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Low-temperature plasma catalysis has shown Density Functional Microkinetic
promise for various chemical processes such as light hydrocarbon Theory Modeling
conversion, volatile organic compounds removal, and ammonia g BelBu) A8 Ty ) ZDPlasKin
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advantages of leveraging renewable energy and distributed
manufacturing principles to mitigate the pressing environmental
challenges of the energy-intensive Haber-Bosh process, towards
sustainable ammonia production. However, lack of foundational
understanding of plasma-catalyst interactions poses a key challenge
to optimizing plasma-catalytic processes. Recent studies suggest
electro- and photoeffects, such as electric field and charge, can play
an important role in enhancing surface reactions. These studies
mostly rely on using density functional theory (DFT) to investigate surface reactions under these effects. However, integration of
DFT with microkinetic modeling in plasma catalysis, which is crucial for establishing a comprehensive understanding of the interplay
between the gas-phase chemistry and surface reactions, remains largely unexplored. This paper presents a first-principles framework
coupling DFT calculations and microkinetic modeling to investigate the role of electric field on plasma-catalytic ammonia synthesis.
The DFT-microkinetic model shows more consistent predictions with experimental observations, as compared to the case wherein
the variable effects of plasma process parameters on surface reactions are neglected. In particular, predictions of the DFT-
microkinetic model indicate electric field can have a notable effect on surface reactions relative to other process parameters. A global
sensitivity analysis is performed to investigate how ammonia synthesis pathways will change in relation to different plasma process
parameters. The DFT-microkinetic model is then used in conjunction with active learning to systematically explore the complex
parameter space of the plasma-catalytic ammonia synthesis to maximize the amount of produced ammonia while inhibiting reactions
dissipating energy, such as the recombination of H, through gas-phase H radicals and surface-adsorbed H. This paper demonstrates
the importance of accounting for the effects of electric field on surface reactions when investigating and optimizing the performance
of plasma-catalytic processes.

Surface
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Plasma catalysis, NH; synthesis, density functional theory, microkinetic modeling, global sensitivity analysis, active learning,
multiobjective Bayesian optimization

approaching its theoretical limit of 23 GJ/tN,” it consumes 1%

> . 8
Sustainable processes for nitrogen fixation and fertilizer to 2% of the world’s annual energy production.

production are urgently needed to meet the food demands of To find more sustainable and greener alternatives for nitrogen
a rapidly growing world population.l’2 Industrial-scale ammonia fixation, recent years have witnessed significant efforts in
(NHj;) production almost exclusively relies on the Haber-Bosch electrocatalytic,” photoelectrochemical,'’ and low-temperature
(H-B) process, which is essential for the manufacture of plasma (LTP) processes.'”'> This work focuses on nitrogen

synthetic fertilizer supporting nearly 50% of the world
population.” The H-B process is a thermal catalytic process
under high pressure (100 to 400 atm) and high temperature
(700 to 800 K), using H, feedstock produced via CH, October 26, 2023
reforming.”® As such, the H-B process is excessively energy- December 14, 2023
intensive and leads to significant green-house gas emissions. December 18, 2023
Although the H-B process has been extensively optimized since January 16, 2024
its invention in 1905, with a current energy consumption of 27

GJ/tN (gigajoules expended per metric ton nitrogen converted)

fixation via LTP, which has attracted increasing attention since
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Figure 1. Integrated DFT-microknetic model and the analysis conducted in this paper. The integrated model accounts for the synergistic plasma-
catalyst effects that stem from variations in electric field, activation energies (L-H reactions), and entropies (E-R reactions). The model is used to
perform the following studies: 1. establish the impacts of electric field and gas temperature on the generation and loss of gas-phase and surface species;
2. quantify the contribution of each process parameter on the main quantities of interest such as NH; concentration and surface reaction rates via a
global sensitivity analysis; and 3. investigate the trade-off between NH; production and energy efficiency via multiobjective active learning.

NHj; synthesis can be performed under atmospheric pressure
and low temperatures.' "> The high-energy electrons in LTPs
can lead to vibrational excitation and/or chemical bond breaking
of molecules."* Therefore, LTP-assisted nitrogen fixation can, in
principle, have a lower theoretical energy cost limit than that of
the H-B process.' ' Additionally, electricity is the main energy
input to LTP processes, making LTP-assisted nitrogen fixation a
green process when renewable electricity is used.

Although LTP-assisted NH; synthesis can be performed
without catalysis, it has been shown that the addition of
heterogeneous catalysts can significantly reduce the energy cost
of NH; synthesis.'”~"* This is attributed to the complex and not-
well-understood synergies between the LTP and catalyst.”"*'
Several studies have been conducted to investigate the
synergistic plasma-catalyst effects by leveraging physics-based
simulation tools, such as density functional theory (DFT) and
microkinetic models, as well as experiments in LTP-assisted
catalytic reactors.”**° Liu et al.”’ employed DFT calculations to
study various possible surface reactions, including Eley-Rideal
(E-R), Langmuir-Hinshelwood (L-H), and radical adsorption
and dissolution, on nine different types of metallic catalyst
surfaces. A possible pathway for ammonia synthesis was
established that involves the formation of NNH from radical
reactions. In addition, it was found that N radicals are likely the
main source of nitrogen for NH; production, while E-R
hydrogenation is the primary hydrogenation pathway. However,
the DFT calculations in ref 27 were performed without
accounting for any surface factors, such as electric field. Hong
et al.” developed a 0-dimensional (0D) microkinetic model
with surface reactions using ZDPlasKin,”® which was exper-
imentally validated for plasma-catalytic ammonia synthesis in a
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dielectric barrier discharge (DBD) reactor with Al,Oj, nano-
diamond-coated alumina, and metallic catalysts. This 0D
microkinetic model enabled investigation of some of the main
NH; production pathways and their associated key surface
reactions. Nevertheless, the microkinetic model used in ref 25
did not account for the effects of surface factors, such as electric
field and charge on the surface reactions, thus neglecting plasma-
catalyst interactions. Mehta et al.'” developed a microkientic
model in which the vibrational excitation of N, was informed by
DFT calculations, which in turn influenced the subsequent
dissociative adsorptions. It was found that the optimal catalyst
for achieving high reaction rates in plasma-catalytic processes
can differ from the catalysts used in thermal catalysis due to a
weaker binding of nitrogen. Engelmann et al.*” investigated the
role of the E-R reactions manipulated by entropic barriers via
microkinetic modeling. This study revealed that E-R reactions
can reduce the dependence of turnover frequency on the catalyst
binding energy, particularly for less noble catalysts.

Despite significant work on understanding plasma-catalyst
interactions, the underpinning mechanisms of surface reactions
in the presence of plasma remain largely elusive.’””" It has been
shown that catalyst surface geometry, surface electric field, and
accumulated electrons can influence surface reactions,””>"** but
how surface reactions are impacted by these factors is still
unclear. To this end, a key challenge arises from limited
diagnostics of surface reactions in the presence of plasma,*® even
though there have been recent studies on in situ spectroscopic
diagnostics of intermediate species during plasma-catalytic
ammonia synthesis.33’34 On the other hand, first-principles
calculations such as DFT that can shed useful insights onto
plasma—surface interactions are particularly expensive, espe-
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Figure 2. 0D microkinetic model of a packed-bed dielectric barrier discharge coupled with first-principles DFT calculations. The model accounts for
the impact of surface electric field on plasma-catalyst interactions in plasma-assisted ammonia synthesis using Fe(110) catalyst. Electric field E, electron
density n,, inlet gas N,/H, ratio, and reactor temperature T can be manipulated.

cially when accounting for electric field and charged species that
are central to the synergistic plasma-catalyst effects. These
challenges have impaired the development and optimization of
plasma-catalytic processes for ammonia synthesis.

In this paper, we investigate the impact of electric field, in
combination with other plasma process parameters, on LTP-
assisted catalytic synthesis of NH; (see Figure 1). The 0D
microkinetic model of Hong et al.”® is adapted with surface
reactions that can respond to varying levels of electric field.
‘While maintaining the cylindrical DBD reactor geometry used in
ref 25, we substitute Al,O; pellets with Fe(110) catalyst. The
choice of Fe(110) is motivated by its stability, being the most
stable facet of the body-centered cubic metal. Moreover, there is
extensive literature on Fe(110) concerning its adsorption
energies for different molecules.” Fe is also proven to be an
exemplary monometallic catalyst for thermal ammonia syn-
thesis, as evidenced by multiple studies,**** and is the subject
of significant research for plasma-catalytic ammonia syn-
thesis,'”*”* providing an extensive basis for comparison.”
Notably, we investigate how the rate coefficients of the surface
reactions, including adsorption, L-H, and E-R reactions, are
influenced by changes of electric field on the catalyst surface.
Electric field can influence activation energies, thereby
manipulating L-H reactions. For E-R reactions, a new approach
is proposed to incorporate electric field into the calculation of
sticking probabilities, while leveraging the widely used E-R
reaction rate coeflicient expressions as in refs 25 and 41. The
sticking probabilities of the E-R reactions are considered to be
controlled by the reaction entropy changes, which are a function
of electric field. DFT is utilized to calculate activation energies
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and species entropies under different levels of electric field.
Polynomial models are then fitted to interpolate the activation
energies and entropies, which are utilized in the microkinetic
model to describe the plasma-catalyst interactions in relation to
varying levels of electric field.

In the Methods section, we first present a detailed overview of
the 0D microkinetic model, followed by a description of rate
coeflicients for surface reactions and their proposed adaptations
to account for surface electric field. In addition, we introduce
utilization of the Fe(110) structure and how electric field is
incorporated into the DFT calculations. In the Results and
Discussion section, we study the impact of electric field and
other parameters of the plasma-catalytic process. First, we
conduct simulations under two levels of electric field and gas
temperature (equal to the catalyst temperature) to assess their
influence on gas-phase and surface species, as well as on surface
reactions. The calculations of L-H and E-R reaction rate
coeflicients, as well as sticking probabilities, heavily depend on
both the electric field and gas temperature. Accordingly, we
observe notable effects on the key reaction rates and
concentration of gas-phase and surface species, leading to
different reaction pathways for plasma-catalytic synthesis of
NH,.

To systematically quantify the contribution of all process
parameters to important quantities of interest such as NHj
concentration and surface reaction rates, we perform a global
sensitivity analysis, which reveals that electric field can have a
significant, yet variable, influence on different reaction rates.
This analysis suggests that the surface electric field affects the
NHj synthesis pathways and energy consumption in a nonlinear
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and nontrivial manner. Finally, we employ an active learnin
46 . . . . . . A2—4

strategy ~ based on multiobjective Bayesian optimization

to explore the trade-off between reactions dissipating energy and

producing NHj;, with the goal of determining the “optimal”

process parameters that minimize energy consumption while

maximizing the NH; concentration.

The microkinetic model coupled with DFT used in this work is shown
in Figure 2. In this framework, the microkinetic model takes in as inputs
the plasma process parameters, namely, temperature T, reduced electric
field E,, electron density n,, and inlet N,/H, ratio, to simulate the
plasma-catalytic NH; synthesis process. DFT calculations provide
energies and entropies required for determining, respectively, the rate
coefficients of L-H and E-R surface reactions under a given surface
electric field strength on Fe(110). The surface electric field strength is
inferred from E, and the total number density of species in the gas phase
1. Since reaction entropies also depend on the temperature and partial
pressure of species in the gas phase, entropies are updated in every time
step of the microkinetic model simulation. As species densities also
change at each simulation time step, the surface electric field is
recalculated and is fed into a polynomial model trained using data from
DFT calculations to obtain the new energies and entropies. Each part of
the modeling framework of Figure 2 is discussed in the following
subsections. The notation used throughout this paper is given in the
Nomenclature section.

In this work, the reactor is a cylindrical packed-bed type DBD reactor,
where the discharge is assumed to be uniform, and its volume is 48.6
cm?. The catalyst consists of 1.6 mm Fe spheres, leading to a geometric
surface area of 3370 cm” A roughness factor of 2.1 is used for the
catalyst, yielding a volume to area ratio of 0.00687 cm. In the DFT
calculations, the surface is assumed to be flat Fe(110). ZDPlasKin®® is
used as the 0D kinetics solver, where the Boltzmann equation is solved
via BOLSIG+"7 for reactions involving electrons. A graphical interface
program, QTPlaskin,*® is used to process the output files from
ZDPlaskin for further analysis. The microkinetic model is comprised of
the gas-phase and surface reactions. The set of reactions and species, as
well as the reactor geometry, are taken from Hong et al. ;> however, the
surface reactions are modified to account for the effect of surface
electric field.

ZDPlasKin solves the following mass conservation balance for each
species

%0
= (1)

where n; is the number density for the i species, j,., is the total number
of reactions involving the i species, and Qij(t) is the reaction rate of
production/consumption of this species by the j reaction per unit
volume. The different types of species considered in this work are listed
in Table 1. It should be noted that NH;(s) only appears in the DFT
calculations for activation energy and entropy barrier calculations.

In the DFT-microkinetic model, gas temperature T, electron number
density n,, electric field E, and N, volume fraction in the inlet mixture of
N, and H, can be manipulated. The chosen ranges for these four
process parameters are given in Table 2, which are the same as those
used in refs 25 and 49. The gas temperature is assumed to be the same as
the surface temperature. The gas temperature range is 300—600 K
because DBDs usually have a low discharge temperature.'”>%*" The
electron number density and the electric field strength are considered as
averaged quantities in the DBD.”>** According to refs 52 and 53, the
strength of electric field in the gas phase is within the range of 107 to
107*V/A, as also used in ref 25. In ZDPlasKin, electric field is not an
input. Reduced electric field E, is used as an input by the BOLSIG+
solver to calculate electron interactions.”**” Here, the resulting reduced
electric field E, is within the range of 30—100 Td, which is consistent
with typical values reported for DBD reactors.””>* In addition, the
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Table 1. Species Considered in the Microkinetic Model

Ground-state
molecules

N,, H,, NH;
Vibrationally excited ~ N,(v =1, .., 8), H(r =1, 2, 3)
molecules

Electronically excited ~ N,(A3), N,(B3), N,(a'1), N,(C3), H,(B3), H,(B1),

molecules H,(C3), H,(A3), Hy(R)
Radicals N, N(2D), N(2P), H, NH, NH,
Tons N*, NZ, N, Ni, HY, H3, Hi, H-, NHY, N,H*, NHZ,
NHZ, NH;
Surface species N(s), H(s), NH(s), NH,(s), NH,(s)"
Electrons e”

“This species only participates in the activation energy and entropy
barrier calculations.

Table 2. Ranges of Manipulable Process Parameters in the
Microkinetic Model Coupled with DFT Calculations

) N, (vol
T (K) n, (cm™) E (V/A) %)
Range  300—600 5X107to5x10° $X107°to12X 107>  0-100

surface electric field E,, is different from that of the gas phase; we
assume E, is proportional to the magnitude of the electric field in the
gas phase.

We systematically account for the influence of varying surface electric
field strengths, denoted by E, in the rate coeflicient expressions of L-H
and E-R reactions. In the ensuing subsections, we first provide an
overview of the original rate coefficient expressions. Subsequently, we
elucidate how these expressions are adapted to account for variable E,,.

L-H Reactions. The L-H reactions are listed in Table S1. Diffusion
activation energy barriers E4 of the L-H reactions are considered
constant.'”>>*' The diffusion energy barrier is the barrier for migration
of surface adsorbed species. E; is set to 0.2 €V based on H atoms
approaching other adsorbed species on the Fe surface. This is because
other adsorbed species (N(s), NH(s), NH,(s)) have higher E; values
and are thus harder to migrate during reactions,*”> given the
assumption of abundance of sites used in this work. As a consequence,
adsorbed H should transport to the closest sites to react. On the other
hand, activation energy barriers E, can vary with the surface electric field
E,.- We use DFT to calculate E, in relation to the variable strength of
E,; this is further detailed below. The expression for the rate
coefficients of the L-H reactions takes the form of

3 v Ey + E,
= —exp| ———
T P kT,

)
where T, is the surface temperature, which is assumed to be the same as
the gas-phase temperature T; v is the surface diffusional jump
frequency, the value of which is set to 10'* s™" according to refs 41
and 55 for metal surfaces; Sy is the total surface site density, set to 10"
cm ™2 based on refs 41 and 56 and assumed to be abundant. kg is the
Boltzmann constant.

A common approach to calculate E, is via transition-state theory in
DFT using the nudged elastic band (NEB) method,””*® which relies on
finding transition states. In thermal catalysis, E, is commonly estimated
using the Bell-Evans-Polanyl (BEP) principle.”” = For metal catalysts,
BEP indicates the difference in activation energy between two reactions
of the same family is proportional to the difference of their enthalpy of

65 ;
reaction.” That is,

E, = E, + aAH

()

where AH is the enthalpic change of the reaction; a characterizes the
position of the transition state along the reaction coordinate (such that
0 < a<1),and E is the activation energy of a reference reaction. Che et
al.% show that BEP correlation can be used for simple surface reactions
such as C—H breaking and O—H formation. In plasma-catalytic NH;

https://doi.org/10.1021/jacsau.3c00654
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synthesis, the main L-H surface reactions are the processes of N—H
formation, for which we assume BEP correlation remains valid. The
enthalpic change of a reaction is obtained by calculating the difference
between the energies of reactants and products. For example, AH for
N(s) + H(s) = NH(s) + (s) is

AH = Eyu(s) + B¢ = Bu) — Eng) 4)

where the energies of reactants and products (En(s) E(s)s Bra(s)s Engs))
are obtained by gemoetry optimization via DFT. BEP correlations for
the three L-H reactions are taken from refs 27 and 67, as listed in Table
S2.

E-R Reactions. In plasma catalysis studies, the E-R reactions
are commonly defined in terms of the sticking probability ygg, which
describes the probability of a molecule being trapped on a surface.
Accordingly, the rate coefficients for the E-R reactions are defined as

25,41,68

-1
_ N v22- _
ker = (7ERST) ==+ (YER)} STI

D A VY

(s)

where 7gp is the decay time of a gas-phase species due to diffusion and
adsorption losses on the surface; Sy is the total surface site density and is

the same as in eq 2; A is the diffusion length, set as 0.1 mm, and% is the

ratio of volume to area of the reactor. With the discharge volume V of
48.6 cm?, catalyst surface area of 3370 cm?, and a roughness factor of

2.1, % is 0.00687 cm.”* ¥ is the thermal velocity of atoms and radicals. D

is the diffusion coefficient. Under 300 K and 1 atm, the diffusion
coefficient has a value of 7.9 X 107> m’™, denoted by D. Under
different temperatures and pressures, D can then be approximated as

D T3/ 2 1
D 3003 p (6)
where p is pressure with the unit of atm.>>%

Hays et al.”® proposed a theoretical model for calculating y based on
the probability P, of a gas atom recombining with a surface atom as it
reaches the surface and the probability P, of a gas atom reaching the
surface after arriving at the pseudolayer. In this model, the activation
energy and entropy barriers are considered because P, is governed by
the surface activation energy and P, is influenced by entropic barriers
that a molecule must overcome. Mortensen et al.”' proposed the
following expression for y for metal surfaces

_ 1 KT psyry -k iyt
y=——e¢e e
FA h (7)

where F = p //2wmkgT is the flux of molecules hitting the surface; p is

the partial pressure of the reactant gas molecule; A is the area per site
that depends on surface geometry; kg is Boltzmann constant; h is
Planck’s constant; and AS is the entropy change. Additionally,
Mortensen et al. suggested that the sticking probability y could be
dominated by either activation energy or entropic barriers.”" For the E-
R reactions considered in this work, however, it is assumed all the
reactions that rely on the sticking probability are manipulated by
entropic barriers.”””” The only special case is H, + NH(s) — NH; +
(s), where the energy barrier of H, dissociative adsorption dominates.
Therefore, for this reaction, the reaction energy, instead of the entropy
change, is used for computing ygg. A recent microkinetic model for
plasma-catalytic ammonia synthesis also used entropic barriers to
modify the Arrhenius-like E-R reaction rate coefficients.””

Here, we use the g values in Table S4 as the standard case yq4 to
determine the corresponding standard entropy changes AS,;.>* Taking
the ratio of ygg to ¥yq and assuming ideal gas law, we have

By T'S A5k _ _ '
— if dominated by entropic
7 Tl{j ¢ASaa/ ks
o .
N LS AS/ky barrier
ia T €
- 1.5 ASuq/k
}/ER N Tst Je std/ KB
Yd B, TS o AH/ks

— if dominated by reaction
T e

_ Ny TS AH/kgT

barrier

N Tlt‘j e’Astd/kBTstd
s

(8)
where N is the total number of gas-phase reactant molecules and
radicals. The standard case ¥y is taken from ref 25 when the simulation
conditions maximize the NH; number density at the end of the process
(3600 s). The chosen standard condition is N, vol % = 33.33%, T = 400
K,p=1atm, E, =45.1Td, and n, = 827 X 107 cm™3, under which the
Y values for the E-R reactions are listed in Table S4. In eq 8, AS is
defined as the entropy difference between products and reactants. For
instance, AS of reaction N+H(s) — NH(s) is

AS = SNH(s) - SH(s) - Sx (9)

where Sy () and Syy) are the entropies of adsorbed NH and H on the
surface, and Sy is the entropy of N radicals in the gas phase. Here, the
entropy of surface is neglected assuming that the catalyst remains
unchanged before and after adsorption, although the movement of
surface atoms can impact adsorbate translations on the surface, thus
influencing the entropy changes during adsorptions.”> When a gas-
phase molecule is adsorbed on the catalyst surface, the main loss of
entropy arises from the translational freedom loss. Engelmann et al.
calculated the entropy change AS for each of the E-R reactions of
ammonia synthesis by directly considering that the gas-phase reactants
will lose all their entropy (or gain all their entropy from the gas-phase
products), assuming surface adsorbed species do not have any
entropy.”’ Alternatively, Campbell et al. observed that these adsorbed
species on mineral and metal surfaces retain most of their gas-phase
entropy.”* They proposed the following empirical formula to correlate
the entropy S,y of the adsorbed state and the gas-phase entropy S

gas

Sgs = 0'7Sgas — 3.3kg (10)

The above formula can serve as a general approximation for all mineral
and metal surfaces, while the parameters 0.7 and 3.3 must be adjusted
for a specific surface. Here, we use eq 10 to determine the entropy of the
adsorbed state. To calculate the gas-phase entropy of molecules and
radicals, the following equations are used to determine the entrophic
contributions from translation, rotation, and vibration

S(T) = SVlb(T) + Srot(T) + Strans(T) (113.)
2wl T 3/2
Strans = kB In K(M—ZB] + éI(ZB
h 2 (11b)
87°Tky T
Srot,linear = kB In - 2 + kB
oh (11c)
3
Srot nonlinear — E 11’1 L SHZCIA SﬂZCIB SHZCIC kB_T + ng
' 2 \vo kb |he 2
(11d)

hv,/kgT —hv./kyT
Svib — kBZ vl/ B exp( vl/ B )
~ 1 — exp(—hy/ksT)
— ky O, In[1 — exp(—hv,/kyT)]
i (11e)
where Vis the discharge volume, N is the total number of molecules and

radicals, o is the symmetry number of a molecule or radical, ¢ is the
speed of light, v; is the i mode of the vibrational frequency of a
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molecule or radical, and I is the moment of inertia. For a nonlinear
molecule or radical, the eigenvalues of the moment of inertia tensor I,
I, and I are used, since the moment of inertia should be calculated
based on orthogonal Cartesian coordinates. The standard entropies S 4

(including ngy = %, Sirany Srop and Syp,) of the gas-phase reactant
molecules/radicals used for ASg, calculations are listed in Table SS.
The standard reaction energy AH; of H, + NH(s) — NH; + (s) is 1.04
eV. From DFT calculations, we observed that electric field E can
influence entropic barriers by changing the number density of gas-phase
species, moment of inertia I, and vibrational frequencies v; of different
modes. Based on the above discussion, the E-R reaction rate coeflicients
depend on temperature T, partial pressure p, and electric field E. These
coeflicients change over time, since the number density of gas-phase
species evolves over time.

Recombination Reactions. Only E-R reaction mechanisms are
considered for the recombination reactions forming gas-phase N, and
H,. This is because the diffusion activation energy barrier for diffusion
of N atoms is too high.”>*"”* Additionally, H, formation from the L-H
reaction of two adsorbed H atoms usually has a lower contribution in
comparison with the E-R reaction.”>*>”® The sticking probabilities of
the two recombination reactions under standard conditions are listed in
Table S6. The rate coefficient of the recombination reactions is
calculated similarly to the above-described E-R reactions.

Adsorption Reactions. The direct adsorption reactions are listed
in Table S7. Their sticking probability for direct adsorption of radicals
to a clean metal surface is assumed to be 1, as in ref 77.

Dissociative Adsorption Reactions. Dissociative adsorption
reactions can play an important role in plasma-catalytic ammonia
synthesis. In particular, vibrationally excited N, and H, species can
decrease the activation energy barrier, therefore leading to production
of H(s) and especially N(s).'”%® To this end, Mehta et al. proposed an
Arrhenius-like rate coeflicient expression for vibrationally excited N,
dissociative adsorption.'” Alternatively, Hong et al. adopted an
approximated parametrized expression for the stickin§ probability of
vibrationally excited N, dissociative adsorption,”®™® which is the
approach taken here.

Plane-wave DFT calculations are performed using Quantum
ESPRESSO (QE) v.6.4.1 ab initio code® ™ and the Python ASE
package® for slab construction and analysis. The DFT calculations are
performed using computational resources provided by the Advanced
Cyberinfrastructure Coordination Ecosystem: Services & Support
(ACCESS) program.S’ We use Purdue-Burke-Ernzerhof (PBE)
exchange-correlation functional®® with the standard solid-state
pseudopotentials (SSSP)*” and Grimme-D2 van der Waals correc-
tions.*~*° The energy cutoff of 60 Ry is set for wave functions, whereas
the kinetic energy cutoff of 480 Ry is used for charge density and
potential.”" Spin polarization is enabled for all calculations. To
accelerate energy convergence for the number of k-points, Methfes-
sel-Paxton method”® is used with a smearing parameter of 0.01.
Convergence of electronic and atomic configurations is achieved when
the energy and forces fall below 107° eV and 107> eV/A, respectively.

Fe(110) slabs are created via ASE by cleaving bulk unit cells. The
unit cell is obtained via “vc-relax” in QE, allowing the lattice constant to
be optimized. The same setting as discussed above is used, except for
employing 12 X 12 X 12 Gamma-centered k-point meshes, 90 Ry
kinetic energy cutoff and 900 Ry energy cutoff. The resulting optimized
lattice constant is 2.802 A, which is consistent with PBE.”* The Fe(110)
slabs have a total of 4 layers, with 4 X 4 Fe atoms for each layer.
Periodicity in the z direction is disabled by using at least 20 A vacuum
between slabs in the direction perpendicular to the surface. Geometry
optimizations for the slabs and adsorbate-slabs are performed using a 4
X 4 X 1 k-point mesh while fixing the lower two layers of Fe(110) slabs.
The relaxed structures of the Fe(110) slab with different adsorbates can
be found in Figure S1. Increasing the mesh density did not show a
significant change of adsorption energies. On the other hand,
calculations on gas-phase isolated N, H, (x and y can be zero) are
conducted under the gamma point with a 20 A X 20 A X 20 A
orthogonal cell, where N, H, is in the center.
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For DFT calculations under varying electric field strengths, we use
Effective Screening Medium (ESM) method, which enables modeling
charged surfaces under the existence of electric field/applied
voltage.”™”* This method leverages the Green’s function technique to
modify the Possion solver in the standard pseudopotential plane-wave
scheme. It treats the slab sandwiched by semi-infinite medium, with
vacuum in between. Unlike the alternative methods of saw-like
potential and modern theory of polarization, the ESM method does
not require dipole correction for polarized surfaces. Moreover, the saw-
like method requires manual specification of suitable saw-like potential
profiles for catalyst surfaces, and modern theory of polarization requires
well-defined ground-state polarization that is not feasible for the
metallic system considered in this work.”*” In addition, electric field
near a surface (length scales of millimeter) is not necessarily the same as
electric field on a surface (length scales of angstrom) where the
adsorbed species exist. Moreover, the adsorbate can in turn influence
the electric field. The use of the ESM method allows us to capture this
phenomenon. Here, we refer to the surface electric field E, as the near
surface (length scales of millimeter), which is used in QE to define the
applied electric field used in the ESM method. As such, the real electric
field that an adsorbed molecule experiences is not E, but that inferred
from the ESM method. Electric field is assumed to be directed at the
Fe(110) surface since electrons are accumulated on the surface. E, is
inferred from the electric field strength used in the microkinetic model
by multiplying the average electric field in the reactor by an
enhancement factor in the range of 1000 to 10000.>°7~%

To calculate the vibrational frequencies for entropy calculation, we
only consider gas-phase molecules/radicals. The entropy of an
adsorbed species is estimated using eq 10. However, the ESM method
cannot be used to calculate vibrational frequencies due to its
incompatibility with the Phonon package in QE. Therefore, we
leveraged the saw-like method, which is commonly used for nonmetallic
systems, and obtained the same relaxed system energies for gas-phase
species as those obtained via the ESM method. The optimized wave
function files are then used to obtain vibrational frequencies for entropy
calculations.

Global sensitivity analysis using Sobol’ indices'®"'?* is used to

systematically investigate the contribution of each process parameter
to process outputs of interest predicted by the microkinetic model
coupled with DFT calculations. Sobol’ indices decompose variance of
model outputs into summands of input parameters. This allows Sobol’
indices to quantify the contribution of each input parameter, as well as
the interactions of the inputs, to the output variance.'*"'> We employ
the Python library SALib'** to perform the global sensitivity analysis.
The outputs include species number densities and reaction rates. The
calculation of Sobol indices for each output uses 5000 samples of the
process parameters following a Sobol sequence.'”® The output for each
sample is predicted at process time 4000 s.

To analyze how different process parameters impact the energy
efficiency of NH; synthesis, we consider the trade-off between rates of
reactions that waste energy and the concentration of NH; produced.
The main reactions wasting energy are the H, recombination (between
H and H(s)) and NH, decomposition (between NH; and e~).*>* This
is because H radicals are produced from collisions between H, and
high-energy electrons, thereby the reaction between H and H(s)
forming H, is detrimental to ammonia synthesis in ways of wasting
energy and reducing available H and H(s) for NH; synthesis.”>** Not
only NH; decomposition via collisions with electrons causes the loss of
NHy, it also wastes energy via reforming NH;, which is equivalent to H
exchanges.>>*1%

Investigating what combination of process parameters can maximize
the number density of NH; while slowing down the two processes
resulting in energy loss is therefore essential. Note that the latter two
objectives are conflicting. Here, we use multiobjective optimization** to
construct the Pareto frontier to study the trade-off between these
objectives. Since no closed-form expression exists for the number
density of NH; and the rates of the above reactions that lead to energy
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loss, we formulate this problem as a multiobjective Bayesian
optimization (MOBO) problem, which is especially useful for global
optimization of black-box functions.”>'®” The Python library AX is
utilized to solve the MOBO problem.'*® 10 random searches via Sobol
sequence are used to initialize the MOBO algorithm. We use radial basis
function kernel'” and the expected hypervolume improvement''’
acquisition function to, respectively, train a Gaussian process regression
model for each objective and suggest the next query point for active
learning of the process parameter space.

B RESULTS AND DISCUSSION

According to the rate expressions of the E-R reactions in eq 5
and L-H reactions in eq 2, the strength of electric field E and
reactor temperature T should significantly impact surface
reactions, thus influencing the NH; reaction pathways. There-
fore, we first examine the impact of E and T on surface reactions
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as well as on the generation and loss of the main gas-phase and
surface species. Subsequently, we perform a global sensitivity
analysis to systematically study the contribution of each process
parameter to the generation and loss of gas-phase and surface
species, including NH;. Finally, we use multiobjective Bayesian
optimization to study the trade-offs between reaction rates that
are responsible for energy dissipation and NH; generation.

Impact of Electric Field and Temperature

To study how E and T influence the surface reactions, important
species, and reaction mechanisms, two levels (low and high) of E
and T are chosen, forming a total of four combinations. The
values of the two levels of E and T are {6 X 107> V/A, 11 x 107°
V/A} and {350 K, 550 K}, respectively. The values of electron
density n, and N, vol % are fixed at 8.27 X 10’ cm™> and 33.33
vol %, respectively, which are selected according to ref 25 that
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studied reaction mechanisms of plasma-catalytic NH; synthesis
under the “most favorable” process parameters via experiments
and microkinetic modeling. The effects of n, and N, vol % are
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studied in the next section. For each combination of the
parameters, the reaction time is set to at least 4000 s to reach
steady-state. Figure 3 demonstrates how the sticking proba-
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bilities of the E-R reactions vary with respect to E and T. Note
that the sticking probability of H,+NH(s) — NH;+(s) is
calculated according to its reaction energy instead of entropy
due to the dominant energy barrier of dissociating H,. As can be
seen from Figure 3, the sticking probabilities of the E-R reactions
may not monotonically change with E or T. This is due to the
complex relation of the sticking probabilities to the partial
pressure p of the reactant gas-phase species and entropy changes
AS of species, which are nonlinearly affected by both T and E, as
in eqs 7 and (8).

Gas-Phase Species and Their Generation/Loss Mech-
anisms. Figure 4 shows the mole fractions of gas-phase species
N,(v1), Hy(v1), H, N, NH, NH,, and NH; under the four
combinations of E and T at time 4000 s. These gas-phase species
appear in the series of reactions forming NH;. Their mole
fractions vary as a function of both T and E; increasing E and T
results in a higher mole fraction for H, N, NH, and NH, species.
In contrast, the mole fractions of N,(v1) and H,(v1) only
experience a slight increase when E increases. These changes in
species mole fractions can directly influence the sticking
probabilities of their corresponding E-R reactions, which serve
as a conduit for the influence of E and T on the surface reactions.
Although the observed trends are expected, it is interesting to
note that NH; mole fraction exhibits a slight decrease under high
E and T. Hence, increasing E and T may not result in a higher
concentration of NHj, which can be attributed to the more
pronounced decomposition of NH; under high E and T. On the
other hand, lower levels of both E and T yield a relatively lower
NH; mole fraction. Note that the mole fractions of N, and H,
are not shown in Figure 4, as they are almost unchanged due to
their large initial values. H,(v1) and N,(¢1) mole fractions are
shown here since it has been postulated that they facilitate
dissociative adsorptions of vibrationally excited H, and
N,.”>'""''* Higher vibrational states of H, and N, are excluded
as their contribution to NH; formation is limited due to their
low concentrations. Furthermore, this study finds minimal
contribution from H,(¢1) dissociative adsorption forming H(s),
as shown in Figure 7(a), due to low population of H,(v1).*>'"?
Similar observations are made for N,(v1), which can be
attributed to its limited excitability.

Starting from the generation and loss mechanisms of NH;, we
trace the gas-phase species that play a key role in NH; formation.
Figure S depicts the contribution of important reactions
producing and consuming NH; and the corresponding
important gas species, including H, N, NH, NH,, at 4000 s for
the four combinations of E and T. A reaction is considered to be
dominant if it exhibits a notable reaction rate (i.e., the fastest
reaction, or the reaction rate is within 10% of that of the fastest
reaction) under any of these four combinations of E and T. The
L-H reaction NH,(s) + H(s) = NHj; + 2(s) is not depicted in
Figure 5(a) due to its relatively lower significance compared to
other reactions, primarily attributed to its high activation energy
as determined by DFT calculations. Consequently, the
important surface reactions responsible for NH; production in
Figure S(a) originate exclusively from E-R reactions, where
shifts in the NHj; surface reaction mechanisms can be observed
due to their variable response to E and T. As compared to the
dominant E-R surface reactions, the gas-phase reactions NH +
H, + H, » NH; + H, and NH + H, + N, - NH; + N, have a
smaller contribution to NH; generation. In fact, variations in
entropy changes of the gas-phase species H, H,, NH, NH,, and
NHj as a function of E and T play a key role on the extent to
which the rate of E-R reactions change. This discrepancy in
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entropy changes among species implies that the changes in
sticking probabilities for different E-R reactions can differ
substantially. This is because the sticking probabilities of
different E-R reactions can vary substantially in relation to the
entropy changes of the gas-phase species, as discussed above
(see Figure 3). The generation of these H, N, NH, and NH, is
exclusively driven by the gas-phase reactions; see Figure
5(c,e,gi). The desorption processes of these radicals from the
catalyst surface are not considered in this work due to the
assumption of abundant catalyst sites and the strong adsorption
of radicals onto the catalyst surface. As a result, the desorption of
H, NH, and NH, radicals is considered negligible.

The main reactions of e” + NH; - e” + NH + H, and e™ +
NH; — e~ + NH, + H producing NH and NH, are the
decomposition processes of NH;, as shown in Figure 5(b). As
NH; dissociative adsorption is not accounted for in the
reactions, the loss of NH; primarily stems from electron impacts
with NH;, closely resembling the model by Hong et al.>> The
NH; decomposition reactions in Figure 5(b) are in fact a source
of energy dissipation controlled by the electron number density.
On the other hand, NH can also be produced from N reacting
with excited H, (H,(B3SIG) and H,(B1SIG)) in Figure 5(e).
However, the concentration of N radicals in the gas phase is
usually low since the production of N in the gas phase via
(excited) N, dissociation is usually slow in comparison with N,
dissociative adsorption. Therefore, NH generation from the
reaction between N and H, is limited. This suggests that
catalysts can play an important role in NH; plasma-catalytic
synthesis,'”>>*” since the triple bonds of N, are too stable to
make N, reactive. The loss of NH and NH, mainly arises from
the E-R surface reactions between these species and H(s), as in
Figure 5(d,f). The reaction NH, + H(s) — NH; + (s) is a
primary source of forming NH; (see Figure 5(a)). The loss of
NH via NH + H(s) — NH,(s) is one of the main pathways
leading to NHj; production. It is worth noting that the rates of E-
R reactions all increase with higher values of E and T. However,
as shown in Figure 3, the sticking probability does not
necessarily increase with higher E and T for certain E-R surface
reactions, including N + H(s) — NH(s), NH + H(s) — NH,(s),
and NH, + H(s) — NHj; + (s). For these reactions, the rate
coefficients decrease due to the decrease in sticking
probabilities. Hence, the increase in the reaction rates is
attributed to the higher concentration of reactants under higher
values of E or T.

We also consider the generation and loss of N atoms in the gas
phase. As shown in Figure 5(j), under higher values of E or T,
although the NH; production is higher, the recombination
process of N + N(s) = N, + (s) will become faster, leading to
more energy dissipation. However, compared to the recombi-
nation process of H + H(s) — H, + (s) in Figure S(h), the
reformation of N, via the E-R surface reaction is much less
important (see Figure 5(j)). Additionally, the recombination
reaction of H, formation becomes faster as T and/or E increase.
In fact, energy dissipation via the H, recombination reaction has
been shown to be important and should be minimized to
enhance the energy efficiency of plasma-catalytic NH; syn-
thesis.”>""'* Yet, suppressing the H, recombination reaction can
conflict with maximizing NH; production. Lowering E and/or T
alone as a means of reducing the reformation rate of H, can
result in a decrease in the number density of NH,.

In addition to the above reactions, we also study the reactions
that yield “source” H and N atoms, which do not originate from
the decomposition of critical species, namely, NH;, NH,, and
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NH. As shown in Figure 5(gi), the majority of H and N
production can be attributed to the breakdown of critical
species. However, these reactions do not account for the
generation of “source” N and H atoms; instead, they result in the
creation of unproductive reaction cycles by consuming valuable
species like NH;. On the contrary, Figure 6 illustrates the
generation of “source” N and H atoms, including adsorbed N
and H. The reactions presented in Figure 6 exhibit notable
reaction rates and are considered essential for producing
“source” N and H."”>>"'>'"> As for “source” N production,
the dominant reaction is the dissociation of N, through electron
collisions, while N, dissociative adsorption prevails only under
conditions of low gas temperature and low electric field strength.
This observation is consistent with findings reported in the
literature, where the enhanced N, dissociative adsorption is
suggested to result from vibrational excitation N, (), lowering
the energy barrier;' " '#'!5 this observation is not attributed to a
strong local electric field. Hence, given that the DFT-
microkinetic model exclusively considers electric field effects, a
decrease in the contribution of N, dissociative adsorption to
“source” N generation is expected as T and E increase, since
higher temperatures promote gas-phase N, dissociation.

As for the reactions contributing to “source” H generation, the
dominant process is the dissociative adsorption of H,. This is
primarily because H, dissociative adsorption tends to occur
readily. Notably, gas-phase H, dissociation via electron
collisions only becomes significant under conditions of either
low temperature and electric field strength or high temperature
and electric field strength. This suggests that the influence of gas
temperature and electric field strength on H, dissociation via
electron collisions is synergistic.

Important Surface Species and Their Generation/Loss
Mechanisms. The microkinetic model takes into account only
four adsorbed surface species, namely, H(s), N(s), NH(s), and
NH,(s). NH;(s) is not included in the microkinetic model, but
its contribution is accounted for in the DFT calculations of
activation energies and entropy changes for the L-H and E-R
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reactions involving NH;(s). Table 3 lists the coverage fraction
for the four surface species under the four combinations of E and

Table 3. Coverage Fraction” of Adsorbed Surface Species
with Respect to Different Levels of Electric Field Strength, E,
and Temperature, T, under Constant N, vol% of 33% and
Electron Number Density of 8.27 X 10° cm™>

E=6 E=6 E=11 E=11

X 10°V/A, x107°V/A, X 107°V/A, X105 V/A,

T =350 K T =550 K T =350 K T = 550 K

H(s) 9.85x 107" 8.86x 107! 831 x 107! 7.97 x 107
N(s) 1.76 X 107° 145 x 1074 2.15x 107* 2.80 x 1074
NH(s) 122x 107  392x10°  2.88x107° 398 x 1078
NH,(s) 222x107* 993 x107? 1.53 x 107! 1.86 X 107!

“Note: The sum of the four coverage fractions may not equal to 1
since there could be free sites.

T, assuming abundance of available surface sites.”>*' Except for
H(s), the other three species undergo large variations in their
surface coverage. The considerably lower coverage fraction of
NH(s) suggests that it may act as a bottleneck species, as it is
rapidly consumed upon formation. This finding is consistent
with observations in ref 116, where the downstream reaction
pathway from NH(s) to NH; is limited by the E-R formation of
NH(s).

Figure 7 shows the contribution of generation and loss
reactions for H(s), N(s), NH(s), and NH,(s) under the four
combinations of E and T. The large surface coverage of H(s)
results from the strong dissociative adsorption H, + 2(s) —
2H(s) on the catalyst surface, as shown in Figure 7(a), which
also leads to the strong recombination process of H, in Figure
7(b), causing a large energy dissipation.”>"''* The reformed H,
then consumes energy via the reaction H, + 2(s) — 2H(s),
leading to generation of H(s). Other mechanisms of consuming
H(s) include the E-R surface reactions with NH,, NH, and N. As
E and/or T increase, these E-R surface reactions become more
dominant, while the recombination process becomes less
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Figure 7. Contribution of dominant reactions producing and consuming H(s), N(s), NH(s), and NH,(s) with respect to different levels of electric
field strength, E, and temperature, T, under constant N, vol % of 33% and electron number density of 8.27 X 10° cm™. (a,b) Contribution of reactions
producing and consuming H(s). (c, d) Contribution of reactions producing and consuming N(s). (e, f) Contribution of reactions producing and
consuming NH(s). (g, h) Contribution of reactions producing and consuming NH,(s)

competitive with the exception under both high E and T where
the recombination process becomes more competitive again.
The largest change of reaction rates in relation to increased E
and T (especially T) occurs for the L-H surface reactions NH, +
H(s) — NH; + 2(s) and N(s) + H(s) = NH(s) + (s), although
their contribution is almost negligible compared to other
reactions in Figure 7(b,d). This is expected since the activation
energy barriers of the L-H reactions calculated via DFT are
higher than the values used in refs 9 and 25 due to the electric
field effects considered in this study (see Tables S2 and S3).
Although the activation energies decrease when increasing the
electric field strength, their values are still too large to induce a
significant increase in the reaction rate coefficients. This is while
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temperature has a larger impact on the L-H reaction rates (see eq
2).

The formation of N(s) is mainly due to the dissociative
adsorption of N, and the direct adsorption of N, as shown in
Figure 7(c). At lower levels of E and T, the main source of N(s)
generation is the dissociative adsorption reaction N, + 2(s) —
2N(s). However, as E and T increase, the direct adsorption
reaction N + (s) — N(s) becomes more competitive,
particularly since N, is more prone to dissociation at higher T
and E. The loss of N(s) is dominated by the E-R reaction of H +
N(s) — NH(s). The recombination reaction forming N, will
become more significant with increasing E and/or T. Again, T
has a significant impact on the L-H reaction N(s) + H(s) —
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NH(s) + (s), which consumes N(s), due to its large activation
energy barrier (see Figure 7(d)).

Notable changes in the contribution of NH(s) generation
reactions are observed in Figure 7(e), indicating that the
reaction pathways governing NH(s) and even NH; formation
can vary nonlinearly in relation to E and T. As shown in Figure
7(f), the generated NH(s) is almost entirely consumed by
H,+NH(s) — NH;+(s), which is one of the sources producing
NH;. Lastly, the generation and consumption mechanisms of
NH,(s) are mainly governed by NH + H(s) - NH,(s) and H +
NH,(s) — NH;(s), respectively; see Figure 7(gh).

Summary of Changes in Gas-Phase and Surface
Reactions under Varying E and T. It follows from the
above that even under constant N, vol % and electron number
density, variations in the rates of different gas-phase and surface
reactions are nonlinear and highly correlated with each other
under varying electric field strength and gas temperature. This is
due to the sticking probabilities of the E-R surface reactions that
are influenced by the entropies of the related species. Table 4

Table 4. Summary of Changes in the Gas-Phase and Surface
Reactions in Plasma-Catalytic Synthesis of NH; in Relation
to Varying Levels of Electric Field Strength, E, and
Temperature, T, under Constant N, vol% of 33% and
Electron Number Density of 8.27 X 10° cm™*“

Low E, Low E, High E, High E,
Reaction low T high T low T high T
Generation of
“source” N
N,+e™ — 2N+e™ * * * *
N,+2(s) = 2N(s) * * *
Generation of
“source” H
H,+e™ — 2H+e™ * * * *
H,+2(s) — 2H(s) * * * *
Generation of N(s)
N,+2(s) = 2N(s) * * * *
N+(s) = N(s) % * *
Loss of N
N+H(s) — NH(s) * * * *
N+H,(v) - H+NH * *
Generation of NH(s)
N+H(s) - NH(s) * * * *
H+N(s) — NH(s) * ¥ * *
NH+(s) — NH(s) e o bAe
N(s)+H(s) — *
NH(s)+(s)
Generation of NH,(s)
NH+H(s) — NH,(s) * * * *
Generation of NH;
H+NH,(s) —» * * * *
NH;+(s)
NH,+H(s) — * * * *
NH;+(s)
H,+NH(s) — ¥ *
NH;+(s)
Loss of NH;
e +NH; — * * * *
e +NH,+H
e +NH; — e"+NH * * * *
+H,

“Blank: unimportant reactions. ¥: less dominant reactions. :
dominant reactions.

presents the main gas-phase and surface reactions that take part
in the plasma-catalytic NHj; synthesis and how their importance
changes with variations in E and T. The changes in the reaction
mechanisms are illustrated in Figure 8. In particular, the
dominance of some of the surface reactions changes under
varying levels of E and T. For instance, under high E and T, N +
(s) = N(s) exhibits a contribution nearly equal to that of N, +
2(s) — 2N(s), where N(s) is the main nitrogen source for
plasma-catalytic NH; synthesis. This behavior arises due to the
enhanced dissociation of N, in the gas phase caused by the
higher T and E. On the other hand, under high E and/or T, N +
H(s) - NH(s) assumes dominance, while its contribution is
comparable to that of H + N(s) — NH(s) under low E and T.
This observation is consistent with similar findings reported in
refs 39, 116, and 117 as H(s) is generally abundant under
different levels of T and E, making N + H(s) — NH(s) more
favorable compared to H + N(s) — NH(s). Additionally, Table
4 does not include any L-H surface reactions except for N(s) +
H(s) — NH(s) + (s). This finding is consistent with the
previous observations,””"'® which indicate that L-H reactions
play a less significant role in plasma catalysis on non-noble
catalysts compared to E-R surface reactions. The role of N(s) +
H(s) — NH(s) + (s) becomes more dominant specifically under
low E but high T. For the formation of NHj, the E-R reaction of
NH, + H(s) — NH, + (s) has been reported to be important.*’
However, our findings suggest that the E-R reaction of H +
NH,(s) — NHj; + (s) will become equivalently dominant under
high T and E. Recently, Zhe''® has reported the significance of H
+ NH,(s) — NH; + (s), where disabling this reaction leads to a
notable decrease in NH; yield. We conjecture that the increased
coverage of NH,(s), as demonstrated in Table 3, could partly
contribute to the importance of this reaction under high T and E.
Furthermore, as illustrated in Figure 3, T exerts a greater
influence on the sticking probability of NH, + H(s) — NH; +
(s), as compared to H + NH,(s) — NH; + (s).

A global sensitivity analysis is performed to further investigate
the effects of the four process parameters, namely, the inlet N,
vol %, electron number density n,, electric field strength E, and
temperature T, on the quantities of interest. We considered two
cases: 1. the microkinetic model with the modified E-R and L-H
reaction rate expressions informed by DFT calculations (termed
as DFT-microkinetic model); and 2. the original microkinetic
model from ref 25 that does not account for the effects of electric
field on the surface reactions (termed as microkinetic model).
For each of these models and each quantity of interest, S000
different combinations of process parameters in the hypercube
defined in Table 2 are used to calculate the total Sobol’ index for
each process parameter. The quantities of interest include the
number density of gas-phase and surface species at steady-state,
as well as the gas-phase and surface reaction rates. The total
Sobol’ index of a parameter indicates the overall contribution of
the parameter to the variance of a quantity of interest.

We first compute the total Sobol indices, Sty for the NH,

number density at steady-state with respect to the four process
parameters, as shown in Figure 9. The Sobol’ indices for the
number density of NH; show a significant difference between
the two models. In the microkinetic model, N, vol % has a much
larger Sobol’ index, followed by temperature T, electron number
density n, and electric field strength E, as shown in Figure 9. Yet,
these results reveal that the predictions of the original
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Figure 9. Global sensitivity analysis of NH; number density at 4000 s with respect to the four process parameters using the microkinetic model and the
microkinetic model coupled with DFT calculations that describe the effects of electric field on surface reactions. Sy, denotes the total Sobol” indices

of NH; number density approximated using 5000 samples.

microkinetic model that disregards the effects of electric field
may not be fully consistent with experimental evidence. For
example, refs 18, 119, and 120 have shown that, within the range
of 300 to 600 K, the impact of T on NH; concentration under
low inlet gas flow rates is either equivalent or lower than that of
the electric field E. Another major parameter is the energy input
to the reactor, which is paramount for the electric field effects
considered in this work. This is because the energy input dictates
the electron temperature, which is calculated from reduced
electric field by assuming Maxwellian distribution via BOLSIG
+." Therefore, it may not be justifiable that the effect of N, vol %
on NHj production is much more significant than T and E. In
contrast, as illustrated in Figure 9, the DFT-microkinetic model
demonstrates a decrease in the importance of N, vol %, while the
significance of electric field is higher relative to the case of the
microkinetic model. Moreover, the importance of T and E is
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comparable in the DFT-microkinetic model, which predicts a
reduced contribution of temperature to NH; production while
the contribution of electric field is increased. The decrease in the
importance of temperature is expected, considering that catalyst
effects on NH; production should be negligible between 25 to
175 °C,"® which covers about half of the examined temperature
range in this work. Nonetheless, as compared to experimental
observations,'® a more pronounced reduction in the contribu-
tion of temperature would have been expected. This discrepancy
between predictions of the DFT-microkinetic model and
experimental observations can be due to unaccounted plasma-
catalyst interactions, such as surface charge effects, in the DFT
calculations. Despite this, the DFT-microkinetic model
predictions match experimental observations more closely
than the predictions of the microkinetic model. It is however
challenging to describe the importance of electron number
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density, n,, in this model. n, governs the probability of collisions
between electrons and other particles, but its direct participation
in the surface reactions has not been considered in this work.
Recent DFT calculations have shown that electrons can strongly
impact adsorption energies.121

We now perform a global sensitivity analysis to investigate the
impact of the four process parameters on the key reactions
generating NH;. Figure 10 shows the Sobol’ indices, Sy, for the
rates of reactions

NH, + H(s) > NH; + (s) (12a)
H + NH,(s) - NH; + (s) (12b)
H, + NH(s) - NH; + (s) (12¢)

with respect to the four process parameters. The E-R reactions
accounting for the effects of electric field on the surface reactions
clearly indicate the importance of E and T for the rates of
reactions in eq 12a and eq 12b. Most notably, the significant
impact of N, vol % on the rates of reactions eq 12b and eq 12¢ in
the microkinetic model is strongly suppressed in the DFT-
microkinetic model. This reduction can be attributed to the
incorporation of electric field effects through the sticking
probabilities of adsorbed species that affect the E-R surface
reactions. Furthermore, the global sensitivity analysis shows that
H, and H exhibit a similar sensitivity to the process parameters
for both models (see Figures S2(a) and S3(a)). Additionally,
although a decreased contribution of N, vol % in the global
sensitivity analysis of NH(s) and NH,(s) is observed for the
DFT-microkinetic model, the decrease is marginal (see Figure
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S4(c,d)). Therefore, the difference in the contribution of N, vol
% between the two models for the E-R reaction in eqs 12b and
12¢ mainly lies in the entropy change of the reaction in eq 12b or
the reaction enthalpy of the reaction in eq 12c when calculating
the sticking probabilities. This is because the number densities
or coverage fraction of reactants H,, H, NH(s), and NH,(s) are
not the primary sources of the significant N, vol % contribution
discrepancy between the DFT-microkinetic and microkinetic
models. Hence, such a large contribution from N, vol % in the
microkinetic model may imply the sensitivity of reaction rates in
eq 12b and eq 12c to the changes in N, vol % is not reasonable,
as experimental observations suggest that surface reactions are
mainly impacted by electric field.*”''*'*" The increased
influence of both E and T on the NH; generation reactions via
electric field effects is thus more likely.'"®"""*® A similar
observation is also made for the reactions generating NH(s), as
shown in Figure S11(b,), where the microkinetic model
predicts that N, vol % is the most important process parameter
influencing the reaction rates of NH + (s) - NH(s) and H +
N(s) — NH(s). This is while the DFT-microkinetic model
correctly describes the importance of electric field.

The rates of the main reactions that dissipate energy, as
discussed in the previous section, are also investigated. These
reactions include

N + N(s) > N, + (s) (13a)
H + H(s) > H, + (s) (13b)
e +NH; - e +NH,+H (13¢)
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Figure 11. Active learning of the 4-dimensional space of process parameters based on 485 runs of the DFT-microkinetic model using multiobjective
Bayesian optimization. The objectives of active learning include maximizing the NH; number density, minimizing the total NH; dissociation rate, and
minimizing the H, recombination rate. The latter two objectives dictate the energy efficiency of plasma-catalytic NH; synthesis. (a) The Pareto frontier
with respect to the three objectives. (b) Projection of (a) on the 2D space of the H, recombination rate against the NH; number density. (c) Projection
of (a) on the 2D space of the total NH; dissociation rate against the NH; number density. (d) Projection of (a) on the 2D space of the H,

recombination rate against the total NH; dissociation rate.

Table 5. Seven Optimal Combinations of Process Parameters Selected from the Pareto Frontier Established Via Active Learning

of the 4-Dimensional Space of Process Parameters®

Active learning N, NH; number density H, recombination rate Total NH; dissociation rate

run T (K) n, (cm™3) E (V/A) vol % (em™) (em™3s71h) (em™ s~

482 39175 5% 107 11.67 X 10~ 0.909 8.15 x 10V 1.24 X 10'¢ 1.61 X 10'¢
237 52496 5% 107 8.99 x 107° 0.871 8.86 x 10" 1.46 x 10'° 2.03 X 10'¢
162 41349  5.14x107  1142x 107 0.909 9.50 X 10" 1.30 x 103 2.17 x 10'¢
360 506.10 5% 107 11.55x 107> 0.881 1.04 x 10*8 2.10 x 10" 7.16 x 10'¢
461 44641  5x 107 11.58 X 10~ 0.888 1.11 x 108 4.86 x 10% 3.87 x 10'¢
425 495.14  5x 107 10.73 X 10~ 0.859 1.28 x 10'8 1.13 x 10™ 5.16 x 10'¢
241 51132 5% 107 1049 X 10> 0.852 1.29 x 108 1.43 x 10™ 5.51 X 10'¢

“The order of these points is based on the achieved NH; number density.

e + NH; >e +NH+ H, (13d)

Except for the N, recombination reaction in eq 13a, only small
variations in the Sobol indices of the rates of these reactions are
observed with respect to the changes of the process parameters,
as shown in Figure S13. For the reaction in eq 13a, the electric
field effects outweigh the impact of N, vol %. This is plausible
since the number density of N is usually small due to the limited
dissociation of N, in the gas phase, which in turn results in a large
translational entropy barrier for the reaction to happen.
Therefore, the dependence of the rate of the reaction in eq
13a on N, vol % is expected to be relatively small. As for the
reaction in eq 13b, the small variation in the Sobol” indices is
attributed to the abundance of H and H(s), causing the reaction
rate to be almost identical under both models. We note that #, is
much less important than E and T for the rates of reactions eq
13c and eq 13d, contrary to the findings that n, is critical to the
energy dissipation via e~ and NHj; collisions.”
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As evident from the above discussion, the four process
parameters considered in this work influence the gas-phase
and surface reactions in highly nonlinear and interdependent
ways, which poses a major challenge to maximizing NH;
production. This challenge is further compounded when striving
to minimize the rates of energy-dissipating reactions in order to
enhance the overall energy efficiency of the process. We use
active learning to systematically investigate how the four process
parameters influence the trade-off between the conflicting
objectives of maximizing NH; production (i.e, NH; number
density) and minimizing the rates of energy-dissipating
reactions. Energy dissipation is evaluated based on the rates of
NH; dissociation reactions (eqs 13c and 13d) and the rate of H,
recombination reaction (eq 13b). As such, the active learning
problem is formulated as a multiobjective Bayesian optimization

https://doi.org/10.1021/jacsau.3c00654
JACS Au 2024, 4, 525-544


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00654/suppl_file/au3c00654_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00654?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00654?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00654?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00654?fig=fig11&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

problem with three objectives: maximizing the NH; number
density, minimizing the total NHj; dissociation rate, and
minimizing the H, recombination rate. Note that the N,
recombination reaction in eq 13a is not considered because its
rate is usually much lower than that of the H, recombination
reaction in eq 13b due to the low number densities of N and
N(s). The N, recombination rate is only comparable to that of
H, recombination when N, vol % reaches at least 97%, under
which case the NH; number density is usually very small.

Figure 11 depicts the outcome of active learning of the 4-
dimensional (4D) space of process parameters based on 485
runs of the DFT-microkinetic model wherein the three
objectives are evaluated at 4000 s. As can be seen, to obtain a
higher number density of NHj, the reaction rates of both H,
recombination and NHj dissociation must increase. The active
learning of the parameter space yields a Pareto frontier, which
consists of a set of process parameters that are optimal with
respect to the three objectives considered in the multiobjective
Bayesian optimization problem.

Table S lists seven optimal process parameters selected from
the Pareto frontier, where the NH; number density has a
favorable value of approximately 10° cm™. To maximize the
NH; number density while suppressing the energy-dissipating
reactions, electron number density is pushed to its lower bound
and N, vol % is maintained at a relatively higher level. This is
because n, directly controls the reaction rate of NH;
decomposition by collision with e”, as also observed by Hong
etal.”>* On the other hand, the suggested values for N, vol % by
active learning, in the range of 0.85 to 0.9, can significantly
decrease the number density of H and H(s) for the reaction in eq
13b, while not limiting the generation of NH; and avoiding a
large energy dissipation caused by N, recombination. The
optimal process parameters in runs 241 and 425 yield the largest
NH; number density. Although the resulting process parameters
in these two runs are very similar, the small variations in T, E, and
N, vol % can result in an increase of 6.78% in the total NHj;
dissociation rate and an increase of 26.55% in the H,
recombination rate. Hence, the small improvement in NHj
production is associated with a fairly large increase in the rates of
energy-dissipating reactions, which diminishes the energy
efficiency of NH; synthesis. This analysis illustrates the highly
complex and nonlinear relationships between the process
parameters and NH; production and its energy efliciency,
where even small changes in the input process parameters can
lead to vastly different process outcomes. Furthermore, this
study shows the promise of active learning for systematic and
computationally efficient exploration of the complex parameter
space of plasma-catalytic systems with multiple objectives.

This paper investigated how process parameters, including
electric field, reactor temperature, inlet N, vol %, and electron
number density, can influence plasma-catalytic ammonia
synthesis in a cylindrical dielectric barrier discharge reactor
packed with Fe(110) catalysts. A first-principles framework that
integrates DFT with microkinetic modeling is used to account
for the impact of electric field on surface reactions. We observed
that electric field and reactor temperature can influence reaction
rates in a nonlinear manner, possibly leading to changes in the
NH; synthesis reaction pathways. A global sensitivity analysis
illustrated that the predictions of the DFT-microkinetic model
are consistent with experimental observations from the
literature, as compared to a microkinetic model that disregards
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the effect of electric field on surface reactions. Additionally, the
global sensitivity analysis elucidated the contributions of the
process parameters to the generation/loss of gas-phase and
surface species, providing insights for further improvement of
microkinetic models and informing the design of plasma-
catalytic reactors for ammonia synthesis. Finally, we used
multiobjective Bayesian optimization to systematically inves-
tigate the trade-off between NH; production and its energy
efficiency. Notably, we observed that similar combinations of
process parameters yielding comparable NH; production can
result in vastly different energy dissipation via NH; dissociation
and H, recombination reactions. This observation underscores
the complexity and sensitivity of plasma-catalytic processes to
their input parameters.

To the best of our knowledge, this work is the first effort to
combine microkinetic modeling with DFT to investigate the
effects of electric field on plasma-catalyst interactions. None-
theless, the potential effects of other plasma-surface interactions,
including surface accumulated charges, photons, and surface
morphological alterations, were not accounted for in this work.
In addition, further research is warranted to investigate how the
presence of electric field, as well as other plasma-surface
interactions, may influence diffusion activation energies and
activation energies of the surface reactions. To this end, more
sophisticated and computationally demanding techniques, such
as time-dependent density functional theory, hold promise for
establishing a more comprehensive view of how activation
energies and entropic changes may be influenced by vibration-
ally excited species, exemplified by N,(v1). These avenues can
provide a deeper understanding of the intricate interactions at
play in plasma-catalytic processes and pave the way for enhanced
control and optimization of these processes.

Codes. The scripts for DFT calculations, microkinetic model,
and multiobjective Bayesian optimization can be found in
https://github.com/wwwccttoo/DFT-microkinetic.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00654.

Details about the parameters of the DFT-microkinetic
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E, V/A; Electric field

E,., V/A; Surface electric field

E,, Td; Reduced electric field

T, K; Gas temperature (Catalyst temperature is assumed to be
the same as gas temperature.)

p, atm; Pressure

n, cm™%; Total sEecies number density in gas phase

N; Number of i* species

n, cm™%; Number density of ith species

n,, cm~>; Electron number density

T,, K; Electron temperature

R, em™ s71; Rate of j reaction

E,, eV; Activation energy

E4 eV; Diftusion activation energy

Sty cm™%; Density of total surface sites

AH, eV; Enthalpy of a reaction

V, cm’; Discharge volume

A, cm?; Catalyst surface area

7; Sticking probability for direct adsorption

7er; Sticking probability for E-R reactions

Ysua; Sticking probability defined under standard conditions
for E-R reactions

P, atm; Partial pressure of the reactant gas species in E-R
reactions

By atm; p under standard conditions of the reactant gas

species in E-R reactions

Sgas J K™ mol™!; Gas-phase species entropy

S.a9 J K~ mol™"; Adsorbed species entropy

AS,J K™! mol™"; Entropy change of a reaction

ASyy J K7 mol™; Entropy change of a reaction defined
under standard conditions

“It should be noted that this study does not encompass the
investigation of different catalyst materials, or the role of catalyst
support.
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