasma/Pt and plasma/Au with an integral
reactor model and explore the dependence of NO production as a function of plasma
conditions, reactor configurations and chemical compositions. Plasma/Pt generates
more NO than plasma/Au under most thermal and plasma parametric conditions.
Plasma/Au outperforms plasma/Pt under high plasma excitations at low temperatures.
These results highlight that selection of plasma-catalyst combinations should consider
the properties of plasmas, materials and the coupling of the two.
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1. Introduction

Reliable kinetic models are essential for rationalizing observations, for guiding the
identification of appropriate catalyst/reaction condition combinations, and for enabling
the development of practically viable combinations of non-thermal plasmas with
catalytic materials. =~ While kinetic models for plasma chemistry and of thermal
heterogeneous catalytic reactions are individually well developed, schemes that
efficiently and effectively couple the two remain primitive [1]. Plasma catalytic
models generally include some combination of plasma-phase excitations of reactants,
reactions of thermal and plasma-generated species at the catalytic surface, and surface
catalytic reactions. Plasma chemistry models can with some reliability predict species
concentrations as a function of plasma conditions [2, 3, 4, 5]. Catalytic models, often
based on density functional theory (DFT) calculations, provide similar information for



2

thermal catalysis, can be quantitatively predictive [6] and are widely used to “screen”
catalytic materials [7, 8]. A marriage of these two is challenged by uncertainties in
the kinetics of plasma-generated species at catalytic surfaces, including radical and ion
adsorption, reactions of vibrationally hot species, and Eley-Rideal type reactions [9]. As
a result, quantitative predictions for any given plasma-catalyst system are challenging.
However, careful coupling and sensitivity analysis can lead to useful predictions and
guide selection of productive non-thermal plasma/catalyst combinations [10].

Recently, the influence of a limited set of plasma excitations on the apparent,
site-normalized rates of reactions over a series of transition metal catalysts have been
predicted, based on DFT-derived kinetics, for ammonia synthesis [11] and non-oxidative
coupling of methane [12]. Integral models based on similar assumptions have been
used to predict the influence of plasma excitations on ammonia yields, in particular
illustrating the relationship between catalytic material choice and the potential for
exceeding bulk thermal equilibrium yield [13]. A key insight from these studies is
that optimal catalytic materials depends on plasma conditions: “volcano” relationships
between catalyst properties and rates or yields are shifted and even flattened by plasma
excitations. These results provide useful conceptual insight for system optimization
but, due to simplifying assumptions (and lack of availability of experimental data) are
generally not quantitative.

Well-established mechanisms in non-thermal plasmas
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Figure 1. Challenges and opportunities in modeling of coupled plasma and catalytic
reactions of Ny oxidation.

From a practical perspective, the concentration of a particular product is typically
more readily observable and more important to applications than is a site-normalized
rate. One complication in predicting plasma-catalytic product generation is the
confounding influences of plasma-only chemistry with surface-catalytic chemistry. Here,
we illustrate the coupling of a reduced plasma chemistry with DFT-parameterized
surface reactions to predict the chemical product formation from plasma-catalysts
combinations with Ny oxidation to NO as an example (Figure 1). We consider the mutual
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influences of Au and plasma on NO production rates and production and compare to
previously reported Pt results [14]. Ny oxidation is an alternative to ammonia synthesis
for nitrogen fixation [15, 16]. While NO is produced in non-thermal N5/Oy plasmas,
at low Oy mole fractions in a low pressure, radio frequency plasma coupled with a Pt
catalyst, NO production is observed at conditions at which neither catalyst nor plasma
yields significant NO [14, 17]. As highlighted in Figure 1, NO formation pathways in
non-thermal plasmas are well-established and can be described using a simple two-step
Zeldovich model [18, 19]. Further, the reverse, NO decomposition pathways on transition
metals are well-understood [20, 21]. We explore the dependence of NO production rates
and production as a function of plasma conditions, including vibrational temperature
and radical density, highlighting regimes in which plasma and catalyst can be combined
productively and illustrating how those regimes depend on material choice. Such models
necessarily neglect details of other active plasma species and plasma processes. Our goal
is to generate reduced models with sufficient fidelity to identify and even quantify the
potential for plasma-catalytic enhancement of reaction productivity. Results highlight
how material properties, plasma conditions, thermal conditions, chemical compositions
and even reactor configurations interplay to influence productivity.

2. Methods

Thermal Catalysis Reaction and activation energies over Au and Pt were taken
from literature (Table S1 and S2 in Supplementary Information) [21]. The density
functional theory calculations were performed with DACAPO by treating core electrons
with Vanderbilt ultrasoft pseudopotentials and describing exchange and correlations
with RPBE functional. The activation energy of Ny dissociative adsorption on Au(211)
was calculated with a Brgnsted—Evans—Polanyi relationship established with energies
on (211) surfaces of other transition metals [21]. The activation energy over Au(211) is
comparable with those calculated on other stepped Au surfaces [21]. The standard-state
entropies of gaseous species are taken from NIST-JANAF thermochemical tables [22].
The rate constants of all elementary reactions were estimated with harmonic transition
state theory [23].

k = Aexp (—Ea> (1)
ki
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Here, kg is the Boltzmann constant, 1" is the absolute temperature, h is the Planck
constant, AS{q is the standard entropy difference, and FE, is the energy difference
between the transition state and the initial states at infinite separation. 7' represents the
temperature of both gas phase species and the catalyst. Surface reactions were assumed
to be entropy-conservative and ASj;g = 0. In adsorption reactions, the entropies of
surface species were estimated with three assumptions. Frozen adsorbate model assumes
the entropies of surface species are zero. Harmonic oscillator approximation assumes
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the surface species vibrate as harmonic oscillators. The entropies of various species over
Pt and Au were assumed to be the same [24] and the values were taken from a previous
report [25]. In the mobile assumption, adsorbates move freely on the two-dimensional
surface as 2D gases. Under this assumption, the prefactor A of adsorption reactions is
equivalent to the frequently used Hertz-Knudsen equation derived from collision theory
with o (sticking coefficient) = 1 [26]:

oS
- \2mmkgT

Here, S is the area of one free site, m is the molecular weight of a gas species. The

x 10°Pa (3)

sticking coefficient here is assumed to be unity, as an upper limit on adsorption rates
[27].

The rate constants were used to parameterize a mean-field microkinetic model to
predict the reaction rate per active site, i.e. turnover frequency. The surface coverages
were expressed as ordinary differential equations (ODEs):

00,
5 Z CijT'j (4)
J

i is a surface species, 0; is its coverage, t is time, j is a reaction involving species i, ¢;;
is the stoichiometric coefficient of species 7 in reaction j and r; is the net rate of j. ¢;;
is negative when ¢ is a reactant and is positive when 7 is a product.

=k [16 1P =k 167 T1 P (5)

+7 and —j are forward and backward reactions of j, respectively. P is the pressure of
a gaseous species normalized by 1bar. P; and 6; are pressures and coverages of species
7 in reaction j. The total coverage is conserved on a surface:

9**29":1 (6)

where 6, is the fraction of vacant sites. The steady-state coverage of all surface
species were solved with %% = 0. A method that switches between nonstiff (Adams)
and stiff (BDF) solvers is used to solve the ODEs. The method is implemented in
scipy.integrate.odeint with Python. The solutions from the ODEs were used as initial

guesses to solve a system of algebraic equations, >=; ¢;;7; = 0, with Newton’s method
for steady-state coverages. This method is implemented in mpmath.findroot.

Plasma Catalysis Adsorption of radicals and vibrationally excited molecules were
included in plasma catalytic reactions. The adsorption energies of N and O were
calculated using the dissociation energies and dissociative adsorption energies of Ny
and O, [22]. We set P 52> as 105> I gince O, dissociation fraction is often observed to be
about one order of magnltude hlgher than Ny in Ny-O, plasmas [28, 29]. To include
the adsorption of vibrationally excited molecules, the dissociative adsorption rates were
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modified to be explicit functions of Ny and O, vibrational states [11]. The dynamics of
dissociation can include participation of molecular precursor states [30, 31]; we neglect
any sensitivity of these dynamics to the vibrational state. The rate constant of each
vibrational state, v, is written as:

(7)
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Here, A is the same pre-exponential factor defined in thermal catalysis, F, is the
activation energy of the ground vibrational state, E, is the vibrational energy at v and «
is the efficiency of vibrational excitation energy in overcoming the activation barrier. In
coupled plasma and catalyst, translational temperatures of gaseous species, vibrational
temperatures of molecules and temperatures of solid surfaces could be different [32].
Here, T represents the translational temperature of gaseous species and the temperature
of the catalyst. a can be estimated with the Fridman-Macheret a-model [32]:

E((zf)

“TEN B )
where E\f) and E( are the activation barriers of the forward and backward reactions,
respectively.

The energies of Ny and O, at different vibration states were calculated with
experimentally measured vibrational frequencies [33]. The distribution of vibrational
states at different vibrational temperatures were estimated with both Boltzmann (Eq.
9) and Treanor (Eq. 10) formulas [34].
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Here, h is the reduced Planck’s constant, w is the vibrational frequency and x. is
the anharmonicity coefficient. w of Ny and O, are 4.44272x10* and 2.97647x 10

rad/s, respectively. x.w are 2.6981x10'? and 2.2512x 10" rad/s, respectively [33]. The
vibrational states, n, were varied from 5 to 15. The overall adsorption rate constant

DPu,T (U7 Tviba Tgas) = (10)

was the summation of rate constants at each vibrational levels:

Kads = vakv (11)
v=0

The surface reactions and desorption of nitric oxide were assumed to be the same
as thermal catalysis.

We do not explicitly incorporate the participation of other potential plasma-
generated species in surface chemistry. These species could include ions, electronically
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excited molecules, and "hot" (translational energy above the bulk thermal temperature)
atoms [35]. We focus on vibrationally excited and radical species because they are both
observed and predicted to be the dominant plasma-generated species in No-O4 afterglows
[36, 37]. Our model assumes all radicals adsorbs at the same rate. Hot radicals may have
a different probability of adsorption that could either enhance or diminish adsorption
rates [38]. Similarly we neglect so-called Eley-Rideal reactions, or the direct reaction of
gas-phase with surface-bound species. While E-R processes are observed in molecular
beam experiments at high adsorbate coverages [39, 40], there are limited examples in
which E-R reactions dominate a heterogeneous catalytic process and there is no simple
and robust theory for estimating the dependence of E-R rates on metal properties [41].
Development of more complete surface reaction sets has been highlighted as a need by
the community [1]. The relevance of any particular reaction set will be sensitive to
system details and to model goals; the choices here reflect our focus on afterglows and
in predicting material trends.

Integral Reactor Models The concentrations of gaseous species in the reactor
is modeled assuming a well-mixed flow throughout the reactor volume, where the
concentrations of gaseous species in the reactor are the same as those at the outlet
[14]. This is commonly termed a continuously stirred tank reactor and test calculations
of plug flow reactor yield similar results.

oC;
ot

= U(Oi,() - Oz) + Vri,plasma(0> + Sri,catalyst(07 6) (12)

Here, V(m?) is the volume of the reactor, C;(molm~2) is the concentration of species i,
t(s) is time, v(m?® s 1) is flow rate, C; o is the inlet concentration of 7, R(m? PaK ! mol™!)
is the gas constant, T'(K) is bulk temperature, rpjasma(mol m=2s71) is the rate of plasma
reactions, rcatalyst(s_l) is turnover frequency of an active site, as defined previously, and
S(mol) is the number of active sites. The flow rate is always assumed as 1.7 x 107%m? s~!
at 298 K and 1bar (100SCCM). The rate of plasma reactions were modeled with the

Zeldovich mechanism [42].
Ti,plasma — k+j H O;Cij - k—j H CZC” (13)

The forward (+j) and backward (—j) rate constants were taken from experimental
measurements (Table S3 in Supplementary Information) [43, 22, 44, 45]. ¢;; is the
stoichiometric coefficient of species ¢ in reaction j. Similar to Plasma Catalysis,
the initial Iz)o was set as 102 N2. Impacts of vibrational excitations of Ny and O,
were included by calculating vibrational state specific rates with Equations 7-11. The
vibrational temperature and distribution were assumed to remain constant during
reaction. The maximum vibrational state is 10. At steady-state, 2 = 0. Equation 12

ot
was solved with Equation 4 to predict the pressures of gaseous species and coverages of

surface species simultaneously.



3. Results and Discussions

The overall reaction of Ny oxidation to NO is endothermic (Reaction 14), regardless
of the catalytic surfaces. At ambient temperatures in air, the reaction equilibrium
favors Ny and Oy. AS° is slightly positive and the equilibrium shifts to NO at high
temperatures. The Birkeland-Eyde process exploits this fact to drive NO formation at
high temperature using thermal plasma to fix Ny [15].

Na(g) 4+ O2(g) «+— 2NO(g) (14)

At high temperatures, NO is formed through the Zeldovich mechanism, where N,
and Oy are atomized to N and O before reacting with Os and Ny, respectively
[42].  In non-thermal N5/Os plasmas, NO formation has been observed at much
lower temperatures. The NO concentration from steady-state plasma reactions often
exceeds the thermodynamic equilibrium from Ny /Oq [16], highlighting the potential for
a plasma to enable chemical conversions that are otherwise only accessible at elevated
temperatures. Models of thermal and non-thermal plasmas including detailed plasma
species and processes suggest the same Zeldovich mechanism is responsible for NO
generation [43, 36, 32, 18, 19, 46, 47].

Combination of non-thermal plasma (NTP) with catalysts improves the NO
production in dielectric barrier discharge (DBD), radio frequency (RF) and microwave
plasma reactors [48, 49, 50]. Various oxide catalysts were placed in a DBD reactor
and the improvement of the NO production was found to be material-dependent [48].
WO3; and MoOj3 were placed post RF and microwave plasma and NO production was
also observed to increase [49, 50]. In all cases, the background NO production from
NTP is significant. Disentangling the gain by NTP-catalyst combination is therefore
challenging. Recently, an RF plasma was coupled with a Pt catalyst to generate NO
at conditions at which neither component alone is active, results rationalizied through
corresponding microkinetic models [14]. Here, we compare those model results with
those predicted for a Au catalyst both as illustration of the modeling approach and an
illustration of material dependence in this system.



3.1. Comparison of intrinsic rates of Pt and Au
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Figure 2. Energy diagrams of thermal Ny oxidation on (a) Pt and (b) Au [21]. Energy
diagrams of surface nitrogen formation from vibrationally excited Ny and N radicals
on (c) Pt(211) and (d) Au(211). Reaction rate against reciprocal temperature on (d)
Pt(211) [14] and (e) Au(211) at different vibrational temperatures and Py. Pressures
of No and Og are 4.995 and 0.005 mbar, respectively.

3.1.1. Intrinsic reaction energies and plasma excited species 'To compare the different
kinetic behaviors of plasma/Pt and plasma/Au combinations, we first compare the
intrinsic reaction and activation energies of elementary reactions over Pt and Au
computed using supercell DFT methods [21]. Figure 2a and b show the DFT-computed
potential energy surfaces over Pt and Au, respectively. The dissociative adsorptions of
Ny are both endothermic and of high barriers over Pt(211) and (111). The desorptions of
product NO are also of high barriers. Au binds species much weaker than Pt. The initial
Ny activation over Au surfaces are much more endothermic and of much higher barriers
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than over Pt. NO desorptions, however, are almost barrierless for both Au surfaces.
(211) surfaces show higher binding strength of surface species and lower reaction barriers
than (111) surfaces over both Pt and Au. We focus on (211) surfaces in the following
analysis since they often show higher activities under thermal conditions [51]. NO is
the major observed product at low Oy mole fractions with similar plasma characteristics
[14]. NOgy or NoO production is therefore not included here for simplicity.

Activation of Ny is considered as the rate-controlling step in thermal Ny oxidation
because of the high barriers. Two activated plasma species, i.e. vibrational excited
molecules and radicals, could potentially overcome the high barrier of Ny dissociation
for form surface N [11, 12]. Figure 2c illustrates the three possible pathways to form
surface N on Pt(211), i.e. dissociative adsorption of Ng, dissociative adsorption of
vibrationally excited N, and adsorption of N radicals. The energy difference between
adjacent vibrational levels of Ny is about 0.29eV, Ny at higher vibrational levels than
the ground state could therefore effectively reduce the Ny adsorption barrier over
Pt(211). Vibrational excitation could be less effective over Au(211) (Figure 2d) since
the adsorption barrier of ground-state Ny is overwhelmingly high. Adsorption of N is
barrierless over both Pt and Au because of the high energy of N radicals.

To compare the consequences of intrinsic reaction energies and different plasma
excitations on the rates over Pt[14] and Au, we parameterize microkinetic models
combining each of the three adsorption processes in Figure 2¢ and d and the subsequent
surface and desorption reactions. The temperature was varied while the partial pressures
of Ny and O, were fixed at 4.995 and 0.005 mbar, respectively, corresponding to prior
reported experimental conditions [14]. Figure 2e shows turnover frequencies (TOFs) as
a function of T over Pt(211) at both thermal and plasma conditions. TOFs without
plasma increases with 7' but are vanishingly small under all temperatures and the most
abundant surface intermediate (MASI) is O (Figure S1 in Supplementary Information).
Both the presence of vibrationally excited molecules and radicals increase TOFs over
Pt(211) with the enhancement most obvious at low temperatures. The MASI remains O
with vibrational excitation but changed to NO by the presence of N radicals. Figure 2d
shows TOFs over Au(211) are much smaller than over Pt(211) under thermal conditions.
Similar to observations over Pt(211), TOFs of Au are enhanced by the presence of
vibrational excited molecules and radicals. The Au surfaces are empty at all tested
conditions here. TOFs over Au(211) are still much lower than over Pt(211) with the
presence of vibrationally excited molecules while TOFs are comparable between Au(211)
and Pt(211) with the presence of high radical densities. These observations suggest
radicals have more enhancing potentials than vibrational excitations over Au, consistent
with the energy diagrams (Figure 2a, b, ¢ and d).
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Figure 3. Degree of rate control of Ny oxidation on Pt(211) at 873 K with (a) thermal,
(c) Tui, = 10000K, (e) Py = 2 x 1072 Py,. Degree of rate control of Ny oxidation on
Au(211) at 873 K with (b) thermal, (d) Tyi, = 10000K, (f) Py = 2 x 1072Py,. The
partial pressures of Ny and O are 4.995 and 0.005 mbar, respectively.

The enhancing impacts of active plasma species to the catalytic activities of Pt
and Au can be further rationalized by the degree of rate control analysis [52]. Degree
of rate control, Xgrc;, is evaluated numerically by changing the forward and backward
rate constants of step i simultaneously by 10% while holding the other rate constants
(k;z;) unvaried, and monitoring the change of the overall rate (r) with respect to the
original rate, rq.

ki (Or kio r—ro 1T —10
Xrei =\ ar Sl = 15
R r <aki>kj#,[(i To kz — ki,O 0.11"0 ( )

Figure 3a and b show Ny oxidation rates are limited by Ny dissociative adsorption on
both Pt and Au in the tested temperature regime, consistent with the potential energy
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diagrams. Presence of vibrationally excited Ny molecules changes the rate-controlling
step on Pt to NO desorption and O, adsorption at lower and higher bulk 7', respectively,
while the rate-controlling step remains on Au, consistent with the facts that vibrational
excitation is ineffective in enhancing the rates over Au. Presence of high density of
N radicals is able to change the rate-controlling steps over both Pt and Au from N,
adsorption to O2/0O adsorption and NO desorption.

3.1.2.  Adsorption rate constant and wvibrational distributions Rate constants of
adsorption and surface reactions over catalysts are often estimated with transition state
theory [23]. E, can be estimated with reasonable accuracy using density functional
theory. Estimation of A is more challenging because of the difficulty in predicting the

entropy of surface species [24, 53]. Reactions involving only surface reactions can be
ksT
B
involve both gaseous and surface species. Assumptions in estimating the entropy of

approximated as entropy conservative and A = Adsorption reactions, however,
transition states impact the prediction of A. We estimate the entropies of the transition
states with three widely adopted assumptions, i.e. frozen, harmonic oscillator and
mobile adsorbate assumptions, to compare the consequences of these assumptions on the
rate constant and activity of catalysts. Both frozen and mobile adsorbate assumptions
are extreme cases, where the entropies of transition states are minimized as zero and
maximized as the entropies of 2D gases, respectively. Here the entropies of transition
states are assumed to be equal to those of the final states of adsorption. Table 1 shows
the prefactors estimated from the three different assumptions. The predicted A follows
frozen < harmonic < mobile assumptions. The three models predict As differ by up to
eight orders of magnitude.

Table 1. Estimated adsorption prefactors within frozen, harmonic oscillator and 2D
gas approximations.

Adsorption reactions Frozen (10 s™') Harmonic (10% s7') Mobile (108 s71)

(1) Ny 2% +— 2N* 3.3 8.2 1.2
(2) Oy +2% +— 20* 0.53 10 1.1
(3) N + * «— N* 1100 56 1.7
(4) O + * +— OF 410 58 1.6
(5) NO + * <— NO* 0.29 2.0 1.2
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Figure 4. Reaction rate against reciprocal temperature on (a) Pt(211) and (b)
Au(211). Pressures of Ny and Oy are 4.995 and 0.005 mbar, respectively. The upper,
intermediate, and lower limits of each curve represent predictions with adsorption
rate constants estimated using 2D gas, harmonic oscillator, and frozen adsorbate
assumptions. Reaction rates against reciprocal temperature on (c¢) Pt(211) and (d)
Au(211) at Tyj, = 6000 K with different vibrational distributions and vibrational levels.

Figure 4a plots the TOFs over Pt(211) at different temperatures and plasma
parametric conditions. The lower and upper boundaries of the shaded regions represent
the adsorption rate constant estimated with the frozen and mobile assumptions,
respectively. The solid line represents rate constant estimated with the harmonic
oscillator assumption. Larger A leads to higher TOFs under all conditions. However, the
ratio between TOFs estimated with the mobile and frozen assumptions is less than the
ratio between As. The difference of TOFs between mobile and frozen assumptions is the
smallest with the presence of high radical densities and the largest at thermal conditions.
These results highlight assumptions to calculate A impact the absolute values of TOF
but does not change the trends of TOFs at different plasma parametric conditions i.e.,
TOFs are the largest with high radical densities and the smallest at thermal conditions.
As shown in Figure 4b, the impacts of adsorption rate constants on TOFs over Au(211)
are similar to those over Pt(211).

Vibrational excitation lowers the barrier to activate Ny in both plasma and plasma
catalytic systems [11]. The vibrational temperature of molecules is much higher than
the bulk gas temperature in non-thermal plasmas [32]. The equilibrium distribution
of vibrational states follows the Boltzmann formula. The distribution deviates from
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equilibrium considering anharmonicity of vibrations and follows a Treanor distribution,
which predicts higher Ny, populations at high vibrational levels than the Boltzmann
formula [34]. Both Boltzmann and Treanor functions are simplifications of vibrational
distribution functions. To explore the impact of vibrational distribution on the catalytic
rate, we plot TOFs over Pt(211) with both Treanor and Boltzmann distributions of
molecules at different vibrational levels in Figure 4c. As expected, TOFs predicted with
Treanor distributions are higher than those predicted from and Boltzmann distributions.
Because highly excited vibrational states depopulate, we truncate the distribution of
both Treanor and Boltzmann distributions. Figure 4c¢ shows the inclusion of more
vibrational levels increases the predicted TOFs. Figure 4b and d plot TOFs over
Au(211), with observations similar to those over Pt(211). TOFs over Au(211) are much
lower than over Pt(211) at different vibrational distributions and vibrational levels.
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3.2. Comparison of plasma and plasma-catalytic NO production
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Figure 5. Integral reactor models for (a) plasma reactions and (b) plasma catalytic
reactions, respectively [14]. Outlet NO pressures (ppm) of (c) plasma reactions, (d)
plasma catalytic reactions over Pt(211) and (e) over Au(211) against Tyj, and Py at
873 K. (e) The ratio of NO production in (d) and (c). (f) The ratio of NO production
in (f) and (c). The inlet pressures of Ny and Og are 4.995 and 0.005 mbar, respectively.
The residence times are 0.28s and 6.4ps in (a) and (b), respectively. The number of
active Pt or Au sites is 230 nmol.

Previous microkinetic models provide insights on intrinsic reaction rates per active
sites. To model experimentally measured product formation, we develop well-mixed,
isothermal integral reactor models describing a plasma afterglow coupled with catalysts.
We assume Zeldovich mechanisms is responsible for NO generation in the plasma
afterglow (Figure 5a) , consistent with experiments and simulations of non-thermal
radio-frequency, gliding arc and microwave No-Oq plasmas [54, 55, 46, 36, 18, 43, 32]:

Ny(g) + O(g) +— NO(g) + N(g) (16a)
O(g) + N(g) +— NO(g) + O(g) (16b)
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The rate constants are taken from experimental measurements and the influence of
vibrational excitation of Ny and O, is included (see Method for details) since NO
formation via No(v>0) + O is considered an important NO formation channel [4, 18].
The volume of the plasma reactor is consistent with that of the heating mantle
(2.7 x 10~*m?).

To couple the contributions from both plasma reactions and surface reactions, we
describe the plasma catalytic reactor (Figure 5b) with gas-phase Zeldovich reactions,
adsorption of active plasma species, subsequent surface reactions and desorption of
product [14]. The relative contribution of Zeldovich reactions and the surface reactions
to the product formation is dependent on the volume of the reactor and the total sites of
the catalysts (Eqn. 12). To evaluate the intrinsic NO generation from plasma catalytic
reactions, we minimize the contributions from plasma reactions to NO production by
assuming the reactor volume as that of a porous Pt film (6.9 x 107" m?) and defer
discussion of impacts of volume and site number on the NO production to below.

Figure 5c¢ reports plasma-only, non-catalytic NO production in ppm as a function
of N radical densities and vibrational temperatures because of their relevance in plasma
N, oxidation [54, 55, 46, 36, 18, 43, 32, 2]. NO production always increases with Ty,
but is non-monotonic with densities of N radicals. Previous analysis has shown that N
radical increases rate of NO + N and inhibits the overall NO production. NO production
over both Pt (Figure 5d) and Au (Figure 5e) increases with N radical density and is less-
sensitive to vibrational temperature, especially over Au. Figure 5f and g plot the ratio
between plasma and plasma catalytic NO production. Plasma catalytic reactors yield
less NO than the plasma only reactor in a wide range of plasma parametric conditions.
Higher production in plasma catalytic reactor are at relatively high N radical densities
and low vibrational temperatures. Plasma/Pt yields more NO than plasma/Au at
different plasma parametric conditions. The difference diminishes at high N radical
densities.

The model construction here describes catalytic reactors coupled with plasma
afterglows. By varying Ti;, and radical densities, the model captures plasma sources
of varying characteristics. For example, Ny vibrational excitations are the dominant
electron-induced process in gliding arc and microwave plasmas, corresponding to high
T, and low radical densities. Dissociation is more important in radio frequency and
dielectric barrier discharge plasmas, corresponding to high radical densities [16, 56].
The methodology could be further extended to reactors with catalysts placed in a
homogeneous plasma. Plasmas with spatial and temporal varying properties, such as
surface streamers and partial surface discharges, require more complicated constructions
and are less amenable to predicting optimal material /plasma combinations.
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Figure 6. Steady-state reaction flux of N5 oxidation in a integral reactor at 873 K
with (a) Pt(211) and (c) Au(211) at Py = 2x 1072 Py, and Ty;, = 1000K, (b) Pt(211)
and (d) Au(211) at Py = 2 x 107 Py, and Ty, = 10000K, presented as Sankey
diagrams, in which each segment indicates a reaction and the corresponding segment
width indicates the value of the rate normalized to the NO formation rate.

The differences between plasma, plasma/Pt[14] and plasma/Au are further
rationalized by visualizing the steady-state surface reaction fluxes normalized to the
overall NO formation rate in Figure 6 [57]. We chose two representative conditions
in Figure 5, i.e. high N density with low vibrational temperature and low N density
with high vibrational temperature, which correspond to the upper left and lower right
corners, respectively, in Figure 5f and g. At high N density and low T.;,, the absolute
NO production is higher than that at the other condition. The ratio between plasma
catalytic NO generation and plasma NO generation is the highest for both Pt and
Au. At this condition, plasma only NO generation is ineffective because of reverse
Zeldovich reactions. Catalysts direct N radical to form NO on surfaces. Catalytic
rates are dominated by large fluxes of N radicals forming surface N and then NO. Most
surface N atoms recombine to form Ny for both Pt and Au. At a low N density and
high Ty, the ratio between plasma catalytic NO generation and plasma NO generation
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is the lowest for both Pt and Au. Zeldovich reaction in the larger reactor volume is
more effective than in the small catalyzed volume. Over Pt, the rate is dominated by
dissociation of vibrationally excited N,. Over Au, however, rate is still dominated by
N radical adsorption. The low NO production from plasma/Au is a consequence of the
low adsorption rate of vibrational excited Ny over Au. These results are consistent with
Figure 2 and 3. NO decomposition is not observed over both Pt and Au because of the
high barriers of NO dissociation and subsequent Ny and Oq formations [21].
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Figure 7. (a) NO formation against volume of the reactor for plasma only reactions.
NO formation against volume of the reactor and site number for (b) plasma/Pt and
(c) plasma/Au. (d) NO formation against temperature. Pressures of Ny and Oq are
4.995 and 0.005 mbar, respectively. Ty, = 6000K, Py = 2 X 10*3PN2 and number of

Pt or Au active site is 1056 mol. In (d), the volume of plasma reactor is 10782 and

the volume of plasma catalytic reactor is 10736 m?3.

3.2.1.  Consequences of reactor volume, active site numbers and temperature The
previous section shows that plasma properties can impact the NO production of both
plasma and plasma catalytic reactors. This section highlights the impact of another
three tunable parameters, i.e. reactor volume, active site numbers and bulk temperature.
Figure 7a shows non-thermal plasma NO formation increases and plateaus with volume.
At fixed flow rate, plasma reactions have less residence time for NO generation with
smaller volume sizes. In coupled plasma and catalysts, both volume and site number
impact NO production (Eqn. 12). NO production is non-monotonic with both
parameters (Figure 7b and ¢). NO production is maximized to 2000 ppm (with all
Oy reacted) with large site numbers and small reactor volume, and minimized with
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small site numbers and small reactor volume. Plasma/Pt reaches the maximum NO
production with less site numbers than plasma/Au. In previous sections, we chose a
relatively large volume for the plasma reactor and small volume for the plasma catalytic
reactor to match previously reported experimental setups [14]. Figure 7a shows that the
plasma NO production reaches the maximum with the chosen volume. In plasma/Pt,
NO production is also maximized with respect to reactor volume with V' =10 x 10782 m?3
and S =10 x 107%%mol. In plasma/Au, the model predicts NO production can be
enhanced with a large volume.

Figure 7d shows that NO production increases with bulk temperature for plasma,
coupled plasma/Pt and coupled plasma/Au reactors. The NO production sensitivities
to temperature, however, are different cross these three systems. The increase is least
obvious for plasma/Au. The NO production is sensitive to 7" at low and insensitive
at high temperatures for plasma/Pt. More importantly, plasma/Au generates more
and less NO than plasma/Pt at low and high temperature, respectively, highlighting
that appropriate material selection is temperature-dependent. The sensitivities of NO
production to temperature are consistent with the TOF-temperature dependencies in
Figure 2.
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3.3. Comparison of optimal plasma-catalytic Ny oxidation regimes
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Figure 8. (a) NO production as a function of Og pressures from reactors in Figure
5 at (a) Thux = ST3K, Py = 2 x 1073 Py, and Ty, = 6000K. (b) NO production at
Thuk = 900K, Py = 2 x 107 Py, and Ty, = 10000K. (b) NO production at Tiux
= 300K, Py =2 x 1072Py, and Ty, = 1000 K.

NO production is a strong function of plasma conditions, catalyst materials and the
reactor configurations to couple the two. To identify regions where plasma/Pt generates
more or less NO than plasma/Au, we explored different temperatures, plasma conditions
and chemical compositions. We varied Ti from 300 to 900 K, T,y from 1000 to
10000K, 52 from 10" to 10 and 02— from 10 to 1002,
N2 N2 +P02

We first chose conditions that are representative of a low P radio frequency plasma.

Figure 8a shows the NO production as a function of Oy mole fraction in a plasma/Pt

(blue), a plasma/Au (red) and a plasma only (green) reactor. Thermal equilibrium
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with Ny and Oy (black) is also plotted to show the upper limit of thermal catalysis. NO
production increases, maximizes, and decreases with Os mole fraction for both plasma
catalytic reactors. Plasma-only NO production keeps increasing until the largest Oq
mole fraction here (0.63). The max NO production is comparable between plasma/Pt
and plasma/Au. At low O, mole fractions, plasma catalytic reactors yield more NO
than the plasma only reactor and plasma/Pt outperforms plasma/Au. At high O, mole
fractions, plasma only yield more NO than plasma/Pt, which generates comparable NO
as plasma/Au.

We further select conditions where the product generation from plasma/Pt and
plasma/Au are the most different. To better visualize the differences of the two

materials, we chose conditions where the summations of NO production between the
Po

PN2 +2P02

yields more NO than plasma/Au at high bulk 7', low N densities and high vibrational

two systems from = 10 to 10%? are maximized. Figure 8b shows plasma/Pt
temperatures. The difference between these two systems are most obvious when rates
over Pt are enhanced by high T, for Ny dissociative adsorption and high bulk T" for NO
desorption, while rates over Au are limited by low N densities for surface N formation.

Figure 8c demonstrates that plasma/Au yields much more NO than plasma/Pt at
low bulk 7', high N density and low vibrational temperatures. At low temperatures, NO
formation on Pt is limited by higher barriers of surface reactions and NO desorption
(Figure 2a). Over Au, the barriers of surface reactions and NO desorption are much
smaller (Figure 2b) and the high barrier of Ny dissociation to form surface N is overcome
by adsorption of N radicals. The NO concentration is therefore much higher with
plasma/Au. We found that catalyst differences vanish at high bulk temperatures, high
N densities and high T, i.e. the most severe conditions.

To compare the intrinsic activities of materials when coupled with plasmas, Figure 7
suggests that higher active site numbers and smaller volume of the reactor could
increase the product formation from catalysts by minimizing the impact of gaseous
plasma reactions. To validate the predictions in Figure 8, plasmas with different
characteristics could be used. Gliding arc and microwave plasmas are characterized
by low to intermediate reduced electric field while radio frequency and dielectric barrier
discharge plasmas are characterized by higher reduced electric field [56]. Generally, low
and high reduced electric fields favor electron energy transferring to N, vibrational
excitation and Ny dissociation, respectively [16]. Plasma/Pt and plasma/Au could
therefore perform differently with varied plasma sources.

4. Conclusions

The potential for non-thermal plasmas and catalysts to be combined to drive chemical
conversions is well-recognized [10], but predictive models of these systems are needed
to guide the development of useful combinations [1]. Here we use nitrogen oxidation to
illustrate a simple strategy for coupling reduced plasma chemistry models with surface
catalytic mechanisms.
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We compare rates and production over Pt and Au catalysts and across vibrational
temperatures and radical densities. Radicals are more effective than vibrationally
excited molecules in enhancing the rate and production of N, oxidation over noble
metals. High density of radicals, however, inhibits NO formation in plasma only
nitrogen oxidation, indicating optimal plasma conditions are not necessarily the same in
plasma alone and plasma catalysis. While catalyst differences vanish under most severe
conditions, relative production from plasma/Pt and plasma/Au is a function of plasma
and thermal characteristic properties, highlighting selection of catalysts for plasma Ny
oxidation should consider the operating plasma conditions and temperatures.

Our results show microkinetic models coupling plasma chemistry and surface
reactions help identify conditions under which plasma-catalyst combination performs
better than plasma or catalyst alone. By varying the plasma properties, material
characteristics, thermal conditions, chemical compositions and even simple reactor
configurations, DFT-parameterized microkinetic models allow exploration of many
degrees of freedom for the optimization of plasma/catalyst combination. The modeling
scheme further allows predictions of effective coupled plasma and catalysts under
unexplored, hypothetical conditions. For example, NO production from plasma/Au
is much higher than plasma alone and plasma/Pt with high nitrogen density, low
vibrational temperature and low bulk temperatures. The modeling scheme provides
quantitative reliability and could bridge the gaps between molecular scale simulations
of plasma-impacted catalysis and macroscopic modeling of complex and dynamic plasma
catalytic reactors.
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