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Abstract: Non-thermal plasma is a promising alternative for ammonia synthesis at gentle
conditions. Metal meshes of Fe, Cu, Pd, Ag and Au were employed as catalysts in radio frequency
plasma for ammonia synthesis. The energy yield for all these transition metal catalysts ranged
between 0.12-0.19 g-NH3/kWh at 300W, and thus needs further improvement. In addition, a semi-
metal, pure gallium, was used for the first time as catalyst for ammonia synthesis, with energy
yield of 0.22 g-NH3/kWh and with a maximum yield of = 10 % at 150 W. The emission spectra,
as well as computer simulations, revealed hydrogen recombination as a primary governing
parameter, which depends on the concentration or flux of H atoms in the plasma and on the catalyst
surface. The simulations helped to elucidate the underlying mechanism, implicating the dominance
of surface reactions and surface adsorbed species. The rate limiting step appears to be NHz
formation on the surface of the reactor wall and on the catalyst surface, which is different from

classical catalysis.
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Introduction

Ammonia production is one of those processes that eagerly call for alternative synthesis
strategies. With ammonia currently synthesized through thermal catalysis at high temperature
and pressure, alternatives such as synthesis by plasma technology, which can be sustained

through solar/wind-produced electricity, are of great interest. However, a major roadblock to



design an effective plasma-assisted process for ammonia production is the lack of fundamental

information about this process, especially when using radio frequency (RF) plasma.

Ammonia is currently produced via the Haber-Bosch process, which is typically performed
at 450-600 °C and 150-350 bar in the presence of a catalyst,!® making it the most energy-
intensive process in the chemical industry. With global ammonia production at ~141 million
tons per year in 2015! and projected to ~249.4 million tons per year in 2018, the Haber-Bosch
process consumes 1-2% of the world’s energy, uses 2-3% of the world’s natural gas output,
and emits over 300 million metric tons of COz each year.”® These numbers partly arise from
the need to separate nitrogen from air via cryogenic distillation and to source hydrogen from
(typically) natural gas,'® but a significant part of the energy consumption is due to the nature

of the reaction itself.

The overall reaction for ammonia production is: 3Hz + N2 & 2NH3 AH29s = -10.97 kcal/mol.
The reaction enthalpy indicates that the reaction is thermodynamically favored at low
temperature. However, the critical elementary step of N2 dissociation presents a large free
energy of activation, even on widely used heterogeneous catalysts. High temperature is needed
to overcome the barrier, but this forces the use of high pressure to make the equilibrium favor
the reaction again via Le Chatelier principle. It is clear that the kinetic stability of the N2 triple
bond ultimately makes the “fixation” of nitrogen an energy intensive process.!!'!'>13 It is
difficult to dissociate the triple bond of nitrogen because the molecule does not readily accept'*
or donate electrons'> . The strengths of the N2 triple, double and single bonds are 225, 100
and 39 kcal/mol, respectively.!* 17 Hence, even the current best catalysts still need to operate
at temperatures of 500-600 °C or higher to achieve practical dissociation rates.'! It is widely
accepted that thermally catalyzed ammonia synthesis follows the Langmuir-Hinshelwood (LH)

mechanism'® (see Supporting Information: Table S1).

Ammonia is used to produce plastics, synthetic fibers and resins, explosives, and numerous
chemical compounds, but the major driving force behind ammonia synthesis is its use in

fertilizers, including its direct application as anhydrous ammonia. Indeed, urea, ammonium



nitrates, and ammonium phosphates are among the most important ammonia derived
chemicals. Given its impact on crop yield, the cost of ammonia has a direct impact on the
pricing of food. Besides its impact in the food industry,'® ammonia could have an impact in
the transportation sector,2?23 by potentially providing a long term, zero-carbon emission fuel
with a projected two-century lifespan.?* 2° Additionally, since one mole of ammonia contains
1.5 moles of hydrogen, 17.8 wt% of hydrogen or 108 gn2/L, are “stored” in liquid ammonia at
20 °C, which vastly surpasses the storage capacity (25 g/L) of traditionally studied hydrogen
storage materials, such as metal hydrides.?® Thus, by leveraging established methods and
facilities for ammonia storage and handling, it could be feasible to implement an “ammonia

economy,”?’ especially considering that ammonia could be synthesized from renewable

feedstock, e.g. hydrogen from biomass.?%?’

The production of ammonia from renewable feedstock could also spur small plants at remote
locations that could produce ammonia for use of local farmers. It is important to note, however,
that the Haber-Bosch process is only economically feasible at large scale. Hence, alternative
technologies need to be explored for the case of small scale synthesis of ammonia, especially
if the processes could be powered through ‘renewable” electricity and performed at milder

conditions. This prospect could be accomplished via plasma-based ammonia synthesis.

Plasma-based ammonia synthesis has been investigated to accelerate the rupture of the triple
nitrogen bond at low temperature using different plasma discharges. A detailed overview of
the state of the art is given in the Supporting Information (Table S2). Notably, non-thermal
atmospheric plasma was able to synthesize ammonia successfully with enough yield for

),3%-3 and with some exceptions even up to 7 and 9°°%**4,

practical application (0.2-3.5%
although the yield was highly dependent on the flow rate of N> to the reactor.>’*® The use of
catalyst-loaded ceramic membranes to achieve yields of 2%%® is highly notable, but the
membrane decreases the flow velocity of reactants, resulting in slow production rates. Most
recently, non-thermal atmospheric plasma with metallic copper wool as catalyst led to an
ammonia yield of 3.5% at room temperature.*® Finally, Ru-promoted catalyst was reported to
increase the yield to 7% in a DBD reactor,*® and Ni supported on BaTiOs beads as catalyst
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resulted in the highest yield of 9% reported in a DBD plasma*!. Previous reports*®

demonstrated that meshes are one of the most effective catalyst configurations in DBD reactor.



For comparison purposes when using a copper rod, the ammonia yields that we observed were
lower as compared to wool like copper. Specifically, the yield was 0.83% for rod vs 2.6 % for
wool like copper. Furthermore, the commercial availability of these pellets is limited, and when

available they are more expensive than the meshes.

Most studies on plasma-based ammonia synthesis are based on atmospheric pressure
dielectric barrier discharge plasmas. Very few reports exist on the synthesis of ammonia from
nitrogen-hydrogen using low pressure (0.01-10 torr) RF discharges®* *>*>. Despite the need of
using a pump to generate vacuum, RF plasma sources are by far the most common employed
in the semiconductor industry*®. This offers the advantage of employing a source widely
accepted and adapted to the industrial scale, plus the knowledge that this conveys, i.e.,
operation and repair. In previous RF plasma-assisted ammonia reports, molecular sieves such
as 13X were used for ammonia adsorption and the amount adsorbed was determined by the
Kjeldahl method*. The maximum ammonia yield reported when using only plasma (no
catalyst) was found to be = 0.5 mmol/g-zeolite 13 X. Typical reaction conditions were 650 Pa
(= 5 torr), 20 scem (1.2 dm*/h), 3 h at 130 W-180 W using a nitrogen-hydrogen mixture of
4:13%42% The effect of Fe wire and its loading pattern as catalyst were studied, but the reaction
stabilization point was never reached even after 3 hours, leaving a lot of unanswered questions
about the reaction scheme*®’. Furthermore, the combined effect of the plasma power and
different catalysts on the ammonia yield has not been explored yet. Also, to our knowledge,
there is no clear proposed mechanism for the synthesis of ammonia under RF plasma exposure.
Evidence from the abovementioned reports indicates that a lot of new insight is needed about

the reaction kinetics and mechanism of the process, especially when using RF plasma.

In the present paper, we demonstrate unprecedented yields, as high as ~ 19% when

employing Au mesh and ~ 10% when employing molten Ga as catalysts at suitable conditions.

In addition, we provide fundamental information about the nature of the reactive processes
occurring during RF plasma-assisted ammonia synthesis, as a function of plasma power and
plasma-catalyst combination. Furthermore, through the integration of simulations and
experiments, and using a unique experimental set up designed specifically for this task, we

provide a close view of this non-thermal plasma approach.



Experimental

The experiments were performed in an in-house built plasma reactor (Figure 1). The reaction
was conducted by introducing nitrogen (Praxair, 99%) and hydrogen (Praxair, 99.99%) ata 1:4
N2:H2 ratio to the reaction chamber using mass flow controllers. This ratio has also been
reported in literature as the optimum ratio for plasma-based ammonia synthesis®® 3% 3647 The
nitrogen and hydrogen flow rates were 4 and 16 sccm, respectively. The plasma was ignited
using an RF Power Supply with a Matching Network from Seren IPS, Inc. The typical reaction
pressure and temperature were 0.26 torr and 400°C, respectively. The gas temperature is
assumed to be 400 °C, controlled by the furnace temperature as the plasma itself will not give
much heating at this low pressure. The plasma excitation was started when the furnace reached
the desired temperature. Metal mesh catalysts, i.e., Fe, Cu, Pd, Ag and Au (Alfa Aesar,
Pluratonic 99%+), were purchased in the form of 0.1 mm wires. Gallium (Sigma Aldrich,
99%+) was coated on inert glass capillaries and loaded in the reactor. The mass of the catalyst
loaded was 1 g for all catalysts. The reaction products were bubbled into deionized water,
which was titrated with dilute sulphuric acid with phenolphthalein as indicator. The reactor
was uniquely designed for ammonia synthesis by adding an on-line Agilent 7820A gas

chromatograph (GC), equipped with a gas sampling valve and HP-PlotQ column (30 m x 0.32
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Figure 1. Schematic of the in-house built RF plasma reactor and surrounding equipment for gas
inlet and outlet.



mm x 20 um). The gases were analyzed every 3 minutes for 30 minutes using the GC. All
experiments were repeated thrice. The experiments were performed for input powers varying
from 50 to 300 W at steps of 50 W. The plasma intensity (length of glow region) increased
about 5 cm with increasing temperature from room temperature (25°C) to 400°C, suggesting
that the addition of thermal energy to the plasma state helps in retaining the ionized state for
longer lengths, i.e. higher radical lifetime as the plasma zone has become longer, but the
residence time of 0.72 s is assumed to be constant, as the vacuum pump works at constant

power. Plasma power is the power delivered to the incoming gas.

Ammonia yield (%) is defined as the percentage of nitrogen molecules converted to
ammonia. Because we work at reduced pressure, the energy cost associated with the vacuum
pump must also be accounted for. The power consumed by the vacuum pump was calculated
using a digital clamp on meter. The power read was 169 W which is 20% (approximately) of
the total power consumed in the operation (RF Power Supply + Vacuum Pump) at 300 W output

plasma power.

The energy yield is defined as the synthesis rate of ammonia per unit energy, while the energy
cost is defined as the energy input for synthesis for one mole of ammonia. The formulas for
calculating the energy yield and energy cost are as below. The electrical efficiency of the power
supply is assumed to be 50% (average of 40-60%).

Ammonia Flow Rate

EnergyYield = (1)

Input Power

Plasma Power

where, Input Power = 2)

Electrical Ef ficiency

For the energy yield in g-NH3/kWh and energy cost in MlJ/mol, we use the following

equations and conversion factors.

g-NH; 3600

— -4

= x sccm x 7.435 % 107% * My, * 7000 3)

Zgl;/ll\ili;ls - yg_:Hs * Input Polwer (kW) (4)
M 17 *3.6

Energy Cost(E) = %)

where, X = flow rate of formed NH3 in sccm, Y = energy yield in g-NHs/h, z = energy yield
in g-NH3/kWh, molar mass of ammonia = 17 g/mol,1 kWh = 3.6 MJ, electrical efficiency of



power supply =0.5, 1 h= 3600s, 1 g= 1000 mg, 1 sccm = 7.45 x 10"* mmol/s. All conversion

factors are obtained from the NIST database.*®

Chemical kinetics model for radio frequency plasma ammonia synthesis

A zero-dimensional chemical kinetics model was used to understand the important
intermediate species and chemical pathways in plasma catalytic ammonia production by low
pressure RF plasma. A set of time-dependent coupled differential equations accounts for the
different reactions taking place in the plasma glow and at the reactor walls. The solution of the
system of equations, which describes the time evolution of the various species from plasma
ignition until the residence time is reached, is implemented in the ZDPlaskin code®, to
elucidate the plasma chemistry. This model calculates the species densities as a function of
time by means of continuity equations, taking into account the various production and loss

terms:
dn; () €8] az(})
e X (aij —a; )kj [lin, (1)

where aij") and ajj® are the stoichiometric coefficients of species i, at the left and right hand
side of a reaction j, respectively, ni is the species density at the left-hand side of the reaction,

and Kj is the rate coefficient of reaction j (see below).

The species considered in this model are listed in Table 1. The model considers 30 different
species, including the electrons, various neutral species and ions, as well as 4 surface-adsorbed
species, i.e., N(s), H(s), NH(s) and NHaz(s), which are found to be the main precursors for
ammonia synthesis. Adsorbed NH3 molecules are assumed to be desorbed spontaneously

following Carrasco et al’’, so that NH3(s) is not separately defined.

Table 1. Overview of the species included in the model

Molecules in ground ) )
Atoms Surface-adsorbed species | Charged species

state and in various




electronically excited

levels*

H,, N5, NH, NH,, NH;,
NZ(A3)7 NZ(BB)a

N,(C3), H(s), N(s), NH(s), HF,NF, H*,N*,NH*, NHJ,
N,(a'1),H,(B1), N NH,(s) NHZ, NHf, Hf, N,H*,e”
Hz(B3), Hz(C3),

H,(43)

* The notations of these electronically excited levels are taken from ref.”!

The different chemical reactions included in the model are based on Carrasco et al. >° but
many other reactions have been added, involving the electronically excited molecules and
atoms, as well as more gas phase reactions, which gradually become important with rising
operating pressure. The gas phase reactions considered are electron impact ionization,
excitation and dissociation of various neutral species, electron-ion recombination, ion—
molecule reactions, as well as neutral species reactions (see table S3-S6). The surface reactions
comprise ion neutralization and wall relaxation of excited molecules at the reactor walls, as
well as heterogeneous reactions of the neutral species (see table S7-S9). In the work of
Carrasco et al. > the electrons are assumed to follow a Maxwellian-like energy distribution
and the rate coefficients of electron impact reactions are fitted as a function of electron
temperature. However, deviations from a Maxwellian behaviour often take place in the
discharge and therefore, we use the original cross sections to directly calculate the rate
coefficients of the electron impact reactions. Although the vibrationally excited molecules are
not explicitly included in our model, electron impact vibrational excitation is included to
describe the electron energy loss processes and hence to accurately calculate the electron

energy distribution function (EEDF).

The production of NH3 is assumed to take place by the successive hydrogenation of adsorbed
N atoms and N-containing radicals at the surface of the quartz tube and the metal catalyst in
the furnace. In fact, our model reveals that the gas phase volume reactions alone are not able
to produce ammonia in detectable amounts, in agreement with previous works °°. In order to

prove that surface reactions at the quartz tube (i.e., reactor wall) also contribute to ammonia



production, we performed experiments at 150 W and room temperature, employing quartz and
polycarbonate tubes. The average ammonia yield obtained when using quartz and
polycarbonate was 2.3% and 4.9%, respectively, after 30 min of reaction (Figure 2a). This
confirms that the reactor tube wall affects the ammonia production. As the polycarbonate tube

was not stable after the second run (Figure 2b), all experiments were run in a quartz tube.

Figure 2. Ammonia Yield (%) vs. Time (min), a) for Quartz and Polycarbonate Tube, and b) for
various runs on Polycarbonate tube.

However, for the model, the effective surface area A should be known with taking into surface
roughness into account. The discharge length and inner radius of the tube are defined as L and R,
with L equal to 83 cm and R equal to 22 mm Hence, we can obtain the discharge volume and the inner
geometric surface area of the quartz tube as V = nR’L and A = 2nRL, respectively. As noted by Kim
et al.,>? the surface roughness factor can vary a lot, depending on the surface conditions and
measurement method. Bikerman reported that the surface roughness of glass varies between
1.6 and 5.4.>3 To estimate the effective surface area A in our model, we assumed a surface
roughness factor of 2. This is in between the value of 2.4, adopted by Gordiets et al.,*° and the
value of 1.6, obtained by Carolus et al.** Hence, we assume the ratio of reactor volume to
active catalyst surface area, V/A=(nR2L)/(§2nRL)=R/2/E=R/4=0.275 cm, when a surface
roughness factor £&=2 is assumed. In order to investigate the influence of this parameter on the
calculated NH3 yields, we performed calculations for various values ofé=1, 2, 3 and 5, at a

discharge power of 150 W. We can see from figure 1 that with increasing value of the surface



roughness factor, the calculated NH3 yield gradually increases, indicating the significant role

of surface reactions in determining the NH3 yield.

Figure 3. Experimental and calculated ammonia yields without catalyst and with Fe catalyst for
a discharge power of 150W, assuming different values for the surface roughness factor.

The rate coefficients for the neutralization of ions (K1-K10 in table S7) at the walls (i.e.,
both quartz tube and Fe catalyst) are obtained by considering that the net ion generation in the
gas phase (i.e., difference between the total ion density produced by electron impact ionization
(X17 to X28) and destroyed by electron-ion recombination (E1 to E12)) must be balanced by

the total ion flux to the walls, in order to meet the electroneutrality condition *°.

Y R¥-kRE
ki= = Q)
mi(21=1‘/_le)

where [z;] is the density of the ionic species, and R]X and RE are the rates of electron impact

ionisation and electron-ion recombination, respectively. The loss rate of a given ion to the

walls is proportional to its mobility, and thus inversely proportional to the square root of its

mass\/ﬁ .
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The rate coefficients for relaxation reactions of the electronically excited states of N2 and H2
upon interaction with a surface (i.e., both quartz tube and Fe catalyst), i.e., reactions W1-W6

in table S8, are calculated using Chantry’s formula .

_ A_z V2(2-Ywal)y-1
kwall - (D + A PYwau (8)

A indicates the diffusion length, which is defined from the radius R of the reactor, using
R/2.405 when Fe catalyst is not loaded. When Fe catalyst is loaded, we use A= 0.2*R/2.405,
considering the reduced gap. D is the diffusion coefficient, v is the thermal velocity of the
excited molecules, and V/A is the ratio of volume to inner surface area of the reactor. The wall
loss probability pwan of the electronically excited states of N2 was assumed to be the same as
used by Gordiets et al. >, The same estimate was used for electronically excited H2 molecules,
following the work of Hong et al. °'. Hence, we assume ywait = 107 for all excited molecules.
Note that this rate coefficient takes into account the decay rate of the species due to loss by
diffusion in the discharge volume, as well as the surface interactions with the wall, which

correspond to the first and second term in equation (S2), respectively.

Heterogeneous plasma—surface interactions can be broken down into (1) adsorption, (2)
surface diffusion, (3) E-R (Eley—Rideal) interactions between surface-adsorbed and gas-phase
species, (4) L-H (Langmuir—Hinshelwood) interactions between two surface-adsorbed species
and (5) desorption. For the heterogeneous reactions in our model at both the quartz wall of the
reactor and the Fe catalyst, we have introduced some general approximations: (i) the adsorption
follows Langmuir theory, i.e., gas phase species can only adsorb on free surface sites until the
surface is fully covered by adsorbates (monolayer adsorption), (ii) all the surface sites are
treated as identical and (iii) the adsorbate—adsorbate interactions are neglected. We do not
consider surface modifications and/or solubility of gases in the bulk surface to be of relevance
for the kinetics of ammonia production. This assumption is based on surface science studies
and high-pressure catalysis modelling >’. When the product of E-R or L-H interactions is a
stable N2, H2 or NH3 molecule, it will be desorbed back to the gas phase; otherwise it is
assumed to remain on the surface as an intermediate surface-adsorbed species, i.e., NHx(s)

(with x=1 or 2), N(s) or H(s). Hence, spontaneous desorption of N, H and NHx radicals is not

1.50 1'51

included in the model, following Carrasco et al.”” and Hong et a
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We consider two types of surfaces in the model: a quartz surface (reactor tube), and a surface
of intermediate properties, which mimics in our 0D model the two-stage reactor used in our
experiments when Fe catalyst is loaded in the furnace. The reaction rate coefficients of the
surface with intermediate properties are obtained from the corresponding data for quartz and
Fe catalyst, as explained below. We need reaction probabilities and reaction energies
(activation energy and diffusion energy, see below) to determine the rate coefficients of the
heterogeneous reactions, both at the quartz and Fe catalyst surface. The data of metallic Fe
surfaces are most readily available °° (See table S9). When no catalyst is loaded in the furnace,
the model considers reactions at the quartz surface, but the surface reaction coefficients for
non-metals are not well-known, hence we estimated them based on literature (see details

below).

In all cases investigated, the quartz wall and Fe catalyst surface temperature was assumed to
be equal to the gas temperature. Indeed, the surface reactions need a longer time to reach
equilibrium, so there will be thorough heat transfer between the gas and the surfaces before
the gas and surface-adsorbed species concentrations reach steady state>!. In our 0D model, we
converted the surface densities of all surface-adsorbed species, as well as of the free surface
sites, both with units of cm 2, to the equivalent volumetric densities with units of cm ™, by
dividing by the ratio of volume to inner surface area of the reactor, V/A. Similarly, we
converted the surface reaction coefficients (in cm? s™!) to the equivalent volumetric reaction
coefficients (in cm® s™!) by multiplying by V/A. Finally, even when the surface reactions are
included in the model, the partial pressure of the gaseous species was kept constant during the

simulation. This is justified, because the experiments are operated at constant pressure.

When N, H and NHx radicals from the discharge interact with the (quartz or catalyst) surface,
they will adsorb (S1-S4), with an adsorption coefficient kads, of which the value depends on
the surface properties and is calculated with a similar formula as for surface relaxation by

excited molecules (cf. above):

42 | V22~Yads)\-1¢-
Kaas = (g"‘;Tdsd) spt ©)

where St is the total surface site density, which is assumed to be 10" cm™2 > following the

1.50

recommendation by Carrasco et al.””, yads is the adsorption probability (called in general

reaction probability in Table S9), and the other symbols have been explained above.
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H> and N2 can be formed by recombination-surface desorption reactions. In principle, both
Eley—Rideal (E-R) and Langmuir—Hinshelwood (L-H) mechanisms are possible. In our work,
we only include the E-R mechanism between surface-adsorbed N(s) and H(s) and gas-phase N
and H, as presented in table S9 (S5-S6), due to the low contribution of the L—H interaction in
H> recombination > and the high activation barrier for diffusion of N(s) atoms ®°. The rate
coefficient of this process, ker, is calculated with equation (S3), with yads replaced by the E-R
reaction probability yer, presented in Table S9.

The surface adsorption and recombination-desorption on clean metallic surfaces is better
understood than on non-metal surfaces. The initial adsorption or sticking probabilities of atoms
and radicals on a clean metallic surface are often taken to be 1, due to their high reactivity ¢!
Therefore, the measured total surface loss probability (sometimes referred to as the total
recombination probability) from literature can be assigned as the E-R recombination
probability yer for metallic surfaces. The values of yads for N, H and NHx radicals, set equal to
1, and the E-R recombination probabilities yer for the adsorbed species with gas phase species
on metallic surfaces (see Table S9) were taken from Carrasco et al. > The total surface loss
and surface recombination probabilities for non-metals are not well-known, apart from a few
semiconductor materials, such as Si and GaAs. % Indeed, these probabilities are influenced by
the type of species, the gas composition, the plasma characteristics and the operating pressure,
as well as by the surface properties, including the surface temperature, chemical composition,
surface functional groups formed by pretreatment, crystalline structure and morphology °°.
Hence, both the total surface loss and its distribution between surface adsorption and E-R
recombination probabilities requires to make some assumptions. We assume the reaction
probabilities for direct adsorption of N atoms (S1), and for recombination-desorption of N and
H atoms into N2 and H2 (S5, S6) on silica to be a factor 0.18 lower than on a metallic surface,
while the reaction probabilities for direct adsorption of H atoms, NH and NH: radicals (S2-S4)
are assumed to be a factor 0.018 lower, hence yielding the values listed in Table S9. Note that
the assumed reaction probability for direct adsorption of H atoms on a silica surface is thus
one order of magnitude lower than for N atoms, in agreement with Hong et al. 3!, Indeed, a
higher value for the H atoms would yield a large overestimation of the coverage of H(s) and

an underestimation of N(s) on the surface. The latter would produce a lower estimate of the

13



ammonia yield than in the experiments. By multiplying the above mentioned reaction
probabilities for direct adsorption and recombination-desorption for N and H atoms on silica,
we obtain total surface loss probabilities y = 1.9 x 107 for N and y = 4.9 x 10°° for H. The
former value is within the literature range noted by Kim and Boudart, > which varies between
2 x 107 and 2 x 107, The latter is also reasonable, because an order of magnitude lower total
surface loss probability of H than for N on a silica-like surface was also reported from the
measurements of Kim and Boudart >2. Furthermore, these values give good agreement with the

measured ammonia yields.

The reaction rate coefficients of other E-R reactions (S7-S13) producing adsorbed NHx(s)
radicals and gaseous NH3s molecules are determined in the same way with formula (S3). We
followed Carrasco et al. for the reaction probabilities of NHx(s) or NH3 formation on metal
surfaces, and in the absence of published data, we made the same assumptions as above for non-
metallic surfaces, as shown in table S9. Indeed, for consistency with our estimates for surface
recombination-desorption, the probabilities for the E-R reactions (S7-S13) on a silica surface were
assumed to be a factor 0.18 lower than on metallic surfaces, which yields values in the same order

as estimated by Hong et al. for an alumina surface .

The rate coefficients of the Langmuir-Hinshelwood reactions between surface-adsorbed
species (S14-S16) are calculated by
) (10)

Eq+Eg

kiy = é exp(—

kpTwau

where v is the surface diffusional jump frequency, which was approximated as ~10'% s7!,
following the assumption of Carrasco et al. >°. Eq indicates the diffusion energy barrier, for
which we adopt a value of 0.2 eV for metal surfaces, following the recommendation by
Gordiets et al. °, and in the absence of data, we use a higher value of 0.5 eV for quartz (see
Table S9). The activation energies Ea for the specific L-H interactions are also given in Table

S9 (assumed to be the same for quartz and Fe catalyst), and they were adopted from Carrasco

et al. °°, whose values are compatible with the studies of Ertl et al. °® on chemisorbed species.

Finally, in addition to direct adsorption of atoms or radicals (cf above), we also include
dissociative adsorption of molecules (either in ground state or electronically excited levels)
(S17-S20). Upon increasing pressure, dissociative adsorption may play a more important role,

just like three-body reactions in the gas phase, so they are included in our model, although
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these processes turn out to be almost negligible at the pressure under study here (0.26 Torr).

The rate coefficients of dissociative adsorption of molecules are calculated as

A%V 2Q2~Vdad)\—1 c—
Kaaa = (5 + 5=, 2e0) 71572 (11)

Note the difference with eq. (S3), i.e., St! for adsorption vs. St for dissociative adsorption,
as the latter requires two surface sites. ydad is the reaction probability for dissociative
adsorption of molecules. For the ground state N2 molecules, we calculated ydad following
Hansen et al. #%%_ The value greatly depends on the vibrational state, as well as on the collision
energy. We used an analytic representation of the calculated dissociative sticking probability
by Rettner et al.®, which gives a value of 8.20 x1077 for a metallic surface (see Table S9). This

low value makes that dissociative adsorption by N2 molecules is virtually negligible.

The reaction probabilities for ground state H2 molecules, as well as for the electronically
excited states of N2 and H: are calculated following the recommendation of Hong et al. °! and
they are listed in Table S9 for the Fe catalyst surface. Again, we assume the probabilities for
dissociative adsorption on a silica surface to be a factor 0.18 lower than on metallic surfaces

(see Table S9).
As mentioned above, when Fe catalyst is loaded in the furnace, we have to use effective
reaction probabilities, being a combination of the corresponding values for quartz and Fe

catalyst, considering the relative contribution from the quartz surface and the Fe catalyst:

lquartz lcatalyst (S6)

Yeff = Yquartz * catalyst

lplasma lplasma

where Yquartz and Ycatalyst are the reaction probabilities for a pure quartz surface and pure Fe
catalyst, respectively (as listed in Table 89). Iqyartz, lcatalyst @nd lpjasma = lquartz + lcatalyst are

the lengths of the quartz tube surface and of the Fe catalyst in the discharge plasma, as well as

the total plasma length observed by the experiments.

Equation (S6) is used for all reactions in Table S9, except for reactions S2-S4 and reactions
S14-S16. Indeed, as mentioned above, the reaction probabilities for the reactions S2-S4 on
silica are one order of magnitude lower than for direct adsorption of N (reaction S1). When Fe
catalyst is loaded in the furnace, the effective adsorption probability calculated by equation
(S6) is highly overestimated, leading to an unrealistic (too low) ammonia yield, because the

surfaces sites are almost completely occupied by H(s), which greatly prohibits the adsorption
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of N-containing species and hence the ammonia synthesis®’. As a result, we used the following

relationship instead, to predict the effective reaction probabilities for the reactions S2-S4.

1 1 « lquartz + 1 % lcatalyst (87)

Yeff Yquartz lplasma  Ycatalyst lplasma

Furthermore, for the L-H reactions S14-S16, we assume a constant activation energy for
different surfaces conditions (cf. above), but the diffusion energy barriers for different surfaces

conditions are approximated with the following expression.

1quartz 1catalyst
Egefr = Edquartz * + Edcatalyst * (S8)

lplasma lplasma

where Eqquartz and Eqcatalyse are the diffusion energy barriers for quartz and Fe catalyst.

In literature, three different mechanisms of N2 splitting in plasma-based ammonia synthesis
are reported. Matsumoto et al. proposed the dissociative adsorption of electronically excited
N2 molecules as the dominant channel for N splitting in a low pressure RF-discharge 3!3343,
Hong et al. included both the plasma kinetics and plasma-catalyst interactions and theoretically
proposed that direct electron impact dissociation of N2 into N atoms dominates in N2 splitting
for atmospheric pressure DBD®’. Carrasco et al. also presented a similar mechanism by
combined theoretical and experimental investigation in low pressure DC plasmas, although
their simulation did not take into account the possible influence of electronically excited states
of N2¥ %% Based on a density-functional-theory-based microkinetic model, Mehta et al.
showed the significant role of vibrationally excited N2 states in the dissociative adsorption of
N2 molecules for an atmospheric-pressure DBD, assuming that the N2 vibrationally excited
states follow the Treanor distribution, but no plasma chemistry was included in their model®® .
Thus, based on these models, the three different mechanisms that have been proposed, are (i)
dissociative adsorption of electronically excited N2 molecules, (ii) direct electron impact
dissociation of N2 in the plasma, and (iii) dissociative adsorption of vibrationally excited N2
molecules. In our model, we took into account the first and second mechanism, as the third
mechanism can be neglected in this low-pressure RF plasma, because it is characterized by too
high electron temperature to populate the N2 vibrational levels. To evaluate the importance of
the first mechanism, we have taken into account several electronically excited levels of N2

(and H2) in our model (see Table 3), but our simulations reveal that they are of minor
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importance for ammonia synthesis at our conditions (see section Underlying mechanisms

below).

Results and Discussion
Plasma-based ammonia synthesis without catalyst

Figure 4 shows the ammonia yield as a function of time, for various input powers, without
catalyst at 400 °C and 0.26 torr. As the RF power is delivered through a coaxial cable, some of
the power is reflected; in our case this reflected power is less than 5%, hence the input power
is taken as the plasma power. The input power for plasma generation plays an important role
in achieving the final yield at equilibrium, since typically a higher yield is obtained at higher
power. In our case, plasma power saturation is observed above 150-200 W. Furthermore, no
other peaks than ammonia were observed in the gas chromatogram (GC), suggesting that no
hydrazine was produced for un-catalyzed RF plasma assisted ammonia synthesis. The
maximum yield of 3.75% was achieved at 200W-300 W, after 12 minutes. This indicates that
after 12 minutes of plasma initiation, the generation of excited species and radicals reaches

equilibrium, leading to a constant yield hereafter.

Figure 4. Ammonia yield (%) vs. time, for various plasma powers (W), without catalyst at 400
°C and 0.26 torr.
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The plasma glow region length increases with power from 50 W to 300 W (Figure S1).
Increasing power outcomes in higher concentration of energized species. Higher power would
naively seem to suggest a higher concentration of excited species and/or species of higher
mean energy. This increases the probability of successful collisions between radicals,
explaining the higher yield at high power. Indeed, we suggest that the ammonia production
occurs in the excitation (glow) region. This was confirmed by running a reaction at 25 °C
(room temperature) with plasma turned on, which yielded an ammonia yield of 3.14% at 300
W; hence it is clearly a plasma effect and not a thermal effect that is responsible for the bond
breakage. It is important to mention that even at temperatures as high as 400 °C, no ammonia
was detected in the absence of plasma, which resonates with the fact that thermal energy is not
enough to break the nitrogen triple bond. The standard deviation of the trails after the reaction

reached steady state was less than 2% in all cases, except for 50 W where it was 5%.

The change in final (steady-state) ammonia yield with respect to plasma power is shown in Figure
Sa. As power increases, the yield also increases. The energy yield and energy cost are shown in
Figure 5b. For calculation purposes, the electrical efficiency of the RF power supply is taken to
be 50%, while the real efficiency varies from 40-60% ©-7°, with higher efficiency as the input
power increases. In general, the energy yield drops upon increasing power because the ammonia
yield increases less than linearly with power, so the extra power is not entirely used to dissociate
extra N2 molecules. This has been also observed in some other plasma mediated processes, such
as CO2 splitting and DRM”!. For the same reason, the energy cost rises nearly linearly with
increasing power. Without catalyst at 50 W and 400 °C the highest energy yield achieved was 3.9
sccm/kW, or 0.14 g-NH3/kWh, corresponding to an energy cost of 351 MJ/mol. However, this
condition gives the lowest ammonia yield. Vice versa, the highest power gives the highest
ammonia yield, but the lowest energy yield and highest energy cost. Several reports, state that the
ammonia yield will decrease quadratically with increase in flow rate whereas the energy yield
increases quadratically with increase in total mass flow rate. Or in other words, the energy yield

increases, and ammonia yield i.e. nitrogen conversion decreases.’® 407274
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Figure 5. a) Ammonia Yield (%), and b) Energy yield (both in sccm/kW and g-NH3/kWh) and
energy cost (MJ/mol) vs. Power (W).

Ammonia synthesis by plasma catalysis

The catalysts were loaded in the furnace-plasma zone, in the form of a mesh for Fe, Cu, Pd,
Au and Ag, and as metal coated on inert glass capillary tubes for Ga, since it is a liquid metal
(Figure S2). The yield was monitored as described in the experimental section. The reaction

conditions were 400 °C, and power values of 50 W, 150 W and 300 W (Figure 6).

The ammonia yield is plotted against time for three different powers and different catalysts
in Figure 6 a,c,e, while the steady-state ammonia yield is plotted against catalyst for the three
powers in Figure 6 b,d,f. The plasma-catalytic activity increases with power, but the order of

catalytic activity changes upon rising power.

When comparing the performance of the mesh catalysts with the molten Ga, we can see that
the latter performs best at 150 W, and is less efficient at 300 W. The main drive to use molten
Ga is the reported existence of synergistic interactions of H2 and N2 plasmas with molten Ga.

Indeed, Carreon et al.”?

reported that the nitrogen and hydrogen adsorption and desorption are
highly dependent on the temperature and plasma power, suggesting the use of Ga as catalyst

for this process at mild conditions.
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The introduction of a catalyst does not change the trend of the curves as a function of plasma
power, or the time needed to reach steady state. As can be observed at 50 W, the use of a
catalyst made little difference comparing to the non-catalyzed reaction. This small difference
could be due to the partial excitation and lower degree of ionization at low power. As there are
only limited reactive species available to interact, the catalyst seems not to have a great impact.
The best catalyst at this power was Ag followed by Ga. The ammonia yield increases from 2.4
% (no catalyst) to 3.7 % (Ag). The order of catalytic activity was Ag > Ga > Cu > Pd > Fe

>Au.

The trend of catalytic activity changes drastically when the power rises to 150 W and 300 W.
At 150 W, the catalysts exhibit the following trend: Ga > Pd > Au > Ag > Cu > Fe. The yield
increases from 3.5% (no catalyst) to 10.1% (Ga). For all the catalysts employed, the activity
decreased after the first use but remained constant thereafter. The decay from first to second
use was < 5% for Cu, Au, Ag and Ga, and = 15% for Fe and Pd. Being so small we averaged
the first, second and third runs, and this is the yield value reported. The spent catalysts are
shown in Figures S3 and S4, indicating no color change, except for Ga at 300 W (see also

below).

At 300 W, not only the catalytic activity has increased drastically, but also the catalytic trend
changed considerably. The catalytic activity follows the order: Au > Ag > Pd > Cu > Ga > Fe.
All noble metals used, i.e., Pd, Ag and Au, achieved a yield of = 17-19%. It is worth to mention
that at 150 W and 300 W, if we ignore the molten metal Ga, the order of catalytic activity is
almost the same, i.e., Au > Ag > Pd > Cu > Fe. The activity of Pd changed but was in the
vicinity of Ag and Au.

Interestingly, the performance of Ga vs the other transition metals varied considerably from
150 W to 300 W, which is due to its tendency to form stable nitrides at high temperatures.
Indeed, Ga can interact with N2 and H2 plasma at low temperature and powers without forming

a nitride, which was also confirmed by experiments’>. At higher power, i.e., 300 W, the activity
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of Ga towards ammonia formation is significantly reduced, which indicates that this molten

metal can act as catalyst under certain (mild) conditions only.

Remarkably, the highest yield (19.1 %) was obtained with Au as catalyst at 300 W and 400
°C, which is higher than the commercial Haber-Bosch process yield of 15%’®. However, the
Haber-Bosch process energy yield of 500 g-NH3/kWh’’, and the energy cost of 0.48 MJ/mol’®
greatly surpass the values of our best catalysts (Pd, Ag and Au), which range in between 0.18-
0.19 g NH3/kWh and 264-285 MJ/mol for energy yield and cost, respectively (see detailed
discussion in later sections). These values are somewhat better than in case of no catalyst,
where the best energy yield was found to be 0.14 g-NH3/kWh, and the lowest energy cost was

351 MJ/mol (see previous section). See Table 2 and 3 below for more details.
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Figure 6. Ammonia yield (%) vs. time at (a) 50 W, (c) 150 and (e) 300 W, for different catalyst
materials, and ammonia yield (%) at 30 min, plotted for different catalysts, at (b) 50 W, (d) 150 W
and (f) 300 W.
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Comparisons of simulations and experiments

Chemical kinetics computer simulations were performed for the same conditions as in the
experiments, without catalyst and with Fe catalyst. Only Fe was considered as catalyst, because of
the availability of reaction rate coefficients for Fe surfaces in literature, while these data are not so
well known for the other metal catalysts. The calculated ammonia yields at different discharge
powers are compared to the experimental values in Figure 7. Generally, good agreement is reached
between the calculated and experimental yields, showing that the chemical kinetics model can
provide a realistic picture of the plasma chemistry in RF plasma-based ammonia synthesis, and
can be used to reveal the underlying mechanisms.

Figure 7. Experimental and calculated ammonia yields (a) without catalyst as a function of power
and (b) with Fe catalyst for 3 different discharge powers, with experimental error bars.

The experimental ammonia yields can only be reproduced if surface reactivity is taken into
account, not only for the catalyst surface but also for the quartz tube. The latter is clearly
demonstrated in the Supporting Information (SI). The physical and chemical properties of the wall
or the catalyst significantly affect the synthesis process. To account for the surface reactivity in the
simulations, we have applied reaction rate coefficients for Fe, adopted from literature, as well as
for the quartz tube, based on the data for Fe and information from literature for silica-like glass
and similar materials, to mimic the experiments without catalyst. For the two-stage plasma-
catalytic reactor, we used reaction rate coefficients intermediate to the quartz tube and the pure Fe
catalyst surface. Indeed, the Fe catalyst is not loaded in the excitation zone of the plasma, i.e., the
zone confined by the RF coils (see details in Figure 1). Hence, the plasma species interact with

the quartz tube in the excitation stage, and with the Fe catalyst in the furnace stage of the reactor.
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To account for this in our 0D model, we use intermediate rate coefficients between quartz tube and

Fe catalyst, defined by the length of the excitation and furnace stage (see SI for details).

If the heterogeneous plasma—surface interactions are ignored in the simulations, the gas volume
reactions result in negligible ammonia synthesis, because of the efficient electron impact
dissociation of ammonia, which apparently exceeds the rate of the most important production
process of ammonia, i.e., through electron-ion recombination (e~ + NHf — NH; + Hand e~ +
NHi — NH;). However, when the surface reactions are included, the ammonia synthesis is
triggered by the supply of atomic H and N to the surface (of the catalyst or simply the reactor
walls), which depends on efficient dissociation of H2 and Nz in the plasma. The efficiency grows
substantially with increasing power, both without and with catalyst. Firstly, the rising discharge
power enhances the electron temperature, and thus the rate of electron impact dissociation of H2
and N2, resulting in a more efficient supply of atomic H and N to the surface. Secondly, the plasma
glow region length increases, and thus there is more overlap between the catalyst sector and the
plasma, with rising plasma power. This leads to enhanced adsorption at the (catalyst or wall)
surface and increased Eley-Rideal (E-R) recombination probabilities for N, H and NH. In addition,
the longer plasma glow region yields a longer residence time within the plasma. As a result, the
ammonia yield from both simulations and experiments with and without catalyst increases with

rising discharge power, as can be observed in Figure 7a,b.

Underlying mechanisms

As the model gives good agreement with the experiments, we can use it to investigate the
dominant reaction pathways for ammonia synthesis. This is illustrated in Figure 8, for the
formation and loss of NHs (Figure 8a, 8b), NH2x(s) (Figure 8c, 8d) and the formation of the
important surface-adsorbed species NH(s) (Figure 8e) for a plasma power of 150 W, without and
with Fe catalyst. This kinetic analysis was performed by looking at the time integrated rates of the
various processes for the total residence time in the reactor.

As presented in Figure 8a and 8b, the gas volume reactions (i.e., electron-ion recombination:
e~ + NHf - NH; (F1) and e~ + NH; - NH; + H (F2)) are of minor importance for the
formation of NH3, with a relative contribution below 15%. The L—H interaction between H(s) and
NHaz(s) (F4) is the most important mechanism for ammonia production. The relative contributions
are 73% and 82% without and with Fe catalyst, respectively. This indicates that ammonia is mostly
formed at the surface of the reactor walls or the Fe catalyst by the successive hydrogenation of N
atoms and N-containing radicals. The E-R interaction (F3) between NH(s) and H2 from the gas
phase also plays a role in the formation of NH3 without catalyst, with a relative contribution of
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6.8%, but it becomes negligible in case of the Fe catalyst. Our results support the prevalent view
that L-H reactions are important for the heterogeneous synthesis of ammonia in low pressure
discharge plasmas®.

Figure 8. Relative contributions of the main processes leading to the (a) formation of NH3 (b) loss
of NHs, (c) formation of NHz(s), (d) loss of NH2(s) and (e) formation of NH(s) for a plasma power
of 150 W.
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The loss of NH3 mainly results from electron impact dissociation into NH2 and especially
NH (reaction L2 and L3, respectively), which are equally important with and without Fe
catalyst. These two reactions are also most important for NH2> and NH formation. The
contribution from other reactions is minor. It should be noted that, although it cannot be
deduced from Figure 8, both the production and loss rates for NH3 are higher with Fe catalyst,

due to the higher surface reactivity of the catalyst.

As NHaz(s) is the most important precursor for ammonia synthesis (see Figure 8a), we present
the relative contribution of the dominant formation and loss reactions of NHz(s) in Figure 8c,
8d. The predominant formation channel for NHa(s) is the L-H interaction between H(s) and
NH(s) (F3), contributing for 62 % and 98% without and with catalyst, respectively. The E-R
interaction (F2) between NH(s) and H from the gas phase (F2:H + NH(s) = NH,(s)) is also
important for the formation of NHa2(s) without catalyst, with a relative contribution of 38%,
but it becomes negligible in case of the Fe catalyst. This is because the higher surface reactivity
of Fe yields a lower H atom density in the gas phase. Other reactions, such as direct adsorption
of NH2 on the surface, as well as the E-R interaction (F1:NH + H(s) = NH,(s)), contribute
little to NH2(s) formation, because the densities of the gaseous reactants NH2 and NH are small

compared with the surface densities.

Without and with catalyst, the only dominant loss reaction of NHz(s) is the L-H reaction with
H(s) (L2: H(s) + NH,(s) — NHj3;), with a relative contribution of 97% and 99%, respectively.
This is also the dominant formation reaction of NH3, as shown in Figure 8a. The E-R reaction
with H atoms (L1:H + NH,(s) = NHj) is negligible, because of the lower density of H atoms

in the gas phase compared with the surface density.

As NH(s) is the dominant precursor for NHz(s) (see Figure 8c¢), we present in Figure 8e the
relative contributions of the main processes leading to the formation of NH(s). The most
important formation reaction occurs between H and N(s) (F3), with a relative contribution of
51% and 84% without and with Fe catalyst, respectively. Furthermore, the E-R reaction
between N atoms and H(s) (F2) is also an important formation process, but mainly without

catalyst. Direct surface adsorption of NH radicals contributes little to NH(s) production
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because of the low density of gaseous NH species. Finally, nearly all loss of NH(s) is due to
its reaction with H(s) producing NHa(s) (cf. Figure 8c) and is therefore not explicitly plotted
in Figure 8.
General overview of the reaction pathways

Based on the above analysis, we can compose a general picture of the dominant reaction
pathways for RF plasma-based ammonia synthesis. This is summarized in Figure 9, for the
case with Fe catalyst, in a 1:4 N2/H2 mixture, for a plasma power of 150 W and a pressure of

0.26 torr.

Figure 9. Schematic overview of the dominant reaction pathways for NH3 synthesis with Fe
catalyst, in a 1:4 N2/H2 mixture, for a plasma power of 150 W and a pressure of 0.26 torr. The
thickness of the arrow lines is proportional to the reaction rates.

The ammonia synthesis process starts with electron impact dissociation of N2 and Ha,
forming N and H atoms. The electron impact dissociation rate for H2 is much larger than for
N2 due to a lower binding energy, leading to a much higher concentration of H atoms in the
plasma. The H and N atoms can adsorb on free surface sites, to form H(s) and N(s). As the
plasma conditions provide a higher H atom density in the gas phase, this leads to a

preferentially H-covered surface, which forms not only NH3 but also H2. At the low pressure
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investigated here, electron impact dissociation of N2, which is controlled mainly by the
electron temperature, supplies an adequate flux of N atoms to the surface (of the walls or
catalyst) to favor hydrogenation of N(s), forming NH(s), followed by NH2 (s) and hence
promoting ammonia production. A feedback mechanism allows the formation of NH from NH3,
which is split in N and Hz (upon collision with H atoms). These N atoms can also react with
H(s) (N + H(s) = NH(s)) which competes with H> formation at the surface (by H + H(s) =
H,). NH(s) further reacts into NHa(s), yielding again NH3 formation. Our calculations reveal
that the Langmuir-Hinshelwood (LH) mechanism predominantly contributes to the formation
of NH2(s) and NH3 (i.e., upon reaction with H(s)), while the Eley-Rideal mechanism (upon
collision with H atoms from the gas phase) only contributes for 0.30 %. Finally, the dominant

loss processes of NH3 are electron impact dissociation, producing NH and NHz radicals.

To summarize, the RF plasma-based ammonia synthesis at low pressures (around 0.26 torr)

on Fe catalyst proceeds as follows:

l:e"+N,—»>e  +N+N
2:e"+H,—>e +H+H

3:H + Surf - H(s)

4: N + Surf — N(s)

5:H + N(s) = NH(s)

6: NH(s) + H(s) = NH,(s) + Surf

7:NH,(s) + H(s) - NH; + 2 Surf

It is important to note, however, that this proposed mechanism is pressure dependent. At
higher pressure, some more reactions become important, more specifically some Eley—Rideal

mechanisms, i.e.,
H + NH,(s) - NH;
NH, + H(s) - NH;
H, + NH(s) = NH;
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Indeed, these reactions become gradually more important with rising pressure, due to the

higher density of gaseous (plasma) species.

It should be mentioned that our model also includes the electronically excited states of N2
and H>, but our simulations reveal that the contribution of these excited species to the global
chemistry of ammonia synthesis is small at the low pressures under study here and for the
dimensions and characteristics of our reactor. Dissociative adsorption of electronically excited
N2 molecules at the surface (of the walls or catalyst) has a negligible contribution to N2
splitting, because of their low concentration in the plasma. Indeed, the electronically excited
states of N2 can rapidly relax back to the ground state by fast quenching upon impact with
neutral species and by radiative decay. The latter is confirmed by our optical emission
spectroscopy measurements (see SI: Figures S8 and S9). Furthermore, our measurements also
provide evidence of atomic N emission at A = 744.2 nm or A = 746.8 nm, suggesting the

dominance of N2 splitting in the gas (plasma) phase.

Moreover, the operando optical emission spectroscopy measurements confirmed the
interaction between the catalyst and the excited gas phase species, or the plasma catalytic
effect. Indeed, when the H, peak intensity increases, the ammonia yield decreases (see details
in the SI). Specifically, the measurements indicate that the recombination of H atoms (related
to the Ha peak, i.e., the most prominent hydrogen signature) on the metal catalyst surface
reduces the available H atoms that can lead to the formation NHx species, an essential step for
ammonia synthesis. This experimental observation can be confirmed from the dominant

reaction pathways obtained through our simulations (see Figure 9).

Ammonia yield and energy yield / energy cost of plasma catalytic ammonia synthesis:

benchmarking with literature

The energy yield and energy cost for all our experiments, i.e., for the different power values
and with the different catalysts, as well as without catalyst, are summarized in Figure 10.
Opposite to the ammonia yield, the highest energy yields were mainly observed at 50 W. The
highest energy yield is achieved when using Ga as catalyst at 50 W, reaching a value of 0.22
g-NH3/kWh, which corresponds to an energy cost of 229 MJ/mol (see Figure 10a). The metal
meshes follow the same trend for energy yield as for ammonia yield. The highest energy yield

is obtained at 50 W, followed by 300 W. The lowest energy cost at 300 W is for Ag and Au,
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and reaches 270 MJ/mol. Despite the high ammonia yields achieved through RF plasma
catalysis, 1.e., up to 19% (and thus higher than for the commercial Haber-Bosch process; cf
above), the values for energy cost are 500 times higher than for the commercial Haber-Bosch
process (0.48 MJ/mol). However, if comparing with other reports on RF low pressure plasmas,
the energy yield has improved from 0.012 g-NH3/kWh*® to ~ 0.2 g-NH3/kWh in this work,

depending on the power and catalyst used.

Figure 10. Energy yield (black) and energy cost (red) for different catalysts at different plasma
power, a) 50 W, b) 150 W and ¢) 300 W.

Table 2 lists the ammonia yields, energy yields and energy costs obtained in our study, in
comparison to the values reported in literature for plasma assisted ammonia synthesis in
various types of plasma sources. The energy yield is described as the total ammonia output per
energy input (see SI for detailed definition). This value highly depends on the input flow rate,
which also governs the output flow rate of the products. In our study, the total flow rate is kept
fixed at 20 sccm, yielding a quite low output flow rate in comparison with the data reported in
literature for other plasma reactors typically operating at atmospheric pressure, such as
dielectric barrier discharges (DBDs), pulsed and AC plasmas. Indeed, typical experiments in
DBD, pulsed or AC plasmas are carried out at a flow rate of 100 sccm, which is 5 times the

flow rate used in our study.

On the other hand, in our case, the low pressure ensures uniformity of the reactants in contact
with the catalytic surface inside the reaction chamber, leading to high gas conversion and high
ammonia yields, compared to the other (higher pressure) plasma routes; see Table 2.
Additionally, this uniformity can help us to understand the plasma-catalyst synergism. It is
indeed our main objective to better understand this interaction, so that it can possibly be

applied to other plasmas as well and can lead to further improvements. Finally, low pressure
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operation enables to keep the gas at room temperature, which is beneficial because ammonia
synthesis is thermodynamically favored at low temperature, and the plasma accounts for
activation of the reactants. Indeed, the atmospheric pressure microwave (MW) plasma’ shows
a much lower ammonia yield and energy yield than in our work (see Table 2), and gas
quenching was pointed out in this case as the most effective technique to produce ammonia.*
Indeed, microwave discharges at atmospheric pressure easily reach a gas temperature of
several thousand Kelvin, due to the rapid kinetic energy exchange between electrons and heavy

particles.”” In such case, the economics of thermal stabilization might be a technical barrier.

It should be realized that we have used simple catalysts in this work, to obtain a more basic
insight of the underlying mechanisms. The employment of engineered catalysts, tailored to the
plasma environment, will for sure lead to better energy yields. Moreover, we believe that the
low energy yield in our case can be improved by scaling up the reactor to a considerable size,
so that a higher flow rate can be used (cf. above). Upscaling of RF plasma reactors is certainly
feasible, based on the large experience from the semiconductor industry. %! Furthermore,
among the advantages of RF sources, we should also mention that RF waves are categorized
as non-ionizing radiation, and their heating effect is less than for microwaves, which makes
them less harmful in case of radiation leakage.®? In addition, the RF coils are placed outside
the plasma chamber, in contrast to other setups, like DBD, where the electrodes are inside the
plasma chamber. Hence, they do not undergo plasma etching effects, so they can last longer®?

with no need to replace frequently, enhancing the lifetime of the plasma reactor.

It is important to mention that plasma catalysis is still at a very early stage, and there are still
mainly unknowns, especially regarding the optimal conditions, the proper catalysts and the
best plasma-catalyst pairs. However, a successful example, where plasma has shown its
uniqueness, and which serves as motivation for the present work, is the plasma production of
ozone. This process serves as a good example of a technique that, despite the limitation of the
energy cost of ozone generation, is nowadays widely industrially applied after optimizations
to reduce the energy cost.

We can conclude from Table 2 that the ammonia yield and energy yield of plasma catalytic
ammonia synthesis are in the range of 0.1-19% and 0.03-4.45 g-NH3/kWh, respectively, with
some exceptional cases for the energy yield (9.8-35.7 g-NH3/kWh) for pulsed and AC plasmas,

but no ammonia yields were reported in these cases. In general, the cost and recyclability of
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the catalyst impose a major challenge. Overall, very good results were obtained by Iwamoto
et al. % who reported an ammonia yield of 4.72%, an energy yield of 4.45 g-NH3/kWh and
energy cost of 93 MJ/mol, when using atmospheric DBD plasma and wool-like Au catalyst.
This yield is slightly higher than our yield of 3.75% without catalyst at 300 W and 400 °C.
When we employ a Au mesh at 300 W and 400 °C, we obtain an unprecedented yield of 19.1%.
However, Iwamoto’s energy yield and energy cost are far superior compared to ours. Patil et
al.! reported an even lower energy cost of 32 MJ/mol, when using Ru over y-Al2Os as catalyst
in a DBD reactor, but their ammonia yield was only 1.4%. Kim et al.*’ obtained the highest
energy yield of 35.7 g-NH3/kWh and the lowest energy cost of 1.71 MJ/mol, when using a
pulsed source and Ru(2) Mg(5)/y-Al203 as catalyst, but they did not report the corresponding
ammonia yield. However, one of the main drawbacks of their work is the employment of a
catalyst which contains Ru, a metal even more expensive than Au. Furthermore, the yield of
NH3 obtained when using recycled catalyst was only half the value obtained when using fresh
catalyst. The authors suggested that the presence of RuO2 and metallic Ru benefits the NH3
synthesis. However, due to the presence of highly reducing H radicals, the introduction of a
small amount of O2 was proposed to regenerate in situ the catalyst, which can lead to the
formation of secondary sub-products and a complicated reaction pathway that can impact the
reported values. This points out to the necessity of a proper catalyst selection, since

recyclability and cost are critical parameters for potential industrial catalyst application®6-%7,

Table 2. Ammonia yield and energy yield / energy cost, obtained in our study, with various
catalysts, as well as without catalyst, at 300W, and comparison with other plasma
processes used for ammonia synthesis.

. Energy Yield (g- Energy Cost
Plasma Year Catalyst NH; Yield NH,/kWh)* (MJ/mol)** Ref.
1993 Iron wires | - 0.025 856.2 RE
No Catalyst 3.7% 0.04 1343
Galli 2% .
Radio frequency amam 2" on ! .
2018 Iron Mesh 1.8% 0.12 428 This
Study
Copper Mesh 16.7% 0.17 302
Palladium Mesh 17.6% 0.18 285
Silver Mesh 18.6% 0.19 271
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Gold Mesh 19.1% 0.19 264
2017 Ru over y-ALO, 1.4% - 32 !
BaTiO; beads or N )
2017 Porous Ni Catalyst 9% ) 81 !
2017 Ru-MCM-41 0.1% 1.7 27 73
2017 Wool-like Gold 4.72% 445 93 85
0, -
DBD 2017 PZT Powder 7% 408 40
2016 Wool-like Copper 3.5% 3.3 93 38
2015 BaTiO; / PZT 2.75% 0.72 136 37
2008 No Catalyst 0.8% 1 - 88
2003
and MgO 0.63% 1.83 - 30,88
2008
Mg promoted
Pulsed 2017 Ruthenium over - 35.7 171 47
Alumina
Mg promoted
AC 2017 Ruthenium over - 9.8-11.5 5.32 47
Alumina
Microwave 2008 No Catalyst 0.00025% | 0.03 - 3
*For comparison purposes, the energy yield is calculated for the input power (See Supplementary Information for the
exact formula).
**The energy cost in our study is calculated from the electrical power drawn by the power supply (See Supplementary
Information for the exact formula).

Benchmarking with the Haber-Bosch process

It is immensely difficult and unfair to compare two different process occurring at different
scales. The Haber-Bosch process occurs at industrial scale of 100 tons/day capacity whereas
our process produces few grams of ammonia due to the scale of the reactor. Even though that
is the case we have tried a crude attempt to compare them by using data from a somewhat

scaled down (still in tons/day scale) Haber-Bosch process.

We already mentioned above that the maximum ammonia yield obtained in our work is higher
than the values reported for the Haber-Bosch process, but our energy yield and energy cost are
much worse, as presented in Table 3. The values are taken for the commercially viable Haber-
Bosch process with lowest ammonia production capacity of 200 tons/day. It does not include
the cost for hydrogen production.® This table also shows further differences in the setup and
operating conditions of the Haber-Bosch process vs the RF plasma route, which can help to
obtain a clear insight about this technology. In general, the proposed RF pathway has the main

advantage of being viable at small scale viable, which is very promising in the future if
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combined with renewable electricity sources.® Furthermore, a lower temperature is employed
due to the presence of reactive plasma species, which is thermodynamically more beneficial
and results in an overall lower pressure process. Interestingly, the rate limiting step switches
from N2 dissociation in the Haber-Bosch process to NHx formation in the RF plasma route,
which clearly demonstrates the necessity of exploring potential new catalysts for this route’.
Among the advantages of using plasma, the hydrogen plasma surface cleaning effect’® *°is of
great importance, since there should not be a problem of catalyst poisoning if a hydrocarbon
is used as hydrogen source for this synthesis. This can be also partially supported by the fact
that our catalysts retain their activity fairly well after first use (Figure S4). We showed that Au
is a promising catalyst, since it provided the best yield in our study. However, we employed
metal meshes in order to determine the catalytic activity of the proposed metals and to obtain
a more basic understanding, without focusing on engineering aspects. Nevertheless, there are
still several material properties that still remain unexplored and that have the potential to
enhance the catalytic activity and reduce the cost of the catalyst. Among these are the use of
metal nanoparticles dispersed on high surface area supports, the use of molten alloys where
the active phase (the expensive metal) is present in very small amount, and the use of porous
materials that contain the active phase/metal in their structure. Therefore, we believe that there

is still room for improvement for RF plasma-based ammonia synthesis.

Table 3. Comparison of Haber-Bosch vs. RF plasma process for ammonia synthesis

Parameters Haber Bosch RF Plasma

Yield 8-15% 19.1%

Energy Yield (g-NH3/kWh) 500 0.22

Energy Cost (MJ/mol) 0.48 229

Setup Small scale not viable Small scale viable

Plant Size for Economy More than 100 ton/day Potential to be adaptable for
needed small scale plants in

combination with renewable
electricity sources

Temperature 450-600 °C 25-400 °C

Pressure 150-350 bar 0.01 bar

Limiting Reaction Nitrogen Dissociation Intermediate Formation
Catalyst Iron Catalyst Gold Catalyst
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Catalyst Poisoning Catalyst needs to be Hydrogen plasma keeps the
regenerated catalyst clean

Conclusions

Finding more efficient routes for ammonia synthesis has been a challenge for more than a
century. Emerging technologies, like plasma catalysis, create some new opportunities in this
direction. We explored the potential of RF plasma synthesis, both without and with metal
catalysts. We demonstrate the ammonia synthesis at mild conditions with a catalyst never
employed for this purpose, i.e., molten Ga, resulting in an ammonia yield of 10% and an energy
yield of 0.22 g-NH3/kWh. We also explored conventional transition metals for this reaction,
such as Pd, Ag, Au, Fe and Cu. This allowed us to obtain unprecedented ammonia yields up to
19%, surpassing the yield for the Haber-Bosch process. However, the energy yield of 0.2 g-
NH3/kWh and energy cost of 229 MJ/mol need to be greatly improved. It is important to
mention that the main purpose of this work was to obtain more fundamental insight in the
underlying mechanisms. For this purpose, we developed a chemical kinetics model to elucidate
the most important reaction pathways of ammonia synthesis. Furthermore, by means of
operando UV-Vis spectrometry, we could demonstrate experimentally the interaction of the gas
phase species with the catalyst surface, which results in the enhanced processing of the gas

input stream, or the plasma catalytic effect.
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