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Abstract
Plasma-activation of N2 via vibrational excitations or electronic excitations enhances the
dissociative sticking probability on Ru-surfaces with respect to ground-state N2. We propose
that this is primarily due to a weaker nitrogen–nitrogen bond, facilitating direct adsorption of
both nitrogen atoms on the metallic surface, a pathway with a high barrier for ground-state N2

due to the short bond distance of 110 pm. Furthermore, we show that the increased sticking
probability is not only a heating artefact, as the activation barrier for N2 dissociation decreases
upon plasma-activation. Recent modelling studies show that the binding strengths of surface
adsorbates, as well as the barrier for dissociation may change as a result of high electric fields,
as well as high degrees of charging metal particles. We show that the effect of plasma-induced
electric fields is negligible in dielectric barrier discharge reactors, and other non-thermal plasma
reactors. The effect of alkali promoters on the local electric fields is orders of magnitude larger
than the electric field of the plasma. The role of plasma-induced metal surface charging during
N2 dissociation is currently not known for metal clusters on a support.
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(Some figures may appear in colour only in the online journal)

1. Background

Plasma-catalysis is an emerging field for activating strong
chemical bonds in molecules such as CO2, CH4 and N2

[1–3]. Rather than fully dissociating the molecules in the
plasma, mild activation in the plasma via vibrational or elec-
tronic excitation, followed by dissociation on a catalyst may
allow for a lower activation barrier on the catalyst [4]. For
CH4 it is established that the 1st vibrational level lowers the
total activation barrier for dissociation [5], thereby increasing
the dissociative sticking probability on Ni(100) surfaces [6].

∗
Authors to whom any correspondence should be addressed.

However, the molecular mechanisms for plasma-catalytic CO2

and N2 dissociation are less understood.
Plasmas can be divided in the categories thermal plasmas

and non-thermal plasmas [7–10]. In a thermal plasma, the elec-
trons and the heavier plasma species (molecules, radicals, and
ions) are in thermal equilibrium, resulting in temperatures in
the order of 104 K [10]. In a non-thermal plasma, the electrons
are not in equilibrium with the heavier plasma species, result-
ing in a substantially lower gas temperature as compared to the
electron temperature [10]. Non-thermal plasmas can be clas-
sified as cold plasmas with a gas temperature typically near
room temperature, and warm plasmas with gas temperatures
of several 103 K [1, 10]. The dominating activation channels in
cold non-thermal plasmas, e.g. in a dielectric barrier discharge
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(DBD) reactor [11], are primarily electronic excitations with
a minor role for vibrational excitations [1, 2]. Warm plasmas
combine characteristics of a thermal and non-thermal plasma,
with a much higher electron temperature than the gas temper-
ature, while the gas temperature is still typically several 103 K
[1, 10]. The primary activation channel of molecules in such
warm plasmas is vibrational excitation [1, 2].

Thermal plasmas and warm plasmas typically have such
high temperatures, e.g. in the order 104 K and 103 K [1, 10],
such that no catalysts exist with sufficient thermal stability.
However, various studies have attempted to couple plasma and
catalyst in warm plasma reactors [12, 13]. Alternatively, the
catalyst can be placed after the plasma zone, where temperat-
ures are lower [14, 15]. At the other hand, the overall temperat-
ure in a cold non-thermal plasma is sufficiently low for plasma-
catalyst combination inside the plasma zone [3, 14, 15].

N2 is an extremely stable molecule, and breaking the triple
N≡N bond is difficult, even in the presence of a catalyst.
Typical barriers for thermal-catalytic N2 dissociation are as
high as 60–115 kJ mol−1 for Fe and Ru catalysts [16–18].
Therefore, N2 dissociation is usually the rate-determining step
for thermal-catalytic NH3 synthesis [17], and temperatures of
400 ◦C–500 ◦C are typically required for NH3 synthesis under
industrial conditions [19–21].

Plasma-catalytic NH3 synthesis has been studied widely in
recent years [22–24], with emphasis on Ru catalysts in DBD
reactors [25–31]. It was reported that plasma-activation of N2

lowers the N2 dissociation barrier on Ru catalysts, potentially
allowing for operation at lower temperatures [27, 32, 33]. The
barrier for N2 dissociation decreases from 60 to 115 kJ mol−1

for thermal-catalytic NH3 synthesis on Ru to 20–40 kJ mol−1

for plasma-catalytic NH3 synthesis on Ru when operating at
0.1–0.4 kJ l−1 specific energy input (SEI) [27]. At higher SEI,
N2 is increasingly dissociated in the plasma, and adsorption
of N radicals will dominate plasma-catalytic NH3 synthesis
[13, 28, 34].

The goal of this topical review is to provide an overview of
current understanding of plasma-catalytic ammonia synthesis,
based on available literature from various disciplines. There-
fore, we first discuss the current understanding of thermal-
catalytic N2 dissociation on Ru catalysts [35–39]. We pos-
tulate that weakening of the N≡N triple bond by vibrational
excitation and electronic excitation in a non-thermal plasma
at low SEI leads to an increase in the distance between the
nitrogen atoms, thereby facilitating a lower barrier pathway
for N2 dissociation as compared to ground-state N2. We also
discuss the role of surface heating, and we show that electric
fields in non-thermal plasma are insufficient for enhancing dis-
sociation of N2 on Ru catalysts. However, the role of plasma-
induced charging of metal particles is not well understood at
this moment, and this remains an open question in the field of
plasma-catalysis.

2. Thermal-catalytic N2 dissociation on Ru catalysts

In the past few decades, theoretical physical chemistry has
been used to better understand fundamentals of catalytic

reactions [40]. Amongst others, understanding of N2 dissoci-
ation on Ru catalysts is better understood using Ru(0001) as
a model system [35, 36]. A fundamental understanding of N2

dissociation may aid in the development of more active cata-
lysts for NH3 synthesis.

Thermal-catalytic N2 dissociation is an activated process
on most transition metals. In accordance with the Polanyi
principle [41, 42], metals with a relatively weaker N bind-
ing energy have a higher activation barrier for N2 dissociation
[43, 44].

From molecular beam experiments it was found that the
dissociative sticking probability of N2 on Ru(0001) increases
with incident energy in N2 [37–39], and more specifically
vibrational excitation [38]. Various molecular beam experi-
ments for N2 dissociation on Ru(0001) surfaces are shown in
figure 1. In the ground state, the dissociative sticking prob-
ability of N2 is in the order 10−6 [38], while the dissociation
barrier on Ru(0001) surface is in the order of 100 kJ mol−1.
Mild activation of N2 via vibrational excitation or electronic
excitation is expected to increase the sticking probability sub-
stantially, as decreasing the nitrogen–nitrogen bond strength
or excitation of the N2 molecule may result in a lower disso-
ciation barrier to be overcome for dissociation on the metal
surface [32]. However, even at translational energies as high
as 400 kJ mol−1 (far above the barrier for N2 dissociation on
Ru(0001)), the dissociative sticking probability is still limited
to 10−2 and does not approach 1 [37, 38]. Apparently, the
energy partially dissipates to the surface via another pathway
than N2 dissociation. This limited dissociative sticking is most
recently ascribed to translational and rotational motion of N2

along the surface [35, 36].
A high surface coverage affects the N2 dissociation rate as

the number of empty sites decreases, thereby limiting addi-
tional adsorption. Furthermore, an increased surface coverage
of atoms such asN or S increases the barrier of N2 dissociation,
due to a change in d band density of states (DOS) [45–47].

On the other hand, the presence of alkali promoters
increases the N2 dissociation rate on Ru catalysts, as the NH3

synthesis rate increases upon introducing alkali promoters on
Ru catalysts [17, 47]. The introduction of alkali promoters has
little to no effect on the d band DOS [45, 46]. Instead, the bar-
rier for N2 dissociation is decreased by strong electric fields
of 0.5–1.0 V Å−1 caused by alkali ions via polarization of the
nitrogen molecule [45–47].

The proposed pathway for thermal-catalytic N2 dissoci-
ation on Ru(0001) is shown in figure 2. Initially, N2 is
physisorbed perpendicularly to the Ru surface (I). Then, N2

is chemisorbed in a metastable state (M), increasing the
nitrogen–nitrogen bond distance from 110 to 121 pm [48].
Finally, the nitrogen–nitrogen bond is further weakened in the
transition-state (TS), after which complete rupture occurs (F).

3. Plasma-activated N2 dissociation on Ru

The molecular beam experiments in figure 1 indicate that
the dissociative sticking probability may be increased for
N2 molecules with vibrational excitation and translational
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Figure 1. Effect of the N2 kinetic energy on the dissociative sticking probability from molecular beam experiments. The figure is
constructed based on the figure 1 in [37]. Original data from Romm et al with a nozzle temperature <700 K (crosses), and with a nozzle
temperature of 1750 K, probably with more vibrational activation in N2 (triangles) [38], Egeberg et al (diamonds) [39], Diekhöner et al
(squares) [37]. The circle represents the sticking probability of N radicals (e.g. fully dissociated N2).

Figure 2. Proposed mechanism for N2 dissociation on Ru(0001). The bond length b is the bond length between the two nitrogen atoms. The
(I) state refers to the physisorbed state in which N2 is physisorbed perpendicularly to the Ru surface. The (M) state refers to the metastable
chemisorbed state, in which the molecular nitrogen–nitrogen bond distance is increased from 110 to 121 pm [48]. The (TS) state refers to
the transition-state, in which the nitrogen–nitrogen bond is further weakened. The (F) state refers to the total rupture of the N2 molecule to
two N atoms. Reprinted from [45], Copyright (1998), with permission from Elsevier. Reprinted from [48], Copyright (1997), with
permission from Elsevier.
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Figure 3. Left: postulated effect of plasma-induced N2 activation on the catalytic activity at 400 K (thermal catalysis, plasma-activated N2

with Treanor distribution, and vibrational distribution function (VDF) uniform plasma). For VDF uniform plasma, see [3]. Courtesy
Yannick Engelmann. Right: apparent activation barriers for plasma-catalytic ammonia synthesis on Ru-catalysts at 200 ◦C–300 ◦C and
1 bar. Reprinted with permission from [27]. Copyright (2019) American Chemical Society.

excitation in a non-thermal plasma. The question arises
whether the increased dissociative sticking probability of N2

upon plasma-activation is just due to a heating artefact [37], or
to a decrease in the barrier for N2 dissociation [27, 32]. Heat-
ing effects in non-thermal plasma depend on the type of plasma
and may occur very locally caused by plasma-catalyst interac-
tion, possibly enhancing the dissociative adsorption rate of N2

[10, 49].
Recent research has provided support for the hypothesis

that the barrier for dissociative adsorption of N2 onRu surfaces
is decreased for plasma-activated N2 as compared to ground-
state N2 [27, 32]. Mehta et al [32] postulated that the barrier
for N2 dissociation can be decreased by vibrational excitation,
while the subsequent hydrogenation steps of Nads to ammonia
were proposed to not change (see figure 3). Rouwenhorst et al
[27] provided experimental supporting evidence for the claim
that the barrier for N2 dissociation is decreased by plasma-
activation, based on a kinetic analysis of ammonia synthesis on
Ru catalysts in a DBD reactor. In case of thermal catalysis (i.e.
without a plasma), the apparent activation barrier of ammo-
nia synthesis is about 60–115 kJ mol−1, which can be attrib-
uted to the dissociation of N2 [16, 50]. Upon plasma activa-
tion, the authors found that the apparent activation barrier for
ammonia synthesis decreased to about 20–40 kJ mol−1, which
was attributed to a lower barrier for N2 dissociation [27]. This
mechanism was found to be relevant for catalysts with, at least
some, thermal-catalytic activity combined with relatively low
plasma powers (0.1–0.4 kJ l−1). Furthermore, the influence
of cations on activity of Ru catalysts has also been described
based on the electronegativity of the support and of the alkali
promoter for both thermal catalysis and plasma-catalysis in a
DBD plasma. In both cases, the activity for N2 dissociation
increases with decreasing electronegativity of the support and
the alkali promoter, as is inferred from the higher activity for
ammonia synthesis [27].

Various authors suggested that the adsorption of N radicals
present in the plasma can also be a kinetically relevant pathway

for ammonia synthesis in the presence of a plasma and a cata-
lyst [13, 28, 34]. This mechanism is dominant in case of rel-
atively high plasma power, when the density of N radicals is
substantial, and for catalysts that cannot dissociate N2, even
in case of vibrationally or electronically excited molecular N2

[23, 34, 51].
The ratio SNρN

SN2(ex)
ρN2(ex)

expresses which of the two pathways

is dominant for the adsorption of atomic nitrogen on the sur-
face, activated N2 or N radicals, where SN is the sticking prob-
ability of N radicals and SN2(ex) is the dissociative sticking
probability of plasma-activated N2, whereas ρN and ρN2(ex)

are the densities of N radicals and plasma-activated N2 in the
plasma near the catalyst surface. The term plasma-excited N2

is used for the combined vibrationally-excited N2 molecules
and electronically-excited N2 molecules. From figure 1 it fol-
lows that the values of SN and SN2(ex) on Ru(0001) are about
1 and in the order 10−2, respectively. As N radicals do not
have a barrier for adsorption on Ru, the dissociative stick-
ing probability is about 1. Plasma-activated N2 is assumed to
be in the order 10−2, as this is the sticking probability for
translationally-activated N2 with an energy of 400 kJ mol−1

[38], as shown in figure 1. Dominant electronic excitations in
N2 in a DBD reactor have an energy of 600 or 713 kJ mol−1

[52], respectively, so this may be a conservative estimate.
This means the density of plasma-activated N2 must be

more than two orders of magnitude higher than that of N rad-
icals for plasma-activated N2 to be the dominant nitrogen spe-
cies for plasma-catalytic ammonia synthesis. The densities
of activated N2 and N radicals depend on the plasma char-
acteristics and the power applied [1, 2]. Plasma modelling
studies provide an estimation of the densities of activated N2

and N radicals [53, 54]. Typical densities for N radicals dur-
ing the micro discharges in a DBD plasma are in the order
10−5 kg m−3 [54]. With increasing plasma power, the density
of N radicals increases.

Recent modelling work of van ‘t Veer et al [54] shows
that densities of above 10−3 kg m−3 are possible for
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electronically-excited N2 molecules during micro-discharges
in DBD reactors. In that case, the ratio SNρN

SN2(ex)
ρN2(ex)

becomes
1 × 10−5

10−2 × 10−3 = 1. Alternatively, vibrationally-excited N2 may
dissociate on the Ru surface. For example, the first five vibra-
tional levels for vibrationally-excited N2 molecules with an
excitation level up to about 140 kJ mol−1 show densities above
10−2 kgm−3 during micro-discharges according to van ‘t Veer
et al [54]. As shown in figure 1, this results in a dissociative
sticking probability in the order 2 × 10−5. In that case, the
ratio SNρN

SN2(ex)
ρN2(ex)

becomes 1 × 10−5

2 × 10−5 × 10−2 = 50, e.g. favouring

reactions with N radicals.
Thus, the mechanism with plasma-excited N2 is plausible

in case the plasma power is relatively low, typically below
102 J l−1 for DBD reactors [27]. For higher plasma powers,
typically in the order 103–104 J l−1 for DBD reactors, the
reduced electric field increases, which implies a higher frac-
tion of the activated N2 will be dissociated [1]. It should be
noted that the plasma characteristics in a DBD reactor are
stochastic (e.g. varying in time and space), and the densit-
ies of plasma species vary during the streamer discharges and
the afterglow [54, 55]. As the catalyst material determines
the sticking probability of SN2(ex), this analysis is valid for Ru
exclusively.

It should be noted that the ratio SNρN
SN2(ex)

ρN2(ex)
is a first approx-

imation to estimate the dominant pathway. The gas temper-
ature, and subsequently the translational energy, the molar
weight and the kinetic diameters of the gas species, among
other factors, also influence the collision frequency in the
plasma and with the surface. However, the differences in these
properties between activated N2 molecules and N radicals are
only minor. Therefore, the ratio SNρN

SN2(ex)
ρN2(ex)

allows for a reas-

onable estimate for the dominant pathway.
We propose that the enhancing effect of plasma activation

in N2 dissociation can be understood based on the dissociation
mechanism as described in figure 2 [45, 48]. Plasma-activation
by electronic excitation weakens the nitrogen–nitrogen bond,
which increases the distance between the nitrogen atoms. In
DBD plasmas, plasma-activation via electronic excitations in
N2 is dominant, with an energy of 713 kJ mol−1 (7.39 eV,
the B3Πg state) resulting in an interatomic distance of 121 pm
[52, 56]. For reference, the bond interatomic distance for N2 in
the ground-state (B2Σu

+) is 110 pm. Alternatively, vibrational
excitations in N2 may result in a similar nitrogen–nitrogen
bond weakening [38], potentially with a higher energy effi-
ciency [57]. In case of vibrational excitation, the nitrogen–
nitrogen bond varies around an average bond length due to har-
monic and anharmonic vibrations. With increasing vibrational
excitation, the amplitude increases and the vibration become
increasingly anharmonic, resulting in a higher average bond
length between the nitrogen atoms.

As discussed in section 2, the bond-distance varies between
the different adsorbed states of N2 on Ru(0001). Ground-
state N2 first physisorbs perpendicular to the Ru surface (see
figure 2), as the interatomic distance for N2 in the ground
state is too small (110 pm) for direct parallel adsorption with
both nitrogen atoms interacting with the metal surface, which

would be optimal with a nitrogen–nitrogen bond distance of
121 pm [48]. For reference, the nitrogen–nitrogen distance in
the physisorbed state perpendicular to the Ru surface is about
112 pm (see figure 2). We propose that increased nitrogen–
nitrogen bond distance in N2 due to plasma-activation may
open an alternative adsorption pathway. Rather than initial
physisorption perpendicular to the Ru surface, we propose that
plasma-activated N2 with a bond distance of 121 pm can dir-
ectly chemisorb on Ru surface sites with both nitrogen atoms
in contact with the surface, similar to the M state in thermal
catalysis (see figure 4). This allows for a lower total barrier
for N2 dissociation for plasma-activated N2 as compared to
dissociation of N2 from the ground-state.

4. Effects of the plasma on the catalyst

Upon plasma illumination, there is a mutual influence of the
plasma on the catalyst and vice versa [3, 49, 58–60]. Numer-
ous effects have been described to be of potential importance,
such as surface heating effects, plasma-induced electric fields,
plasma-induced surface polarization, as well as an enhanced
adsorption rate of plasma-activated molecules. Hereafter, we
aim to estimate the potential contributions of these phenomena
for plasma-catalytic ammonia synthesis.

4.1. The role of surface heating

Plasma-induced heating can be very significant, especially
when operating at near-ambient conditions and with high
plasma powers [14, 58]. Various authors showed that plasma-
induced heating increases with increasing plasma power or
SEI [14, 61, 62]. For catalytic NH3 synthesis, the effects
are twofold: (a) the intrinsic activity for N2 dissociation and
hydrogenation on the catalyst increases with increasing tem-
perature, and (b) product desorption is enhanced with increas-
ing temperature, resulting in more free sites available for
adsorption of reactants. In principle, the energy of plasma-
activated N2 that is not used for decreasing the barrier for N2

dissociation is dissipated as heat. Furthermore, electrons and
radical species such as N, H, and NHX may adsorb on the sur-
face, further increasing surface heating, as adsorption is exo-
thermic [49]. Radical species such as N, H, and NHX can also
react in the plasma phase itself, resulting in significant heat
formation [10].

However, heating effects cannot account for the observed
decrease in activation barrier from 60–115 kJ mol−1 for
thermal-catalytic NH3 synthesis on Ru to 20–40 kJ mol−1 for
plasma-catalytic NH3 synthesis on Ru at 200 ◦C–330 ◦C and at
SEIs of 0.1–0.4 kJ l−1 [27]. Heating effects may only become
significant at substantially higher SEIs [10].

4.2. The role of electric fields

Electric fields are present in all types of plasmas includ-
ing non-thermal plasmas, such as DBDs. The potential role
of electric fields has recently gained attention for plasma
catalysis in various research groups [63–66]. Hereafter, we
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Figure 4. Proposed mechanism for plasma-activated N2 dissociation on Ru catalysts. The (I) state refers to the physisorbed state in which
N2 is physisorbed perpendicularly to the Ru surface. The (M) state refers to the metastable chemisorbed state, in which the molecular
nitrogen–nitrogen bond distance is increased from 110 to 121 pm [48]. The (TS) state refers to the transition-state, in which the
nitrogen–nitrogen bond is further weakened. The (F) state refers to the total rupture of the N2 molecule to two N atoms.

discuss whether plasma-induced electric fields are sufficiently
strong to influence catalytic reactions.

As discussed in section 2, the barrier for N2 dissociation
on Ru catalysts is decreased by alkali promoters, which is
attributed to electric fields of 0.5–1.0 V Å−1 [45, 46]. Shetty
et al [67] recently demonstrated with density functional theory
(DFT) calculations that electric fields of±1.0 V Å−1 also lead
to a minor increase of 0.1 eV in the binding strength of N2

∗.
The adsorption of other molecules on surfaces under electric
fields has been reported as well. For instance, Susarrey-Arce
et al [68] reported that an electric field as low as 10−3 V Å−1

changes the mode of adsorption of CO on Pt, i.e. linear adsorp-
tion versus bridge bonded CO, without changing the reactiv-
ity of CO. Shetty et al [67] reported an increased CO bond
strength on Pt surfaces under electric fields with DFT cal-
culations, albeit the increase was found to be as small as
0.025 eV under an electric field of 1 V Å−1. Neyts et al
[63–66] performed theoretical studies on the effect of elec-
tric fields on the binding strength of CO2 on various metal
surfaces. For strong electric fields of 1.0–1.5 V Å−1, the
authors reported an increase in CO2 binding strength on Cu
surfaces.

Typical reduced electric fields in DBD reactors operated
at atmospheric pressure are in the range of 100–1000 Td [1],
which translates to electric field strengths between 3 × 10−4

and 3× 10−3 VÅ−1. On the other hand, typical reduced elec-
trical field strengths in low pressure plasma reactors such as
radiofrequency and microwave reactors are less than 100 Td
and gas densities are much lower at lower pressures, result-
ing in even lower electric field strengths than in DBD react-
ors. Modelling studies of DBD reactors confirm electric fields

strengths of maximum 10−3 V Å−1 near contact points in
packed beds [69–71]. Recent imaging studies of the electric
field strength near a plasma-surface with iCCD cameras reveal
a maximum field strength of about 0.5 × 10−4 V Å−1 [72].
Thus, plasma-induced electric fields in DBD reactors aremuch
smaller than electric fields that are required to influence the
catalytic activity, e.g. by alkali promoters in ammonia syn-
thesis as discussed above [45, 46]. For reference, a reduced
electric field of 37 200 Td would be required to attain an elec-
tric field strength of 1.0 V Å−1, which is not realistic for any
type of non-thermal plasma.

Another argument for the negligible role of plasma-induced
electric fields is based on experimental results. If electric fields
were a dominant factor for plasma-catalytic N2 dissociation,
the role of the alkali promoters would be limited for plasma-
catalysis. However, Rouwenhorst et al [27, 28] found that the
role of alkali promoters is equally significant for N2 dissoci-
ation in case of thermal catalysis and plasma catalysis with
plasma-activated molecular N2. In both cases, the activity for
ammonia synthesis is about an order of magnitude higher for
the alkali promoted catalyst, as compared to the unpromoted
catalysts [27]. Concluding, plasma-induced electric fields are
too weak to play a significant role in N2 activation.

4.3. The role of charging of metal particles

Hereafter we evaluate the potential role of charging of metal
particles in a non-thermal plasma, such as a DBD plasma.
Charging of metal particles by excess electrons from the
plasma, thereby changing the Fermi level, can influence

6
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the N binding energy and consequently the barrier for N2

dissociation.
Various authors have reported on the role of charging on

metal particles in plasmas, especially for CO2 adsorption. Bal
et al [65] reported in a theoretical study that the binding
strength of CO2, CO, O, and OH increases for single atom
catalysts (Ti/Al2O3, Ni/Al2O3 and Cu/Al2O3) in the presence
of an excess electron. Furthermore, Bal et al [66] reported
that the binding strength of CO2 increases on boron nitride
(BN) nanosheets in the presence of surface charging. Jafarza-
deh et al [64] reported on nanoclusters of five Ni or Cu atoms
on TiO2. The authors found that the adsorption strength of
CO2 on Ni5/TiO2 and Cu5/TiO2 increases upon adding neg-
ative charge to the surface. Jafarzadeh et al [63] also repor-
ted on the role of excess electrons combined with an electric
field for various Cu surfaces. The adsorption energy of CO2

was found to increase assuming a strong electric field of 1.0–
1.5 V Å−1 [63], which is however not realistic for any type of
non-thermal plasma as discussed above. The combination of
a strong electric field of 1.0–1.5 V Å−1 and an excess elec-
tron further increases the adsorption energy of CO2 based on
theoretical calculations, while an excess electron in absence
of an electric field had no significant influence on the bind-
ing strength of CO2 to the Cu facets. Concluding, the effect of
charging metal surfaces has been studied by several authors.
Effects on adsorption strength have been reported for CO2

and CO, however, no information is available on any influ-
ence on reactivity. Furthermore, no information is available
for N2 adsorption and dissociation. Additional research would
be required to assess whether charging of metal particles has
any significant effect on N2 dissociation.

It is currently an open question in the field of plasma-
catalysis to what degree metal nanoparticles will be charged
by excess electrons. The plasma is locally highly transient, and
the density of electrons varies over time. During the micro dis-
charges, electron density is the highest (typically 1021 m−3 s−1

[10, 54]), while the electron density decreases during the after-
glow (down to 1015 m−3 s−1 [10, 51, 73]). The degree of
charging of metal nanoparticles depends on the rate of metal
surface charging during the micro discharges, and the rate
of metal surface discharging during the afterglow. Thus, the
degree of metal charging of metal particles varies over time. If
there is any significant effect of charging of metal particles,
it is expected to occur during the micro discharges. Addi-
tional research is required to assess the role of charging metal
particles over time.

Concluding, the significance of metal surface charging in
plasma-catalysis in general is currently not well understood.
Thus, the role and significance of metal surface charging is
a known unknown in plasma-catalysis [58, 59]. Furthermore,
it is unknown whether metal surface charging is sufficient to
influence the rate of N2 dissociation.

4.4. Maximizing plasma-catalyst interaction

Upon coupling a plasma and a catalyst, the plasma is typically
exclusively formed with the external surface of the catalyst.

Plasmas cannot penetrate pores with a diameter smaller than
the (sub-)micron range for atmospheric pressure DBD plas-
mas [73]. Typical pore diameters of catalysts are smaller than
50 nm [4, 23], implying a plasma is not formed inside the pores
of the catalyst. Very high onset potentials would be required
to generate and sustain plasmas inside such small pores, in
accordance with Paschen’s law [10].

However, plasma species may still penetrate into the cata-
lyst pores, if the lifetime and diffusion rate is sufficient to reach
the metal nanoparticles inside the catalyst pores [14]. The typ-
ical diffusion coefficient (Di) of N2 molecules is 0.2 cm2 s−1,
while vibrationally activated N2 species have a lifetime (τ ) of
about 60 ns [74]. This results in a potential penetration length
(LD) into the pores of about 1.5 µm, as estimated according
to LD =

√
2Diτ . Thus, plasma species may penetrate pores to

some extent, even though plasma cannot be generated inside
pores with a diameter smaller than typically 1 µm.

Therefore, it is desirable to use thin layers of catalyst mater-
ial in order to maximize the external surface area in struc-
tured reactors, such as coated wall reactors [75, 76]. In gen-
eral, macro-porous support materials would be preferred for
plasma catalysis, be it that consequently the number of act-
ive sites per unit of volume would be small. Furthermore,
Paschen’s law dictates that the voltage required for break-
down is minimum at about 10 µm, implying a microchan-
nel plasma reactor with a thin catalyst layer would prob-
ably be the best way to maximize the plasma-catalyst inter-
action [10, 14], while minimizing the voltage required for
breakdown.

5. Conclusion

Plasma-activation of N2 via vibrational excitations or elec-
tronic excitations enhances the dissociative sticking probab-
ility on Ru-surfaces. This is not an artefact caused by heating,
as it is reported that the activation barrier for N2 dissociation
decreases upon plasma-activation.

Plasma-activation of N2 decreases the nitrogen–nitrogen
bond strength, thereby increasing the bond length from 110 pm
in the ground-state (B2Σu

+) to 121 pm by for instance elec-
tronic excitation (7.39 eV, the B3Πg state). We propose that
the increased bond distance allows for the direct adsorption of
both nitrogen atoms in the N2 molecule on the metallic sur-
face, a pathway prohibited for ground-state N2 due to the too
short bond length of 110 pm.

Recent modelling studies show that for high electric fields
or high degrees of charging metal particles, the binding
strengths of surface adsorbates may change. We show that
the role of plasma-induced electric fields is too weak to cause
any change in reaction rates in DBD reactors, and other non-
thermal plasma reactors. The effect of alkali promoters on the
local electric fields is orders of magnitude larger than the elec-
trical field in a DBD reactor. It is not known whether plasma-
induced metal surface charging has any effect on N2 dissoci-
ation. Main uncertainties are the extent of surface charging in
DBD plasma considering heterogeneity in the plasma and its
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dynamic behaviour. Additional research would be required to
address this.
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Vector ed R Bañares-Alcántara and A Valera-Medina
(London: Elsevier Science Publishing Co Inc.) pp 41–84

[20] Hellman A, Honkala K, Dahl S, Christensen C H and
Nørskov J K 2013 Ammonia synthesis: state of the
bellwether reaction Comprehensive Inorganic Chemistry
(II) 2nd edn (Amsterdam: Elsevier Ltd) (https://doi.org/
10.1016/B978-0-08-097774-4.00725-7)

[21] Smith C, Hill A K and Torrente-Murciano L 2020 Current and
future role of Haber–Bosch ammonia in a carbon-free
energy landscape Energy Environ. Sci. 13 331–44

[22] Peng P et al 2018 A review on the non-thermal
plasma-assisted ammonia synthesis technologies J. Clean.
Prod. 177 597–609

[23] Rouwenhorst K H R, Engelmann Y, van ’t Veer K,
Postma R S, Bogaerts A and Lefferts L 2020 Plasma-driven
catalysis: green ammonia synthesis with intermittent
electricity Green Chem. 22 6258–87

[24] Carreon M L 2019 Plasma catalytic ammonia synthesis: state
of the art and future directions J. Phys. D: Appl. Phys.
52 48

[25] Peng P, Li Y, Cheng Y, Deng S, Chen P and Ruan R 2016
Atmospheric pressure ammonia synthesis using
non-thermal plasma assisted catalysis Plasma Chem.
Plasma Process. 36 1201–10

[26] Peng P et al 2017 Ru-based multifunctional mesoporous
catalyst for low-pressure and non-thermal plasma synthesis
of ammonia Int. J. Hydrog. Energy 42 19056–66

[27] Rouwenhorst K H R, Kim H-H and Lefferts L 2019
Vibrationally excited activation of N2 in plasma-enhanced
catalytic ammonia synthesis: a kinetic analysis ACS
Sustain. Chem. Eng. 7 17515–22

[28] Rouwenhorst K H R, Burbach H G B, Vogel D W, Vogel D W,
Geerdink B and Lefferts L 2021 Plasma-catalytic ammonia
synthesis beyond thermal equilibrium on Ru-based
catalysts in non-thermal plasma Catal. Sci. Technol.
11 2834–43

[29] Xie Q, Zhuge S, Song X and Lu M 2019 Non-thermal
atmospheric plasma synthesis of ammonia in a DBD reactor
packed with various catalysts J. Phys. D: Appl. Phys.
53 6

[30] Barboun P M, Mehta P, Herrera F, Go D B, Schneider W F and
Hicks J C 2019 Distinguishing plasma contributions to
catalyst performance in plasma-assisted ammonia synthesis
ACS Sustain. Chem. Eng. 7 8621–30

[31] Kim H-H, Teramoto Y, Ogata A, Takagi H and Nanba T 2017
Atmospheric-pressure nonthermal plasma synthesis of
ammonia over ruthenium catalysts Plasma Processes
Polym. 14 1–9

[32] Mehta P, Barboun P, Herrera F A, Kim J, Rumbach P, Go D B,
Hicks J C and Schneider W F 2018 Overcoming ammonia
synthesis scaling relations with plasma-enabled catalysis
Nat. Catal. 1 269–75

8

https://orcid.org/0000-0002-2794-199X
https://orcid.org/0000-0002-2794-199X
https://orcid.org/0000-0002-2794-199X
https://doi.org/10.1021/acsenergylett.8b00184
https://doi.org/10.1021/acsenergylett.8b00184
https://doi.org/10.1021/acsenergylett.9b00263
https://doi.org/10.1021/acsenergylett.9b00263
https://doi.org/10.1021/acs.chemrev.5b00362
https://doi.org/10.1021/acs.chemrev.5b00362
https://doi.org/10.1088/1361-6463/ab9048
https://doi.org/10.1088/1361-6463/ab9048
https://doi.org/10.1126/science.1096309
https://doi.org/10.1126/science.1096309
https://doi.org/10.1063/1.468955
https://doi.org/10.1063/1.468955
https://doi.org/10.1039/D0EE03763J
https://doi.org/10.1039/D0EE03763J
https://doi.org/10.1016/S0584-8547(01)00406-2
https://doi.org/10.1016/S0584-8547(01)00406-2
https://doi.org/10.1088/1361-6595/aa97af
https://doi.org/10.1088/1361-6595/aa97af
https://doi.org/10.1023/A:1022470901385
https://doi.org/10.1023/A:1022470901385
https://doi.org/10.1002/cctc.201901769
https://doi.org/10.1002/cctc.201901769
https://doi.org/10.1021/acsaem.8b00898
https://doi.org/10.1021/acsaem.8b00898
https://doi.org/10.1016/j.cattod.2015.04.009
https://doi.org/10.1016/j.cattod.2015.04.009
https://doi.org/10.1007/s11090-015-9652-7
https://doi.org/10.1007/s11090-015-9652-7
https://doi.org/10.1016/S0167-2991(96)80242-4
https://doi.org/10.1016/S0167-2991(96)80242-4
https://doi.org/10.1016/j.cattod.2016.08.012
https://doi.org/10.1016/j.cattod.2016.08.012
https://doi.org/10.1080/03602458008067533
https://doi.org/10.1080/03602458008067533
https://doi.org/10.1016/B978-0-12-820560-0.00004-7
https://doi.org/10.1016/B978-0-08-097774-4.00725-7
https://doi.org/10.1016/B978-0-08-097774-4.00725-7
https://doi.org/10.1039/C9EE02873K
https://doi.org/10.1039/C9EE02873K
https://doi.org/10.1016/j.jclepro.2017.12.229
https://doi.org/10.1016/j.jclepro.2017.12.229
https://doi.org/10.1039/D0GC02058C
https://doi.org/10.1039/D0GC02058C
https://doi.org/10.1088/1361-6463/ab3b2c
https://doi.org/10.1088/1361-6463/ab3b2c
https://doi.org/10.1007/s11090-016-9713-6
https://doi.org/10.1007/s11090-016-9713-6
https://doi.org/10.1016/j.ijhydene.2017.06.118
https://doi.org/10.1016/j.ijhydene.2017.06.118
https://doi.org/10.1021/acssuschemeng.9b04997
https://doi.org/10.1021/acssuschemeng.9b04997
https://doi.org/10.1039/D0CY02189J
https://doi.org/10.1039/D0CY02189J
https://doi.org/10.1088/1361-6463/ab57e5
https://doi.org/10.1088/1361-6463/ab57e5
https://doi.org/10.1021/acssuschemeng.9b00406
https://doi.org/10.1021/acssuschemeng.9b00406
https://doi.org/10.1002/ppap.201600157
https://doi.org/10.1002/ppap.201600157
https://doi.org/10.1038/s41929-018-0045-1
https://doi.org/10.1038/s41929-018-0045-1


J. Phys. D: Appl. Phys. 54 (2021) 393002 Topical Review

[33] Mehta P, Barboun P, Engelmann Y, Go D B, Bogaerts A,
Schneider W F and Hicks J C 2020 Plasma-catalytic
ammonia synthesis beyond the equilibrium limit ACS
Catalysis 10 6726–34

[34] Engelmann Y, van ’t Veer K, Gorbanev Y, Neyts E C,
Schneider W F and Bogaerts A n.d. Plasma catalysis for
ammonia synthesis: contributions of Eley–Rideal reactions
Submitted

[35] Díaz C, Vincent J K, Krishnamohan G P, Olsen R A,
Kroes G J, Honkala K and Nørskov J K 2006
Multidimensional effects on dissociation of N2 on Ru(0001)
Phys. Rev. Lett. 96 9

[36] Díaz C, Vincent J K, Krishnamohan G P, Olsen R A,
Kroes G J, Honkala K and Nørskov J K 2006 Reactive and
nonreactive scattering of N2 from Ru(0001): a
six-dimensional adiabatic study J. Chem. Phys. 125 11

[37] Diekhöner L, Mortensen H, Baurichter A, Jensen E,
Petrunin V V and Luntz A C 2001 N2 dissociative
adsorption on Ru(0001): the role of energy loss J. Chem.
Phys. 115 9028–35

[38] Romm L, Katz G, Kosloff R and Asscher M 1997 Dissociative
chemisorption of N2 on Ru(001) enhanced by vibrational
and kinetic energy: molecular beam experiments and
quantum mechanical calculations J. Phys. Chem. B
101 2213–7

[39] Egeberg R C, Larsen J H and Chorkendorff I 2001 Molecular
beam study of N2 dissociation on Ru(0001) Plasma Chem.
Plasma Process. 3 2007–11

[40] Hammer B and Norskov J K 2000 Theoretical surface science
and catalysis—calculations and concepts Adv. Catal.
45 71–129

[41] Munter T R, Bligaard T, Christensen C H and Nørskov J K
2008 BEP relations for N2 dissociation over stepped
transition metal and alloy surfaces Plasma Chem. Plasma
Process. 10 5202–6

[42] Logadottir A, Rod T H, Nørskov J K, Hammer B, Dahl S and
Jacobsen C J H 2001 The Brønsted–Evans–Polanyi relation
and the volcano plot for ammonia synthesis over transition
metal catalysts J. Catal. 197 229–31

[43] Wang S et al 2011 Universal transition state scaling relations
for (de)hydrogenation over transition metals Plasma Chem.
Plasma Process. 13 20760–5

[44] Falsig H, Shen J, Khan T S, Guo W, Jones G, Dahl S and
Bligaard T 2014 On the structure sensitivity of direct NO
decomposition over low-index transition metal facets Top.
Catal. 57 80–88

[45] Mortensen J J, Hammer B and Nørskov J K 1998 A theoretical
study of adsorbate–adsorbate interactions on Ru(0001) Surf.
Sci. 414 315–29

[46] Mortensen J J, Hammer B and Nørskov J K 1998 Alkali
promotion of N2 dissociation over Ru(0001) Phys. Rev.
Lett. 80 4333–6
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