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Recently it was proposed that plasma-catalytic NHz synthesis with excited N, allows for conversions
beyond thermal equilibrium. We show that this is indeed possible with experimental data for Ru catalysts at
temperatures above 300 °C, resulting in significant thermal activity for NHz synthesis. The resulting NHz
concentration is determined by competition between, on the one hand, dissociative adsorption of ground-
state N, and adsorption of plasma-generated N radical species with subsequent hydrogenation to NHs,
and on the other hand, thermal-catalytic decomposition of NHz. At temperatures below 300 °C, plasma-
catalytic ammonia synthesis is attributed to adsorption of N radicals, generated in the plasma, with
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Introduction

A circular economy without fossil-based hydrocarbons is
required to decrease greenhouse gas emissions." With the
emergence of renewable resources, such as solar panels and
wind turbines, this increasingly becomes reality. However,
energy storage is required, as these renewable sources are
intermittent and do not match demand profiles. Various
energy storage alternatives have been researched. For
seasonal energy storage, chemical energy storage is the most
feasible option.” Renewable electricity can be used to produce
H, via H,O by electrolysis. However, H, is difficult to store
and transport.® Therefore, hydrogen carriers are proposed.*™®
Ammonia (NH;) may be one of the hydrogen carriers of
the future.>>*™" NH; can be synthesized from renewable
hydrogen (H,) and nitrogen (N,), as given by eqn (1). NH; is
currently synthesized by the large-scale Haber-Bosch process,
which operates at high temperatures (400-500 °C) and high
pressures (100-300 bar).12 However, energy storage requires a
significantly smaller scale, whereas scale-down of the Haber-
Bosch process is difficult due to the severe process
conditions® and extensive heat integration. Therefore,
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alternative technologies are currently under development,
such as electrochemical synthesis, photochemical synthesis,
chemical looping, homogeneous catalysis, and bio-catalysis."?

N, + 3H, — 2NH; with AH° = -91.8 k] mol™* 1)

Plasma-catalysis is another alternative for small-scale conversion
of H, and N, to NH;."*™ A plasma is an ionized gas, in which
electrons can activate strong chemical bonds, such as N=N."°
In a thermal plasma, ionized and radical species dominate at a
temperature of typically a few thousand K. Due to the high
temperatures, thermal plasmas are not suitable for combination
with a catalyst.'” In the case of a non-thermal (NT) plasma,
electrons have a temperature of 10 000-100 000 K, whereas the
molecules remain at near-ambient temperature, which is
determined by translation and rotation of molecules. Most
molecules are not ionized or dissociated, whereas vibrational
and electronic excitation occurs.'® Thus, non-thermal plasmas
can be combined with catalysts as described hereafter. NH;
synthesis in the presence of a plasma and a catalyst has been
studied over the past four decades, with recently increasing
focus on effective coupling between the catalyst and
plasma.'®>* However, the current best reported energy
efficiency is typically 25-35 gy, kKW h™', which is substantially
lower than the required energy efficiency of 150-200 gny, kW
h™" to be competitive with alternative technologies for small-
scale NH; synthesis.'*>**

Recently, Mehta et al?>® postulated that catalytic NHj
synthesis can be enhanced via vibrational excitation of N,

This journal is © The Royal Society of Chemistry 2021


http://crossmark.crossref.org/dialog/?doi=10.1039/d0cy02189j&domain=pdf&date_stamp=2021-04-21
http://orcid.org/0000-0002-2794-199X
http://orcid.org/0000-0002-5258-7558
http://orcid.org/0000-0003-2377-5282
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cy02189j
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY011008

Open Access Article. Published on 11 February 2021. Downloaded on 12/7/2025 1:01:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

molecules in a non-thermal plasma, without affecting the
subsequent  hydrogenation of N-containing
intermediates and desorption of NH;. Plasma-activation of
N, is proposed to enhance the nitrogen dissociation rate
due to the pre-activation of the N, molecule, decreasing the
apparent barrier for N, dissociation, thereby increasing the
ammonia synthesis rate.”>>® The authors also reported that
plasma-catalytic NH; synthesis can result in NH; formation
beyond thermal equilibrium,*” which the authors attributed
to the plasma-activation of N,, thereby decreasing the
barrier for N, dissociation and pushing the equilibrium
towards NH; formation.

Rouwenhorst et al.®® substantiated the claim that the N,
dissociation barrier can be decreased by plasma-activation of
N, with a kinetic analysis for Ru-based catalysts in a narrow
temperature range (200-330 °C) at atmospheric pressure in a
dielectric barrier discharge (DBD) reactor with relatively low
plasma powers between 83 and 367 J L™". It was found that the
dissociation of N, over the catalyst is still the rate-limiting step
for ammonia synthesis.”® This is supported by the similarity
between the effects of electronegativity of supports and
promotors on the activity of Ru-catalysts, for both thermal
catalysis and plasma-catalysis. The lower electronegativity of
the support and promoter leads to increased activity for NH;
synthesis due to the enhancement of N, dissociation.”®* The
barrier for N, dissociation was lowered from 60-115 kJ mol*
for thermal catalysis to 20-40 kJ mol™ for plasma-enhanced
catalysis over Ru-catalysts.”® These experiments were performed
at low conversion, far away from thermodynamic equilibrium
and at relatively low plasma powers.

Several pathways involving species in the plasma and on
the catalyst surface may contribute to plasma-catalysis, as
discussed previously.”® In short, these are radical species
generated in the plasma (i.e.,, N, H, and NHy), which may
react in the plasma phase and/or on the catalyst surface to
form NH;,*® while also plasma-activated molecular N, may
dissociate on the catalyst surface,® with subsequent
hydrogenation to form NH;.

The process conditions (i.e. temperature, pressure, plasma
power and properties), as well as the type of catalyst probably
determine the dominant pathway for NH; formation. The
goal is to get a better understanding of the dominant
pathways for NH; synthesis on Ru-based catalysts, in the
temperature range between 50 °C and 500 °C and for a
specific energy input (SIE) of the plasma of 11.4-19.2 kJ L™".
We will show that plasma chemistry dominates at low
temperatures (<175 °C) as the empty quartz reactor, bare
MgO and Ru/MgO all yield the same outlet ammonia
concentration. Ru catalyzes plasma-driven NH; synthesis
exclusively at temperatures above 175 °C, allowing N,qs to
hydrogenate and NH; to desorb. Between 175 °C and 300 °C,
ammonia synthesis proceeds mainly via adsorption of N
radicals generated in the plasma, which are subsequently
hydrogenated to NH; on the catalyst. At higher temperatures,
the thermodynamic equilibrium of the reactants and the
product in the ground-state is surpassed, which is attributed

surface
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to a combination of catalytic ammonia synthesis with both
ground-state and excited molecular N,, as well as catalytic
hydrogenation of N radicals generated in the plasma,
competing with thermo-catalytic ammonia decomposition.

Results

The experimental procedure can be found in the ESL} In the
upcoming section, the results of the catalytic tests for MgO,
Ru/MgO and Ru-K/MgO with and without a plasma are
presented. The results of catalyst characterization and plasma
characterization with Lissajous plots and UV-vis spectroscopy
can be found in the ESL}

Thermal catalysis

The Ru-catalysts were tested for catalytic activity in the
absence of a plasma, at atmospheric pressure, a constant
H,:N, ratio of 1:1 and a total flow rate of 20 mL min ’,
using typically 130 mg catalyst.

The Ru/MgO catalyst showed little thermal activity for
NH; synthesis under the conditions used. Formation of
ammonia never reached the detection limit of the gas
analyzer, i.e. ~0.07 mol% equivalent to a catalyst activity of
1440 pmol NH; h™’ gcat_l. This is in line with results of Aika
et al.,*" reporting an NH; synthesis rate as low as 60 pmol
NH; h™ g ' over Ru/MgO for H,:N, = 3:1 at 315 °C.
Indeed, that is far below the detection limit of the gas
analyzer used in this work. Fig. 1 presents the result for co-
feeding 0.5 or 1.0 mol% NH;. Again, no ammonia formation
could be detected. However, the Ru/MgO catalyst is active for
NH; decomposition at 400 °C and above, at which
temperatures decomposition is thermodynamically possible.
Thermodynamic equilibrium is approached at 500 °C.

The potassium-promoted Ru/MgO catalyst (Ru-K/MgO) is
more active than the unpromoted Ru/MgO catalyst, for both
NH; synthesis and NH; decomposition (see Fig. 2), in
agreement with the literature.*'*> NHj, is formed over the Ru-
K/MgO catalyst at about 310 °C and above. The NH; synthesis
rate over Ru-K/MgO is about 1750 umol NH; h! gcm_1 at 315
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Fig. 1 Activity for thermal-catalytic NHs decomposition with 0.5 mol%
NH3 co-feed (0 orange circles) and 1.0 mol% NHsz co-feed (A green
triangles) over Ru/MgO. Total flow rate 20 mL min, Hy:N, = 1:1,
catalyst loading 130 mg (250-300 um).
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Fig. 2 Activity for thermal-catalytic NH3 synthesis with 0.0 mol% NHz
co-feed (< yellow diamonds) and NH3 decomposition with 1.0 mol%
NH3 co-feed (A green triangles) over Ru-K/MgO. Total flow rate 20
mL min™%, H,: N, = 1:1, catalyst loading 130 mg (250-300 pm).

°C, in reasonable agreement with literature values for the NH;
synthesis rate (560-1060 umol NH; h™ g... ) over Ru-K/MgO
at the same temperature and a H,:N, ratio of 3:1.>' The
higher NH; synthesis rate reported here can be attributed to
the lower H,:N, ratio of 1:1, preventing too high hydrogen
coverage, which suppresses adsorption of nitrogen.**

An Arrhenius plot based on the data between 320 and 355
°C results in an apparent activation barrier for NH; synthesis
of 92 kJ mol™ (see Fig. S5f), in line with the literature for
NH; synthesis over Ru-catalysts.*'** This barrier is attributed
to the nitrogen dissociation step, the rate-limiting step for
NH; synthesis over Ru-catalysts.>’

Fig. 2 also shows that Ru-K/MgO becomes active for NH;
decomposition at 350 °C when co-feeding 1.0 mol% NH;, at
significantly lower temperatures than needed for NH;
decomposition over Ru/MgO (Fig. 1). The recombination of N
atoms to form N, is the rate limiting step for NH;
decomposition over Ru-catalysts.***> Summarizing, the
potassium-promoted catalyst is significantly more active for
both NH; synthesis and NH; decomposition, as expected.?***

Plasma-catalysis

In case the plasma is illuminated, all reactor packings (MgO,
Ru/MgO and Ru-K/MgO) show conversion to NH;, as shown
in Fig. 3. An empty reactor without a packed bed, but with
the spacer and quartz wool, shows an outlet NH;
concentration of 0.14-0.17 mol% independent of
temperature, indicating that NH; is formed via chemical
reactions in the plasma via radicals.”® The presence of a
packed bed of MgO particles does not influence the
conversion as compared to the empty reactor, indicating that
the MgO surface does not play a significant role in the
conversion of plasma-activated species to NH;. This agrees
well with observations in the literature.>” Also, the presence
of MgO seems not to influence the plasma significantly.
Below 175 °C, the conversion obtained with Ru/MgO is
similar to the conversion with bare MgO, implying that
plasma chemistry is the dominant NH; formation
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Fig. 3 Activity for plasma-catalytic NHz synthesis (and decomposition)
for an empty reactor (only the spacer & quartz wool, © orange circles),
MgO (A green triangles), Ru/MgO (< yellow diamonds), and Ru-K/
MgO (o grey squares). Total flow rate 20 mL min™, H,:N, = 1:1 (no
NH3 co-feed), catalyst loading 130 mg (250-300 um), plasma power
3.8 W (SIE =114 kI L™

mechanism at low temperature, rather than any catalytic
contribution over the Ru surface. This is in line with the fact
that ammonia desorption from Ru/Al,O3, Ru/SiO,, and Ru/AC
requires at least 180 °C,*® although weaker adsorption of
ammonia on Ru/MgO is suggested by Xie et al.** and Zhang
et al*® based on TPD experiments, as well as by Szmigiel
et al* based on temperature programmed reaction
experiments with adsorbed N,qs with H,. In any case,
hydrogenation of N or NHy surface species and/or desorption
of ammonia limit the reaction at temperatures below 175 °C,
based on the temperature programmed reaction experiments
performed by Szmigiel et al.*'

At temperatures above 175 °C, the conversion to NH; over
Ru/MgO increases  with increasing  temperature.
Consequently, the presence of Ru increases the rate of
formation of ammonia compared to bare MgO,
demonstrating a catalytic effect of Ru. Furthermore, NH;
formation surpasses the thermodynamic equilibrium at
temperatures above 400 °C.

Ru-K/MgO has a similar activity profile to Ru/MgO. However,
the onset temperature for the catalytic conversion is lower (125
°C), which can be attributed to repulsion between adsorbed
NHy species and potassium, and subsequently enhancement of
NH; desorption caused by the potassium promoter at such low
temperatures. As discussed above, distinction between effects
via, on the one hand, the rate of hydrogenation of NHy species
and on the other hand, the rate of desorption of ammonia
cannot be made and is not important for the discussion here.
There is ample proof that alkali promotion (K, Cs) on Fe and Ru
catalysts promotes hydrogenation and/or ammonia desorption
from Fe (ref. 42) and Ru.*>***

The conversions on Ru-K/MgO and Ru/MgO are similar
up to 300 °C. In the temperature window above 300 °C,
however, the conversion on Ru-K/MgO is higher than that on
Ru/MgO. This is in line with the observation that thermal-
catalytic NH; synthesis on Ru-K/MgO is significant at 325 °C
and above, as shown in Fig. 2. Thus, dissociative adsorption

This journal is © The Royal Society of Chemistry 2021
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of molecular N, contributes to plasma catalysis in this
temperature window, because K also promotes N,
dissociation, in line with the literature*>*>*¢ as well as our
previous results.”® The highest energy yield obtained for Ru-
K/MgO at 390 °C is 1.23 gnu, KW h™, which is far below the
target of 150-200 gy, kW h™".

Plasma-catalysis beyond thermal equilibrium

The NH; concentration on Ru/MgO goes through a maximum
at about 420 °C, after which the conversion decreases (see
Fig. 3). Apparently, the Ru/MgO catalyst is active for thermal
NH; decomposition above 390 °C, in line with Fig. 1. A
similar result is obtained with Ru-K/MgO at somewhat lower
temperature, ie. above 370 °C, whereas the ammonia
concentrations obtained with Ru/MgO and Ru-K/MgO at 450
°C and above are the same. The conversion decreases further
at higher temperatures. This is in line with theoretical
calculations performed by Mehta et al.>” for catalysts with an
intermediate N binding energy, for which conversions beyond
the thermal equilibrium are predicted upon plasma-
activation of N,. N, dissociation is the rate-determining step
for NH; synthesis over such catalysts, and plasma-activation
enhances the rate of N, dissociation towards NH; formation.

Fig. 4 shows the effect of co-feeding of 0.5 and 1.0 mol%
NH; to Ru/MgO and Ru-K/MgO. The results without addition
of ammonia (see Fig. 3) are repeated in Fig. 4 for easy
comparison. The plasma-catalytic conversion on Ru/MgO and
Ru-K/MgO is different in the temperature window where
thermodynamic equilibrium is not yet achieved, as Ru-K/
MgO is more active for NH; synthesis. Furthermore, the
results in Fig. 4 confirm that Ru-K/MgO is more active for
ammonia decomposition than Ru/MgO, as decomposition is
observed when increasing the temperature just beyond
thermodynamic equilibrium. In the case of Ru/MgO,
significantly higher temperatures are required before
observing significant ammonia decomposition. Above 450 °C,
both Ru/MgO and Ru-K/MgO approach the same conversion
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above thermal equilibrium, independent of the co-feed NH;
concentration. This will be discussed below.

Effect of plasma power

Fig. 5 shows that the ammonia concentration over Ru-K/MgO
at temperatures above 450 °C depends on the plasma power,
which was varied between 3.8 W and 6.4 W. Additional
experiments at 4.8 W and 6.4 W confirm that the NH;
concentration obtained at temperatures above 400 °C does not
depend on co-feeding of ammonia (see Fig. S6 and S77), very
similar to the result presented in Fig. 4 at 3.8 W power.

Discussion

The discussion aims to identify the dominant mechanistic
pathways for plasma-driven NH; synthesis, in the presence
and absence of an active catalyst and under various
process conditions.

Activity trends for plasma-catalysis

Various authors reported that the presence of a transition
metal catalyst enhances ammonia synthesis in a non-thermal
plasma.*®??%"7>3 On the other hand, the reactivity of the
support is not always considered in plasma-catalytic systems.
However, some authors have reported on the difference in
conversion for a supported metal catalyst and the bare
support. Peng et al’® reported on plasma-driven
conversion of an empty reactor, a bare support, and a
supported metal catalyst (with a promoter) at near ambient
temperature. The plasma-driven conversion decreased in the
order Ru-Cs/MgO > Ru/MgO ~ MgO > empty reactor.>
Similarly, Wang et al.*® reported on plasma-conversion over
various metal catalysts supported on Al,O; in a DBD reactor,
as well as an empty reactor under near-ambient conditions.
The plasma-driven conversion decreased in the order Ni/
Al,O; = Cu/Al,0; > Fe/Al,O; > bare Al,O; > empty reactor.”®
The plasma-driven conversion in a plasma-reactor packed

1.0 mol.% NHs co-feed , 4
1.2% F Al

1.0% |
0.8%
0.6% I
0.4% I

concentration (mol.%)

w 0.2% |

NH

0.0% 1 1 1 1 ]
0 100 200 300 400 500

Temperature (°C)

b.

Fig. 4 Activity for plasma-catalytic NHz synthesis (and NHz decomposition) for Ru/MgO (a.) & Ru-K/MgO (b.) for various NHsz co-feed
concentrations (0.0 mol% (0 grey squares), 0.5 mol% (o orange circles) and 1.0 mol% (A green triangles)). Total flow rate 20 mL min™%, Hy: Ny =
1:1, catalyst loading 130 mg (250-300 um), plasma power 3.8 W (SIE = 11.4 kJ L™).
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Fig. 5 Activity for plasma-catalytic NHsz synthesis (and NHs
decomposition) for Ru/MgO for various plasma powers (3.8 W (SIE =
11.4 kJ L™, o grey squares), 4.8 W (SIE = 14.4 kJ L™, o orange circles),
5.4 W (SIE = 16.3 kJ L%, © yellow diamonds) and 6.4 W (SIE = 19.2 kJ
L™, A green triangles)). Total flow rate 20 mL min™, H:N, = 1:1 (no
NH3 co-feed), catalyst loading 130 mg (250-300 um).

with Al,O; support increases with increasing temperature
with an activity decreasing in the order Co/Al,0; =~ Ni/Al,0;
~ Ru/Al,O; > Al,O3, as reported by Barboun et al®®

In the current work, a Ru metal loading of 2 wt% is used
to minimize the potential effects of the metal nanoparticles
on the plasma characteristics. Patil et al.”* showed that high
metal loadings of 10 wt% on oxide supports may result in
changes in the discharge characteristics. On the other hand,
Herrera et al® concluded that the impact of metal
nanoparticles on the discharge characteristics is not
significant for 5 wt% metal loadings on Al,O;. In the current
work, there is no significant effect of the Ru metal loading,
as supported by the similarity in the Lissajous figures for
MgO and Ru-K/MgO packing (see Fig. S37).

As shown in Fig. 3, the conversion is constant with
temperature for the empty reactor (i.e., quartz wool only), as
well as for MgO at a SIE of 11.4 kJ L. Thus, the MgO
support has no significant influence on the plasma-chemical
reactions to NHj;, resulting in typically 0.15 mol% NH;, as
shown in Fig. 3 and 6 for easy comparison. The fact that NH;
forms in the plasma phase or on the reactor wall implies that
N, H, and NHy radials are present in the plasma, as
previously reported by various authors.”*>°

NH; synthesis is catalyzed on the Ru metal in the presence
of a plasma when operating above the apparent onset
hydrogenation of N,qs and subsequent NH; desorption from
the Ru/MgO and Ru-K/MgO catalysts, 175 °C and 125 °C,
respectively (see Fig. 3). The activity of Ru/MgO and Ru-K/
MgO in the presence of a plasma is similar in the
temperature window between 200 °C and 300 °C (see Fig. 3).
Furthermore, the catalysts are not thermally active for NH;
synthesis in the temperature window below 300 °C in the
absence of a plasma, due to kinetic limitations for N,
dissociation.”®*® The fact that potassium does not influence
ammonia formation between 200 °C and 300 °C (see Fig. 3)
implies that ammonia synthesis in this temperature regime
cannot proceed via dissociation of ground-state N, or
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Fig. 6 NH3 outlet concentration for plasma-driven NHz synthesis and
thermal-catalytic NHs synthesis as a function of temperature. From left
to right: The empty quartz reactor (m orange striped - plasma on),
MgO packing (@ blue striped - plasma on), Ru/MgO catalyst (@ green
spotted - plasma on), and Ru-K/MgO catalyst (7 yellow checkerboard
- plasma on; @ grey single color - plasma off). Total flow rate 20 mL
min, Hy:N, = 1:1, no NH3 co-feed, catalyst loading 130 mg (250-
300 pm), plasma power 3.8 W (SIE = 11.4 kJ LY.

plasma-activated N,, as potassium would enhance the
dissociation rate of N,.>>*® Thus, the reaction proceeds
dominantly via N radicals rather than molecular N,. This is
further supported by density functional theory (DFT)
calculations performed by Engelmann et al.*°

The N radicals may react on the catalyst surface along two
pathways. Firstly, the N radicals may adsorb on the Ru
surface, followed by hydrogenation on the surface and NH;
desorption. Secondly, an Eley-Rideal type of reaction, e.g. N +
Ha.qs — NH,qs, without adsorbing the N radical first, may
contribute, as proposed by Engelmann et al***® with DFT
calculations and Yamijala et al.>” with ab initio calculations.

Ammonia synthesis during plasma-catalysis on Ru-K/MgO
is significantly faster than on Ru/MgO in the temperature
window between 300 °C and 400 °C (see Fig. 3 and 6), in
which Ru-K/MgO is also thermally active (see Fig. 2).
Molecular N, can dissociate thermally, suggesting that
dissociation of plasma-activated molecular N, is even more
facile.®® The potassium promoter enhances the N,
dissociation rate,>*® explaining the higher activity for Ru-K/
MgO as compared to Ru/MgO. Thus, the resulting activity is a
mix of a molecular mechanism via N, dissociation of both
ground-state N, and probably plasma-activated N,, as well as
a reaction pathway via N radicals generated in the plasma
phase, as discussed above.

The contribution of ground-state N, and plasma-activated
N, to NH; synthesis depends not only on the catalyst activity
for N, dissociation, but also on the plasma power.?® In our
previous work, we showed that dissociation of plasma-
activated, molecular N, and subsequent hydrogenation is
dominant over Ru-catalysts for low plasma powers in the
range of 0.1-0.4 kJ L™ at 200-300 °C.*® In contrast, the
plasma power in our current work is much higher, typically
11-19 kJ L', implying substantially higher concentrations of
N radicals.

This journal is © The Royal Society of Chemistry 2021
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N-Recombination to N, ie. the rate limiting step for NH;
decomposition over Ru-catalysts,® is fast over Ru-K/MgO at
temperatures above 350 °C in the absence of a plasma (see
Fig. 2). Therefore, the thermo-catalytic ammonia
concentration is controlled by thermodynamic equilibrium at
350 °C. In the presence of a plasma, higher ammonia
concentrations are attained than would be expected based on
thermodynamic equilibrium (see Fig. 3-5), which will be
discussed hereafter.

Beyond thermal equilibrium

Plasma-driven  conversions surpassing thermodynamic
equilibrium are frequently reported for CO, splitting,”® dry
reforming of methane (DRM)*>® and non-oxidative coupling of
methane (NOCM),*° mostly at temperatures where thermal
reactions do not contribute at all. The results in Fig. 3-5
show  surpassing  thermodynamic  equilibrium  at
temperatures at which thermo-catalytic ammonia synthesis
as well as thermo-catalytic ammonia decomposition proceeds
significantly, as schematically presented in Fig. 7. The outlet
ammonia concentration is the result of the competition
between three reactions, i.e. on the one hand NH; synthesis

NH; synthesis

Plasma-activation

Nz(eX)

RDS over Ru

RDS over Ru

RDS over Ru

View Article Online

Paper

via molecular N,, either in the ground-state (r¢y,) or in any
excited state (r¢p,;) and on the other hand NH; decomposition
of the ground-state NH; (1, ) exclusively (see eqn (2)). Note
that no distinction can be made between excited nitrogen via
vibrational excitation, electronic excitation or dissociation to
N radicals for 7.

Rnm,prod = Teth T Tepl ~ b th (2)

Irrespective of the inlet concentration of NHj, the same
concentration is attained at a given plasma power above 450
°C (see Fig. 4, S6 and S7%). Thus, the resulting ammonia
concentration only depends on the plasma power and not on
the initial ammonia concentration, as the overall H,: N, ratio
is not significantly influenced by the low concentration of
added ammonia. The observation that the ammonia
concentration is influenced by the level of pre-activation of
N, is in agreement with the trends predicted by the model of
Mehta et al.”” (see the ESIf). In any case, the plasma-driven
reaction (r¢p) is apparently faster than thermal ammonia
decomposition (1), resulting in plasma-catalytic ammonia
synthesis beyond equilibrium. This observation also rules out
that thermal effects induced by the plasma dominate,

Low barrier

2N

2Hads

N

»| 2NH;
e

NH; decomposition

Thermal-catalytic NH; synthesis
Plasma-catalytic NH; synthesis

Thermal-catalytic NH; decomposition

a.
Kt pi N, activation
N, (&) energetics
>
20
o .
c I Plasma activation
Q
s
El N
2 2 K h
8 kr,th
b. Reaction coordinate

Fig. 7 a. Schematic representation of plasma-catalytic ammonia synthesis above the onset temperature for thermal-catalysis, including reactions
with ground-state N, (thermal catalysis), reactions with plasma-excited N, (plasma-enhanced catalysis), and reactions with N radicals (adsorption
of N on empty sites and Eley-Rideal reaction with Hags)-3° b. Schematic free energy for thermal-catalytic NHz synthesis (green), plasma-catalytic
NHsz synthesis (blue), and thermal-catalytic (& plasma-catalytic) NHz decomposition (orange). Based on ref. 27. See also egn (2). RDS: rate

determining step.
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because a temperature increase would decrease the ammonia
concentration, according to the thermodynamic equilibrium.

It is reasonable to assume that N, and/or H, is much more
activated by the plasma than ammonia, due to the low
concentration of NH; in all experiments (<1.0 mol% compared
to typically 49 mol% H, and N,). The rate-limiting step for
thermal NH; decomposition on Ru is either N, recombination
or NH,q dissociation to N,4s and H,qs on the surface.** Thus,
it is unlikely that plasma-activation of NH; affects catalytic NH;
decomposition. Furthermore, the contribution of plasma
induced ammonia decomposition is not significant at the
plasma power applied (3.8 W), as shown in Fig. S9 in the ESLf
Therefore, decomposition of activated ammonia is not
included in eqn (2) and Fig. 7b. At higher plasma power,
however, ammonia may decompose in micro-discharges.”*"%

Fig. 8 shows good correlations between the NH;
concentration measured at 450 °C and plasma power.
Remarkably, the ammonia concentration also correlates linearly
with the concentration of excited N, molecules in the plasma,
as measured with UV vis spectroscopy (Fig. S4f). The level of
excitation of individual N, molecules increases with power,
thereby decreasing the activation barrier for dissociation
(Fig. 7a). Upon further increasing the plasma power, excitation
of N, molecules eventually leads to dissociation to N radicals
with further increasing plasma power.

Catalysts suited for thermal operation are not necessarily
the optimal choice for plasma catalysis, in agreement with a
theoretical argument formulated in the latest roadmap for
plasma catalysis.*®> This notion should have a major impact
in the field, as very frequently thermal catalysts are used in
plasma catalysis research. It is now experientially
demonstrated that the activity for the reverse reaction is
undesired and different catalysts should be considered when

1.0%
0.8%
0.6%

0.4%

Counts (a. u.)

0.2% ¢

NH, concentration (mol.%)

0.0%

SIE (kJ L)

Fig. 8 Left axis: NHs outlet concentration as a function of the SIE at
450 °C (o orange circles) and 500 °C (A green triangles) over Ru-K/
MgO (based on data from Fig. 5). Total flow rate 20 mL min™%, H,: N, =
1:1 (no NHz co-feed), catalyst loading 130 mg (250-300 pm), plasma
power 3.8-6.4 W (SIE = 11.4-19.2 kJ L. Right axis: Intensity of the
peak at 337 nm in the UV vis spectrum (transition from N,(C3I,(v = 0))
to N2(B3Hg(v = 0)), O grey squares) as a function of the SIE. The
density of NH radicals is also measured at 336.7 nm. However, the
density of NH is orders of magnitude lower than that of plasma-
activated N2.55 See Section S2.21 for the interpretation of UV-vis
measurements and Fig. S47 for the UV-vis spectra.
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approaching or surpassing thermodynamic equilibrium
based on ground-state molecules.

Conclusion

Plasma-catalytic NH; synthesis has been assessed over a wide
temperature window (50-500 °C). A distinction was made
between plasma-chemical and plasma-catalytic effects by
performing measurements with an empty quartz reactor,
MgO support and MgO supported Ru-catalysts. At low
temperatures (<175 ©°C), plasma chemistry dominates,
resulting in the same ammonia outlet concentration for the
empty quartz reactor, the MgO support, and the MgO
supported Ru-catalysts. Plasma-driven NH; synthesis is
catalyzed by Ru at temperatures above 175 °C. The potassium
promoter has no influence on the plasma-catalytic activity at
temperatures with insignificant thermal activity, i.e. typically
between 175 °C and 300 °C, indicating that the pathway via
adsorption of N radicals is dominant.

At temperatures with significant thermal activity for
ammonia synthesis, i.e. above 300 °C for Ru-K/MgO, the
plasma enhances the catalytic NH; synthesis rate. The plasma-
catalytic NH; synthesis rate is then a combination of the
catalytic hydrogenation of N radicals on the Ru surface and the
catalytic NH; formation via N, dissociation of both ground-
state molecular N, and plasma-activated molecular N,.

At elevated temperatures, typically above 400 °C, plasma-
catalysis results in ammonia concentrations beyond
thermodynamic equilibrium for ground-state N,. Therefore,
plasma-activated molecular N, and N radicals enhance the
formation of ammonia, increasing the rate of formation of
ammonia more than the activity of the catalyst to decompose
ammonia. With increasing plasma power, the density of
plasma-activated molecular N, and N radicals increases,
thereby increasing the conversion beyond equilibrium.
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