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Chapter 1

Introduction

1.1 Context and Motivation

There is a broad consensus among scientists that climate change must be addressed
immediately. The wide use of renewable energies can make our society more climate
friendly. However, several hurdles have yet to be overcome.

Switching from a fossil fuel to a hydrogen (H2) economy will effectively cut carbon
dioxide (CO2) emissions from several segments of our society [1]. Hydrogen can replace
fossil fuels for transportation. This is especially true for the heavy-duty transportation
(e.g. the maritime sector), where the low volumetric energy density is not of concern
[2]. Beyond transportation, hydrogen is already widely used in industry. It is a reactant
for ammonia and hydrocarbon production. In addition, it can make existing processes
carbon neutral. For instance, iron ore can be reduced with H2 instead of coke [3]. This
eliminates CO2 emission by producing water (H2O) instead.

N2 fixation

Ammonia (NH3) could prove to be an effective energy-storage compound. It has dis-
tinct advantages over hydrogen: it does not need high-pressures to remain in liquid
form, and it has a higher hydrogen and energy density than liquid H2. This makes
NH3 more suitable for both energy storage and long-distance energy transport [4].
For instance, Dunn et al. describe a thermochemical energy storage system based on
NH3 [5]. The composition of the reservoir can be alternated between NH3 and N2/H2:
the exothermic reaction N2 + 3H2 −−→ 2NH3 releases energy, and the endothermic
NH3 decomposition stores excess energy. The decomposition can be readily performed
at elevated temperatures. Alternatively, plasmas can effectively dissociate NH3 using
electricity, where full conversion to H2 is reported in literature [6].

In addition, nitrogen fixation is already a major segment of the chemical industry.
This can be seen in the fact that 1.6% of the global energy consumption is spend on NH3

production, which mostly enters the artificial fertiliser production [7, 8]. Ammonium
nitrate (NH4NO3) and urea (CO(NH2)2) are the most used forms of such fertilisers [9].

Ammonia is currently produced from N2 and H2 using the Haber-Bosch (HB) pro-
cess. The overall process consists of (i) hydrogen production and (ii) ammonia pro-
duction. Hydrogen is obtained from direct steam reforming (DSR) of methane (CH4):
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2 CHAPTER 1. INTRODUCTION

CH4 + 2H2O −−→ CO2 + 4H2 [8]. A high energy efficiency is obtained by using the
heat released from the exothermic NH3 synthesis for the endothermic H2 production.
This results in an energy cost close to the theoretical minimum of the overall reaction.
Thus, it is very hard to compete with HB energy-wise.

The problem with HB are the CO2 emissions. This process alone is responsible
for 1 to 2% of global emissions. Most of the CO2 is emitted as direct result of DSR,
where it accounts for two-thirds of the emissions. Alternative processes for DSR could
alleviate these emissions and make HB more climate friendly.

Methane pyrolysis or H2O splitting are good alternatives to generate H2 without
CO2 emissions. Pyrolysis produces solid carbon that has economic value, unlike CO2.
This makes the incorporation of CH4 pyrolysis already economically viable under some
conditions [10]. However, it cannot be considered as a green process as it relies on
fossil fuels. Water splitting by electrolysis is a green process, when the electricity from
renewable sources is used [11]. It does not require any fossil fuels and can make use of
the abundance of H2O. Unfortunately, this technology still suffers from stability and
durability issues, and high material and electricity costs.

However, interchanging DSR with pyrolysis or electrolysis does not adjust HB for
the energy grid driven by renewable energy sources. HB is optimised for the centralised
energy economy of today. Renewables will most likely produce energy very diffusely
around the country. Solar panels should be installed on roofs, where ample space is
available. Wind parks need to be strategically placed to minimise their impact on
nature and people. They will decentralise the energy grid which pushes the need to
decentralise the production of value-added chemicals as well [12]. In contrast, the
high energy efficiency of HB is partially attributed to scaling up the reactor, since the
energy efficiency scales with the size of the reactor [8]. Moreover, the fluctuation in the
renewable energy supply brings another issue into consideration. Classical HB required
continuous operation at high pressure and temperature that cannot easily be switched
on or off. Thus, alternatives for the formation of NH3 from nitrogen and hydrogen
need to be explored as well.

Therefore, the investigation for alternatives to produce ammonia is an interesting
field of study. The new processes need to solve the issue of CO2 emissions as well as
dealing with the decentralisation and varying energy supply.

Plasma-based N2 fixation

Plasmas are a good alternative to make our economy climate-friendly. They create
a very chemically active environment that can overcome the strong binding energy
of N2. They can be easily switched on and off, since they rely on electricity and
operate at moderate pressures and temperature. Many experiments are performed at
smaller scales and show promising results, e.g. the earlier mentioned NH3 plasma-based
decomposition [6]. Therefore, plasma-based gas conversion can complement the energy
grid envisioned for the future.

Plasma-based pilot projects are already operational. For instance, a microwave
methane pyrolysis test plant is operational in Austria [13]. It is connected to a 1MW
solar photovoltaic plant. The produced H2 is used as energy storage and can supply
households with heating and electricity. The carbon black is sold for soil enhancement
purposes [14]. A similar business model can be applied for nitrogen fixation.
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In addition, plasmas could be combined with other techniques such as electrolysis.
Sharma et al. combined a N2 plasma with an electrochemical cell that produces H2

[15]. The activated nitrogen species react with hydrogen at the platinum anode of an
electrochemical cell. Although their plasma was operated at low pressure, it showed
that plasmas can be coupled to electrolysis. These processes could complement each
other to mitigate their respective disadvantages, instead of competing with each other.

Nonetheless, it is very difficult for plasma-based technologies to compete with HB,
since HB has very high energy efficiencies as mentioned before. Alternatively, in the
production of nitrogen-based fertilisers, the need for ammonia might be reduced by
exploring alternative chemical pathways.

An N2/O2 plasma can directly produce nitrogen dioxide (NO2), similar to the
Birkeland-Eyde process [16]. This could be an alternative pathway to produce nitric
acid (HNO3), which is an important reactant for NH4NO3 production [17]. Currently,
HNO3 is produced by the Ostwald process using NH3 from HB. The Ostwald process
oxidises ammonia to HNO3 in two steps: by reacting NH3 with O2 to NO2, and NO2

with H2O to HNO3. The first step can be cut when using plasma-based nitrogen ox-
idation. This reduces the need for ammonia and thereby that for fossil fuels as well.
Thus, plasma-based nitrogen oxidation is an interesting field of research.

State-of-the-art plasma-based N2 fixation

Many different plasma reactors have been explored for NH3 synthesis [18]. Dielectric
barrier discharges (DBD) emerged with the highest yield and energy efficiency [19].
Thus, they constitute as the most suitable plasma reactor. The short lifetime of the
filamentary discharges are characterised by high electric fields [20]. This makes them
ideal for nitrogen splitting, while limiting the destruction of ammonia. Also, the close
proximity of the plasma to the surface stimulates the hydrogenation of nitrogen atoms
over the surface. Surface reactions are proposed to play a vital role in ammonia for-
mation. Therefore, many studies investigated the impact of various surfaces on the
ammonia formation [21–23]. This is typically referred to as plasma catalysis. Cat-
alytic materials could synergise with plasmas to open-up chemically more favourable
pathways [24].

However, the proposed significant improvement by combining plasmas with catalysis
has yet to be experimentally verified. It is challenging to understand the precise effect
a catalyst has on NH3 synthesis due to the complex nature of DBD plasmas. The
ignition is strongly related to the charge build up of previous cycles [20], which is
material dependent. Hence, some studies found a strong relation between the catalyst
material and the plasma dynamics [23, 25]. Consequently, it is difficult to identify
which process stimulates ammonia synthesis, e.g. the plasma performance or the actual
catalytic reactions on the surface. To study potential catalytic reactions, the plasma
operation should be separated from the surface composition. The results of such an
experiment are discussed in chapter 4. NH3 synthesis is studied in a He/N2/H2 radio
frequency (RF) discharge. The gas breakdown of this discharge is not related to the
surface-related effects, such as charge storage as seen with DBDs. The impact of the
surface on the chemistry is optimised by increasing the surface-to-volume ratio. A
small amount of N2 and H2 is admixed to a helium gas stream such that the discharge
behaves as a typical and well-studied helium plasma, which greatly simplifies the plasma
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chemistry.
The plasma dynamics in the gas phase are well understood by now. The kinetics of

pure N2 plasmas are studied in great detail by combining detailed emission spectra with
kinetic models to map-out the electron impact reactions with nitrogen [26–28]. The
N2/H2 and N2/O2 plasma gas kinetics are well understood [29–33]. Thus, literature
presents a clear picture of NH3 and NOx formation in the gas phase.

Plasma-Surface interactions

However, the surface-plasma interactions are not well understood. Current models in-
corporate surface reactions from heterogeneous catalysis. There, stable molecules are
applied to a well defined surface at elevated temperatures. This is completely different
for plasma-exposed surfaces. Plasmas introduce radicals and electronically and vibra-
tionally excited species to the surface. These are suggested to lower or completely
remove reaction barriers [24, 34]. But, they lower or remove the barriers for reverse
reactions as well [35]. This is problematic as it counters the suggested positive impact
of a plasma on the surface chemistry. Therefore, a clear and concise description of the
plasma-induced surface chemistry should be obtained.

Other applications such as the semiconductor industry also provide a valid reason
for studying the impact of N2/H2 plasma exposure on a metallic substrate. High
quality metal films can be produced by treating a metallic precursor with a NH3 or
N2/H2 plasma. Vos et al. found that the NHx radicals are essential in removing the
precursor from cobalt to produce a high quality thin cobalt film [36]. It gives us another
reason to study the N2/H2 chemistry.

The surface chemistry can be experimentally studied with infrared reflection ab-
sorption spectroscopy (IRRAS) [37, 38]. It is a versatile and non-intrusive diagnostic
to measure the surface composition. Various vibrational modes of atoms and molecules
are probed with the IR-light that is reflected on the surface.

The oxidation of nitrogen is a well studied process with ample literature sources
[39–43]. The detailed and well documented spectral positions of various nitrogen oxides
makes it an ideal system to be studied in a plasma system. The adsorption of nitric
oxide (NO) on an iron surface forms mono-nitrosyl Fe-(NO), di-nitrosyl Fe-(NO)2, and
NO+ [39]. If oxygen is added before or during NO adsorption, then nitrates are readily
formed [39, 40]. These measurements were all performed at low pressure and at different
temperatures, i.e. the surface only interacted with stable molecules. In contrast, this
is much different for surface under plasma exposure. The great multitude of different
radicals will react with the surface that is much faster than the stable molecules.
Therefore, it is interesting to study how comparable the nitrogen oxidation on a plasma
exposed surface is to thermal oxidation.
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1.2 Research questions

The main topic of this thesis is to study how surfaces impact the plasma-based nitrogen
fixation. This falls under the umbrella of plasma catalysis, where plasmas are combined
with catalysts to enhance conversion and selectivity. The topic is pursued by two
complementary research goals.

� Identify the impact of a catalytic coating on NH3 formation.

This goal focusses on investigating the impact of the plasma catalytic conver-
sion of N2 and H2 to NH3. Experiments are compared to a chemistry model to
understand the underlying mechanisms governing NH3 synthesis. The following
research questions are posed to tackle this problem:

1. What are the key mechanisms and limiting reactions for NH3 synthesis?

2. How does the catalytic coating affect the NH3 synthesis?

� Characterise nitrogen fixation at a plasma-surface interface.

The surface chemistry under plasma exposure is poorly understood, unlike the
well-studied composition under thermal equilibrium. The surface composition is
studied operando with IRRAS during operation with N2+O2 and N2+H2 plasmas.
A consistent and reproducible measurement procedure must be developed, before
nitrogen fixation can be studied. The experiments should be carefully compared
with literature when answering the following questions:

1. Which surface-bound species are formed as a result of direct plasma expo-
sure?

2. How are these adsorbed species formed?

Answering these questions will help in achieving the two research goals that enable
to improve the description of the chemistry in a plasma-catalytic reactor.

1.3 Outline

The most relevant aspects of plasma physics will be presented in chapter 2. A theoret-
ical background on IR absorption and optical emission spectroscopy is given as well.
This sets the stage to present the two experimental setups in chapter 3. These setups
are designed to tackle the research goals, and are presented separately. The layout and
measurement procedure of each setup are described.

Ammonia synthesis in an atmospheric helium RF discharge with a small admixture
of N2 and H2 is investigated in chapter 4. The discharge parameters are examined first
by means of optical emission spectroscopy and the power-to-voltage curves. Second,
the ammonia synthesis experiments are presented. NH3 production as a function of gas
mixture and discharge power is discussed. The impact of plasma catalysis is studied
by comparing uncoated with surface-coated experiments. Third, these results are com-
bined with a chemistry model to explore the underlying reactions that are responsible
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for NH3 formation. This chapter ends with a discussion on the impact of the surface
morphology on the NH3 synthesis process.

The surface composition is directly investigated using IRRAS in chapter 5. The
nitrogen oxidation on a substrate under plasma exposure is examined in a N2/O2

gas mixture. The spectral components in the mid-IR (MIR) regime are identified
and compared to literature. The gas ratio variation informs us about the relation
between the gaseous plasma products and the substrate composition. In addition, NH3

production over the surface is studied in a N2/H2 gas mixture following the methods
used in the N2/O2 experiments. Finally, the results are compared with literature.

The thesis ends with a conclusion and an outlook in chapter 6. The aforementioned
research goals are addressed using the results from the two results chapters. Afterwards,
possible future research endeavours are proposed based on the outcomes of this thesis.



Chapter 2

Fundamentals

The experiments presented in this thesis focussed on unravelling mechanisms in a
plasma-catalytic system. First, the most important aspects of the discharge type used
in this thesis are discussed, e.g. the plasma chemistry. Afterwards, the fundamentals
behind the optical diagnostics used in the experiments are discussed. This is divided
in two parts: IR absorption spectroscopy on the gas and surface phase and optical
emission spectroscopy.

2.1 Plasma Physics

Capacitively coupled plasmas (CCP) are widely applied in both industry and academic
studies. Two different plasmas are used in this thesis, but both are based on the CCP
design. In chapter 4, an atmospheric RF helium plasma is used to investigate NH3

synthesis. In chapter 5, a more classical CCP at 8mbar is used to investigate the
plasma-surface interface. In the upcoming subsections, the most important aspects for
both plasmas are discussed.

2.1.1 Capacitively Coupled RF Discharge

The plasma frequency of electrons and ions set the timescale at which these species
respond to the electric field [44]. They follow equation 2.1, which is derived for single
ionisation (only A+e −−→ A++2 e). It depends on the electron density ne, ion density
ni, electron mass me, ion mass Mi, and physical constants such as the electron charge
e and the vacuum permittivity ϵ0.

ω2
pe =

e2ne

ϵ0me

, ω2
pi =

e2ni

ϵ0Mi

(2.1)

Capacitively coupled plasmas are driven by an alternating current (AC) voltage.
The driving frequency ω is higher than the ion plasma frequency but smaller than the
electron plasma frequency. Thus, ions respond to the time-averaged electric potential
whereas the electrons respond instantaneously.

The following simplifications are considered to gain understanding in the complexity
of the plasma: 1) the parallel placed electrodes are assumed to be much larger than
the gas gap distance so that effects near the edges of the electrodes may be omitted;

7



8 CHAPTER 2. FUNDAMENTALS

2) the electron density in the plasma sheath is set to zero. This holds if the electron
temperature is lower than the voltage drop over the sheath, so that the electrons
are contained inside the plasma; 3) the ion density is constant across the entire gas
gap. These simplifications give us the homogeneous model that is used to derive the
components of the equivalent electrical circuit. Dropping the third simplification is
useful when estimating scaling laws of the current density, heating mechanisms, and
sheath thickness with the absorbed power by the plasma.

Equivalent electrical circuit

The impedance of the plasma bulk Zp is derived from the response of the electrons to
the applied electric field [44]. The response of the electrons to the driving voltage signal
has an inductive and ohmic response. They are characterised by the induction Lp =
1/C0ω

2
pe and ohmic resistance Rp = νmLp. The electron-neutral collision frequency νm

dictates the momentum transfer from the accelerated electrons to the background gas
and increases with pressure. The capacitance of the gas gap C0 = ε0A/d is parallel to
RL-branch. This yields the equivalent circuit of the plasma bulk illustrated in figure
2.1.

← →

Ra Rb

Rp
Ca Cb

ҧI𝑎 ҧIb

Lp

C0

Sheath a Sheath bPlasma bulk

Figure 2.1: The equivalent electrical circuit of a capacitively coupled plasma.

The plasma sheaths a and b are characterised by the capacitances Ca and Cb for
sheath thickness sa and sb, ion flux towards the walls, and the electron flux towards
the plasma. The sheath thicknesses oscillate in time following the driving voltage. The
ion flux to the walls results in secondary electron emission that produces the electron
flux back to the plasma. This is indicated using the diode-symbol. Stochastic heating
introduces the resistances Ra and Rb. It originates from the electrons reflecting from
the oscillating electric field. These values are a function of the amplitude of the driving
voltage, which is expressed as the root-mean square voltage Vrms. The scaling laws
can be approximated using the inhomogeneous model, when the third simplification is
omitted.

The plasma power Pp is calculated from the time averaged energy absorption per
RF cycle times the driving frequency fRF=13.56MHz as described in equation 2.2.
The current running through the plasma is related to the applied voltage following the
total impedance the plasma bulk and sheaths: Ztot = |Ztot|e−iφ.
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VRF (t) =
√
2Vrms cos (2πfrf t)

IRF (t) = VRF/Ztot =
√
2Vrms|Ztot| cos (2πfrf t− φ)

Pp(t) = fRF

∫ 1/frf

0

VRF (t)IRF (t)dt = |Ztot|V 2
rms cosφ

(2.2)

The ohmic heating is negligible compared to stochastic heating at lower pressures,
hence both parts of the plasma must be considered. When the plasma density is low,
the phase difference φ approximates π/2. The resistive components from the ohmic
and stochastic heating will lower φ such that the power becomes non-zero.

Gas breakdown

The breakdown for a direct current (DC) plasma is described by the Paschen curve
[44]. Ions bombarding the cathode generate secondary electrons serve as seed electrons.
These electrons accelerate and cause ionisation in the gas gap when moving towards
the anode. To sustain the discharge, the electrons should cause sufficient ionisation
such that the ion flux towards the cathode creates enough secondary electrons. For a
given gas mixture and cathode material, the breakdown voltage is only a function of
the pressure times electrode distance pd.

The physics is more complex when discussing an AC discharge [45, 46]. The oscil-
lating electric field does not energise the electrons enough that ionisation can occur.
Rather, the electrons should gain sufficient kinetic energy perpendicular to the direction
of the electric field to ionise the neutrals. This is often referred to as random energy,
since it is acquired by elastic collisions with neutrals. The discharge will be sustained
once enough electrons are generated to overcome the losses at the walls. This yields
the ignition condition: νi = De/Λ

2. The ionisation frequency νi equals the electron
diffusion to the walls, which is characterised by the electron diffusion constant De and
characteristic diffusion length Λ.

The breakdown voltage is characterised by two parameters: pΛ and pλ. The former
is very similar to the pd parameter seen in the DC case. The latter considers the
frequency of the electric field, where λ is the corresponding wavelength. In the MHz-
range, Park et al. found that the breakdown voltage rapidly increases below 8MHz for
an helium plasma at near-atmospheric pressure [47].

Secondary electron emission

The secondary electron emission coefficient γse lowers the required breakdown voltage.
It lowers the net electron flux towards the walls, which improves the confinement of
the electrons to the discharge. To sustain the discharge, a given amount of ionisation
needs to occur. When γse increases, the electron temperature (or reduced electric field)
can be lowered.

An ion impinging on the surface neutralises with an electron of the solid [44]. The
neutralisation can produce an electronically excited particle. This state can relax and
release a photon, which is called recombination radiation. Alternatively, the impinging
ion is neutralised and excess energy is given to a secondary electron that escapes the
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surface. This is called Auger emission. It occurs when the freed electron moves in the
right direction and the ionisation potential of the incoming ion εi is greater than twice
the work function εϕ, such that the neutralisation released enough energy to emit a
secondary electron.

Auger neutralisation is independent of the kinetic energy, thus it is referred to as
potential electron emission as well [48]. It is dominant for ions with a kinetic energy
up to 500 eV. Above this energy, kinetic electron emission contributes as well to the
overall γse, but such energies are rarely obtained in our case.

Secondary electrons can also be generated by impinging metastable atoms [49]. An
electron can be emitted if the potential energy stored in the electronic excitation εm
of the metastable is greater than the work function. The energy threshold (εm > εϕ)
is lower than for Auger emission, where εi > 2εϕ. This process likely dominates over
Auger emission for atmospheric helium discharges, since the helium metastable density
is typically an order of magnitude higher than the helium ions [50].

Although metals have a lower work function than metal oxides, γse is higher for
the latter [51–53]. The work function determines the escape probability of secondary
electrons, but the electron generation and transport towards the surface must be con-
sidered as well. Fewer electrons are available in a metal oxide. The energy dissipated
to the surface creates more energetic electrons on average. Also, the electron-electron
collisions are less prone to dissipate the energy of the freed electrons back into the
surface. Thus, the γse is higher for most metal oxides (i.e. dielectrics) than for pure
metals.

2.1.2 Plasma Chemistry

The continuity equation describes the particle density nM in m−3 in time and space
following the particle flux nM v⃗M and the net production term RM . It produces the
particle balance equation 2.3 that is needed to describe the plasma chemistry,

∂nM

∂t
+∇ · (nM v⃗M) = RM (2.3)

The reactions in the gas phase are either two- or three-body reactions. The rate
coefficient for these reactions is in m−3 s−1 and m−6s−1, respectively. The latter is
progressively more important with increasing pressure.

The surface density SM in m−2 of an adsorbed species M is derived from such an
equation. However, it does not propagate through the reactor as there is no significant
particle flux on the surface in the direction of the gas flow. Thus, the continuity
equation 2.3 simplifies to,

∂SM

∂t
= Rsurf,M(x, t) (2.4)

Electron Excitation

Electron impact reactions are the driving force of the plasma chemistry. Elastic colli-
sions lead directly to gas heating. This process is described by the short-range polar-
isation scattering of charged particles with neutrals, i.e. elastic collisions of electrons
with the cold background gas. The cross section depends on the relative polarisation.
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This coefficient is very low for helium, compared to other atoms and molecules. There-
fore, electrons can travel much further in a pure helium atmosphere than in other gas
mixtures.

Inelastic collisions are key in creating the non-equilibrium of which plasmas are
renown for. The rate coefficient ke in cm−3 s−1 of an electron inelastically colliding
with a particle is calculated from the electron energy distribution function (EEDF)
f(ε) and the cross-section σ(ε), see equation 2.5. The cross section is unique for every
reaction and is obtained from the LxCat database [54–56].

ke−impact =

∫ ∞

0

σ(ε)f(ε)dε (2.5)

The normalised power absorption Pabs towards the available channels in an atmo-
spheric helium plasma are presented in figure 2.2a. The EEDF is calculated with the
LokiB Boltzmann solver [57, 58] for an atmospheric helium RF plasma with Tgas=300K
and ne=1011cm−3. These conditions describe the discharge of chapter 4 as well as sim-
ilar discharges, e.g. COST-jet [59, 60].
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Figure 2.2: The normalised power absorption for different channels of an atmospheric
He (a) and N2 (b) RF plasma as function of E/N calculated with LokiB using the
IST-LisBon reaction set [54].

Helium can only electronically excite or ionise. These channels have a high energy
threshold, where the first electronically excited state is 19.8 eV above the ground state.
A reduced electric field higher than 10Td is needed to shift the main electron power
loss channel from elastic to electronic excitation for an atmospheric plasma in figure
2.2a. The energy threshold is much higher than with other noble gases and molecules.
It pushes the discharge towards higher E/N values and lower electron densities. Any
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minor impurity will have a significant impact on the electron power deposition, because
every other species requires less energy than helium to electronically (or otherwise)
excite [61].

Nitrogen is a diatomic molecule that can rotate and vibrate. This increases the
number of channels in which electrons can deposit energy through inelastic collisions.
The normalised power absorption per channel for an atmospheric N2 RF plasma is
plotted in figure 2.2b, which uses the same conditions as the helium discharge of figure
2.2a. Note that these conditions are not realistic for an atmospheric N2 discharge.
The gas temperature will certainly be higher than 300K. The rotational mode readily
equilibrates with the gas temperature, which leads to significant gas heating. This
also applies to the vibrational mode, but to a lesser extent. Nonetheless, it presents
a conclusive overview on how the power absorption of a molecule differs from a noble
gas plasma.

Surface reactions

Surface reactions play an important role in plasma catalytic reactions. Fragmentation,
sputtering, and implantation require high kinetic energies of at least 10, 100, and
1000 eV, respectively [44]. Such high energies are more effectively achieved by ions at
sub-pascal pressures. The mean-free path is higher such that ions can gain sufficient
kinetic energy when applying a bias voltage on the surface.

Surfaces, i.e. substrates, can be physically cleaned using sputtering. It requires
heavy ions to stimulate effective momentum transfer to the surface. Argon ions are
widely used since it is readily available and its atomic number is close to the typical
target atoms, e.g. nickel and copper [52]. It has the advantage over chemical cleaning
that no new chemical bonds are formed.

Low-energy processes such as adsorption and desorption are more relevant for
plasma-catalysis [44]. The adsorption and binding through the van der Waals force
results in physisorption. This is a weak binding configuration. Chemisorption is the
process where species form chemical bonds with the surface, which results in a much
higher binding energy. Desorption requires the species to overcome the binding energy.
Chemisorbed species also need to overcome an activation energy barrier as well.

Physisorption may be neglected in our case. The binding energy for physisorbed
species is much lower than of chemisorbed species. The weak-binding energies of ph-
ysisorption is too low to contain the species to the surfaces for temperatures above 300K
[30]. This condition is readily met when the surface is exposed to a plasma. Therefore,
in the upcoming discussion, only chemisorption and desorption of chemisorbed states
will be discussed.

The surface chemistry is presented using the Eley-Rideal (ER) and Langmuir-
Hinselwood (LH) mechanisms [62]. The former is used to describe the interaction
of volumetric species with a surface-bound species. The LH mechanism describes how
two reactants adsorb and react with each other over the surface.

The ER reaction rate KER in s−1 is derived from the interaction time of a gas
phase species with the surface, see equation 2.6 [31, 44]. It considers the diffusion to
the walls Λ2/D and the loss rate at the wall. The latter depends on the volume-to-
surface ratio V/A, mean-velocity towards the surface v̄, and the sticking coefficient γ.
This coefficient describes the chance of the incoming particle to adsorb on the surface.
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Figure 2.3: A sketch of the Eley-Rideal (a) and Langmuir-Hinselwood (b) mechanism.

KER =

[
Λ2

D
+
V

A

2(2− γ)

γv̄

]−1

(2.6)

The particle balance for the gas and surface phase for a general adsorption reaction
A+Bs −−→ ABs are given in equation 2.7. The volume-to-surface ratio must again be
considered through the factor ζ ≡ V

StotA
in m−2. The surface coverage θM is the ratio

of SM and the total surface site densities Stot=1015 cm−2 [31].

dnA

dt
= −KadsθBnA

dθAB

dt
= ζKadsθBnA = −dθB

dt

(2.7)

Dissociative adsorption of a molecule can similarly be included, by splitting the
process in two parts: 1) the molecule is adsorbed; 2) it dissociates to two adsorbed
species. It typically requires two empty site: AB + 2Sf −−→ As + Bs , where Sf

represents a free surface-site with a surface coverage θf .

dθA
dt

=
dθB
dt

= ζKdiss.ads.θ
2
fnAB (2.8)

The LH reaction rate KLH of equation 2.9 is often described using Arrhenius equa-
tion, using a surface diffusion frequency ν of 1×1015 s−1, the reaction activation barrier
Ea and diffusion energy barrier Ed [31]. The latter depends on the properties of the
surface.

KLH =
ν

4
exp

(
− Ea + Ed

kbTsurface

)
(2.9)

For instance, As +Bs −−→ ABs + Sf frees up a surface site and has a rate,

∂θAB

∂t
= KLHθAθB . (2.10)

These reactions give a total overview of chemical impact a surface may have on
the overall plasma chemistry. On a dielectric surface, ER-reactions typically dominate
since the diffusion energy barrier is high [32]. This energy barrier is lower on metallic
surfaces, thus LH-reactions are more important on metals.
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Global model

The plasma chemistry requires a great number of reactions. This is especially true
when considering gas flows with multiple molecular gases, e.g. N2 with H2. A global
model is often used for the plasma chemistry. The spatial gradients are omitted to
simplify the calculations. This allows for including a great number of species and
reactions into the model for a limited computation time [63]. For instance, He et al.
modelled a He/N2/O2 considering 138 species and 11799 reactions [64].

The continuity equation is solved for steady-state condition. The particle flux is
simplified to one dimension with a fixed speed v: v⃗M = vx̂ with unit vector in the
x-direction x̂. This results in a plug flow system of equation 2.11, where the residence
time tres = x/v is used. Such a ordinary differential equation can easily be solved by
common solvers.

∂nM

∂tres
= RM(x) (2.11)

Including the surface reactions is not straightforward. First, the differential equa-
tion of the gas and surface phase reactions becomes a stiff problem. The surface reaction
rates are much smaller than that of the gas phase, thus corresponding time scales are
quite different. This introduces instabilities in the solution. It can be fixed by using a
Radau method that is designed to control the error [65].

Second, the steady-state solution for the surface composition of equation 2.4 dictates
that the composition is in equilibrium with the gas phase at position x, i.e. tres. If the
model is solved using an empty surface, then there is a net particle flux towards the
surface. This is not realistic. Rather, the model must have a zero net particle flux to
the surface, i.e. Rsurf,M(x, t) = 0.

The steady-state solution for SM can be obtained analytically or numerically. An
analytical solution gives a set of surface coverages that are a function of the volumetric
densities. Such a solution is readily found for simplistic systems, i.e. with a limited
amount of species and reactions. For an extended list of reactions and species obtaining
such a solution is not as straightforward. It is more practical to obtain the solution
numerically. For instance, the model can be run iteratively until ∂Si

∂tres
= 0 is achieved.

The simplest method would be to neglect the tres dimension, i.e. an homogeneous
surface composition along the gas flow. The surface composition will be updated each
iteration and the difference at tres = 0 and tres,max serves as a check for a net particle
flux. This is done for the kinetic model used in section 4.3. Alternatively, one could
check if the net particle flux is zero at each segment tres,i+δtres. This is computationally
more cumbersome, but considers spatial gradients in the surface composition as result
of gradients in the volumetric densities.

Finally, the main downside of a global model is the lack of spatial dimensions. The
EEDF and ne are not constant between the electrodes. This may also apply along
the gas stream, because a changing gas mixture will affect the EEDF. Experiment and
modelling shows that the electric field greatly varies between the electrodes of a micro
atmospheric pressure plasma jet (µAPPJ) [66–68]. The rate coefficient for electron
impact reactions do not linearly scale with E/N, but rather exponentially. Therefore,
assuming a spatial average introduces discrepancies of those rates compared to reality.
This introduces an ambiguity in the electron-impact reactions.
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2.2 Infrared Absorption Spectroscopy

The gas phase density and surface coverage of molecules can be measured using a
Fourier Transform Infrared (FTIR) spectrometer. It generates a wide spectrum in the
MIR region of the electromagnetic spectrum. Vibrational transitions that induce a
shift in the dipole momentum can be observed. In the gas phase, this means that non-
homonuclear diatomic, triatomic, and more complex molecules can be observed. On the
surface, homonuclear molecules can be observed as well, because the symmetry breaks
once they are bound to a surface. Therefore, the FTIR spectrometer is a versatile and
widely applicable technique for our purposes.

2.2.1 Principles of Fourier-Transform IR Spectrometry

In this thesis, the Vertex 70v spectrometer of Bruker is used. The accompanying OPUS
software is well designed to acquire and process measured interferogram, to produce
the spectrum. (Yet, the multitude of options in their menu may repel first time users
from even trying to understand it all.) This subsection will attempt to give an overview
on how the spectrum is obtained (with the hope of assisting first-time users to acquire
the perfect spectrum).

The spectrometer creates a broad spectrum of MIR light by heating up an U-shaped
silicon carbide piece. The light is spectrally resolved using a Michelson interferometer,
see figure 2.4. An interference signal, i.e. interferogram, is created by interfering two
light beams with a phase shift introduced by an optical path difference (OPD). This
is controlled by splitting the incoming light beam and reflecting it on a stationary and
movable mirror. The interferogram is obtained as function of the retardation of the
movable mirror. It moves in an oscillating manner. The scanner velocity v sets the
speed of the acquisition that is presented as a frequency f in Hz and it is related to the
speed of the mirror as v = f/2ν̃HeNe [69]. The wavenumber of the helium-neon laser
ν̃HeNe=15 798.8 cm−1 is used to measure the OPD. The scan speed is set according to
the detector used during the experiment, e.g. 40 kHz for the typically used mercury
cadmium telluride (MCT) detector. In the end, the spectrum is obtained by applying
a discrete fourier transformation on the measured interferogram [70].

Source

Movable mirror

Stationary mirror

Beam splitter

𝑥2

𝑥1

detector

Figure 2.4: A sketch of a typical Michelson interferometer.
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The interferogram I is a function of the optical path difference δ and the wavenum-
ber ν̃. The optical path difference δ = 2n(x2−x1) is a function of the distances between
the beam splitter and the mirrors x1,2 and refractive index n of the medium between
the optical elements. Equation 2.12 gives the relation for a monochromatic light source
with ν̃0, where signal intensity B(ν̃0) is the combination of the light intensity, respon-
sivity of the detector, and spectral properties of the optical components, e.g. beam
splitter.

I(δ) =
1

2
B(ν̃0) [1 + cos (2πν̃0δ)] (2.12)

The frequency is obtained by counting the number of maxima N over a change in
optical path ∆δ = δmax − δmin as ν̃ = N/∆δ. Following this relation, two frequencies
can be distinguished from each other if the number of detected maxima differs by at
least 1 over ∆δ, i.e. |Ni −Nj| > 1. Thus, the spectral resolution is set by total optical
path difference as ∆ν̃ = 1/∆δ [70]. The maximum spectral resolution is 0.2 cm−1 for
the Vertex 70v spectrometer, which translates to a ∆δ of 5.0 cm.

Furthermore, the interferogram is padded with zeros on the edges. It smoothens the
spectrum by artificially increasing ∆δ. This is better than a typical polynomial-based
interpolation function. It is controlled by the zerofilling factor that is defined as the
ratio between the zero-filled and the original interferogram.

The displacement of the movable mirror is measured using a He-Ne laser with ν̃HeNe.
This sets the maximum detectable wavenumber to 7901 cm−1, when considering the
Nyquist-Shannon sampling theorem on avoiding aliasing [69]. The upper wavenumber
limit, i.e. wanted high frequency limit, can be lowered to reduce the data file size in
the OPUS software. Yet, the software will adjust the real upper limit accordingly.
Therefore, one must be careful to avoid aliasing. Generally, it is safe to reduce the
upper limit to 5266.27 cm−1, since the spectrum’s intensity is negligible above this
frequency.

The interferogram consists of a DC- and a AC-term. The latter contains the spectral
information, therefore the DC-term is omitted during the analysis. The relation for the
AC-term for a broadband light source is given in equation 2.13 [71], where the following
formulas are given in the complex domain with I = Re{Ĩ}. This relation considers the
phase dispersion θ(ν̃) that is inherent to any measured interferogram. The goal of the
upcoming analysis is to get the best approximation of the actual spectrum B(ν̃).

Ĩ(δ) =

∫
ν̃

B(σ)eiθ(ν̃)e2πiν̃δdν̃ (2.13)

The spectrum is obtained through a Fourier transformation that is presented in
equation 2.14. The apodisation A(δ) is a temporal weighting function that affects the
instrumental line shape ψinstr(σ− ν̃). The mere fact of measuring a finite size interfero-
gram introduced a boxcar apodiation function. This results in ψinstr(x) = sinc(x) that
is unsuitable for spectral analysis. The spectral leakage to the neighbouring regions is
greatly reduced when using a third order Blankman-Harris apodisation function. Also,
the resulting instrumental line shape is well approximated as a Gaussian, which is often
encountered and used in optical spectroscopy [72].



2.2. INFRARED ABSORPTION SPECTROSCOPY 17

F (ν̃) =

∫
δ

A(δ)Ĩ(δ)e−2πiν̃δdδ

=

∫
σ

B(σ)eiθ(σ)
∫
δ

A(δ)e−2πi(ν̃−σ)δdδdσ

=

∫
σ

B(σ)eiθ(σ)ψinstr(ν̃ − σ)dσ = F ′(ν̃) ∗ L(ν̃)

(2.14)

The impact of apodisation on the instrumental line shape is visualised in figure 2.5.
A synthetic spectrum is calculated using Plank’s radiation law for a body at 1000K
with a single narrow Gaussian peak at 2000 cm−1 that has a full width at half maxi-
mum (FWHM) of 0.1 cm−1. This spectrum is transformed to an interferogram following
equation 2.13 using a 1.0 cm−1 spectral resolution and a 10 000 cm−1 acquisition fre-
quency. The resulting interferogram is plotted with a boxcar and the Blackmann-Harris
apodisation functions in figure 2.5b. Note that the side lobes of the interferogram are
not well seen since the full interferogram is shown. The spectra resulting from the
interferogram with either the boxcar of Blackman-Harris function are shown in figure
2.5c; together with the original spectrum of figure 2.5a. The boxcar -spectrum yields the
expected sinc(x)-function that affects the spectrum even after 20 cm−1. In contrast,
the instrumental line shape resulting from the Blackmann-Harris function only affects
the spectrum within ∆ν̃ = ±3 cm−1. Thus, applying the Blackman-Haris apodisation
function effectively limit the spectral leakage.
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Figure 2.5: Transformation of a synthetic spectrum (a) that is translated to a double-
sided interferogram (b) and converted to the apparent spectrum (c).

Another point concerning the instrumental line shape is the beam divergence. Its
effect can be understood by considering a diverging beam that passes through the inter-
ferometer. The light with an divergence angle θ will experience a different path length
than the light at the center: δ′ = δ/ cos θ. The wavenumber axis of the corresponding
spectrum will, therefore, be scaled as ν̃ ′ = ν̃ cos θ. The measured spectrum will be
a combination of both spectra resulting in an apparent shift and a non-Gaussian like
instrumental line shape. This can be prevented by ensuring that either the aperture
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of the spectrometer or the spectral resolution is not too high as described by Davies
et al. [73].

The phase dispersion is corrected using the Mertz theorem, which is referred to
as the phase correction mode in the OPUS software [74]. This theorem assumes that
the dispersion only has broad spectral properties. It can be approximated using a low
resolution spectrum, where the resolution is set by the phase resolution. The spectrum
is calculated from a small part ±δ0 from the interferogram to obtain a coarse spectrum
P (ν̃), see equation 2.15. This interferogram is zero padded such that P (ν̃) has the
same data length as F (ν̃). Under the assumption that the instrumental function is a
Kronecker delta function, i.e. an ideal device, the spectrum can be recovered following
equation 2.16.

P (ν̃) =

∫ +δ0

δ=−δ0

A(δ)Ĩ(δ)e−2πiν̃δdδ ≈ |P (ν̃)|eiθ(ν̃) (2.15)

B(ν̃) ≈ Re{F (ν̃)e−iθ(ν̃)} = |F (ν̃)| cos [ϕ(ν̃)− θ(ν̃)] (2.16)

The effect of the phase correction is visualised for a measured single-sided interfero-
gram in figure 2.6a. The apodisation function is the third Blackmann-Harris function.
The phase dispersion introduces an ambiguity in the position of the zero-point-distance
(ZPD), i.e. δ = 0. Therefore, the measurement starts before the ZPD to ensure that
this high intensity point is fully measured. A ramp is applied to the apodisation func-
tion from about -0.2 to 0.2 cm−1 to minimise asymmetries (that are introduced by the
ambiguity) to impact the spectrum [71].
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Figure 2.6: A measured single-sided interferogram (a), the resulting phase spectra (b),
and the uncorrected, phase corrected, and non-linearity corrected spectra (b).

The phase spectrum is corrected for the dispersion following equation 2.16. The
total phase ϕ and dispersion phase θ spectra are plotted in figure 2.6b. The dispersion-
phase spectrum only shows broad spectral features. The difference between the total
and dispersion phase spectra is used to calculate the apparent spectrum, which is shown
in subfigure c.

If the dispersion is not properly corrected for, then negative values in the spectrum
or asymmetric line shapes may be observed. The former is observed in the uncorrected
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spectrum, which is negative around 670 cm−1. Once the dispersion is removed, the
negative values disappear, see the phase corrected spectrum in subfigure c.

The spectra in subfigure 2.6c have non-zero values below the cutoff frequency of
550 cm−1. This arises from the non-linear response of the MCT detector that is not
considered yet [75, 76]. The measured interferogram is corrected following equation
2.17. The coefficients α and β can be estimated from the previously estimated spectra
[75]. The final result is plotted as NLI corrected.

Iactual(δ) ≈ Icorr(δ) = α
(
Imeasured(δ) + βI2measured(δ)

)
(2.17)

In the end, spectra can be reliably acquired over a wide spectral range. The analysis
of these spectra in the gas and surface phase absorption spectra will be discussed in
the next subsections.

2.2.2 Gas-Phase IR Absorption Spectra

Gas phase densities are often measured using absorption spectroscopy. The density is
estimated from the comparison of measured and synthetic spectra. The line-of-sight
diagnostic is applied from the THz to the ultraviolet regime. In the MIR regime 400-
4000 cm−1, the rotational-vibrational transitions of the electronic ground state of non-
symmetric molecules are probed. This makes the MIR regime suitable for measuring
the density of the corresponding species.

The results are often presented as transmittance spectra T as function of the
wavenumber ν̃ in cm−1. Following equation 2.18, the transmittance is obtained from
the ratio of the measured spectrum B(ν̃) and the background spectrum B0(ν̃). This
ratio is related to the absorption coefficient κ and absorption path length L using the
Beer-Lambert law[70],

T (ν̃) =
B(ν̃)

B0(ν̃)
= e−κ(ν̃)L (2.18)

The spectral information of the transitions are encapsulated in κ, see equation
2.19. It depends on the density nM in cm−3 of observed species M and the summation
over the linestrength SM,ik and the line profile ψM,ij over all rotational-vibrational
transitions |i⟩ → |j⟩.

κ(ν̃) =
∑
M

nM

∑
ij

SM,ijψM,ij(ν̃) (2.19)

The line strength considers the strength of the transition, as the name suggests.
When the translational, rotational, and vibrational degrees of freedom are in equilib-
rium, then its description can be simplified to equation 2.20 [77]. Here, Ia is the natural
abundance of the specific isotopologue, Aij is the Einstein coefficient for spontaneous
emission, ν̃ij is the central wavenumber of the transition, gj is the degeneracy of the
upper-state |j⟩, Q(T ) is the partition function at gas temperature T , Ei is the energy-
level of the lower-state |i⟩ in cm−1, and c2 is the physical constant hc/kB ≈1.44 cmK.

Sij =
IaAij

8πcν̃2ij

gj
Q(T )

e−c2Ei/T
(
1− e−c2ν̃ij/T

)
(2.20)
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The lineshape is a convolution of Doppler and pressure broadening under the con-
ditions studied in this thesis. In addition, a pressure shift ∆ν̃p is introduced that is
calculated considering the collisions with itself and the main colliding species (helium
or air in this thesis). This yields the Voigt lineshape of equation 2.21. The HITRAN
database provides all the required constants for these relations [78].

ψij(ν̃) = V oigt(ν̃, ν̃ij −∆ν̃p, σdoppler,ij, γpressure,ij) (2.21)

The instrumental broadening is applied on the total transmittance spectrum, fol-
lowing equation 2.14. In a well designed experiment, the reference spectrum B0 does
not show sharp spectral features. The observed reference spectrum Bobs,0 then equals
to the actual spectrum Bact,0: Bobs,0 = Bact,0 ∗ G ≈ Bact,0. This greatly simplifies
the calculations required to obtained a synthetic measured transmittance spectrum as
equation 2.22.

Tobs(ν̃) ≈ Tact(ν̃) ∗G(ν̃, σinstr) (2.22)

A proper comparison of measured and synthetic spectra typically requires a good
description of the baseline. Alternatively, the derivative of the spectrum can be com-
pared to that of the measured spectrum. Broad features, such as baseline fluctuations,
will have a low ∂T/∂ν̃ whereas the rotational-vibrational lineshapes usually are sharp,
i.e. a high ∂T/∂ν̃. These features can easily be distinguished in a typical optimising
algorithm. However, the uncertainty of resulting densities will be higher compared to
fitting T (ν̃) itself since numerical derivatives are inherently noisy.

Limitations and alternatives

The spectral resolution of a FTIR spectrometer is limited by the maximum retardation
of the movable mirror of the interferometer. This movement also limits the time reso-
lution. A typical spectrum that will be shown in this thesis requires 30 to 60 seconds.
The triggering of the spectrometer permits that the time resolution can be lowered to
sub-ms, when measuring a repetitive signal [79]. However, such measurements require
several hours per measurement campaign, since the acquisition of a single interferogram
is distributed over several plasma cycles.

In contrast, Quantum Cascade Lasers (QCLs) can reach nanosecond time resolution
in a fraction of the acquisition time [80, 81]. They are also characterised by a very low
instrumental broadening, which is set by the response of the detector. However, QCLs
have a limited spectral window, e.g. a single-mode laser can only scan over 1 cm−1.
Therefore, it is not well suited to measure a wide variety of species. In addition, the
spectral resolution is less crucial for the measurements presented in this thesis. A high
spectral resolution is not required if the rotational-vibrational density distributions
are well described, which is true once these degrees of freedom equilibrate. Also,
the processes in this study are not characterised by a high repetition frequency, thus
acquiring a high time resolution is not feasible.

Absorption spectroscopy itself has three limiting factors. Firstly, only transitions
that induce a net change in the dipole moment can be detected. In the MIR, where
vibrational transitions are probed, this means that only asymmetric vibrations are
observed. Homonuclear diatomic molecules can, therefore, not be observed. Such
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species can be observed when triggering an electronic transition by changing to the
NIR or visible part of the spectrum. It comes at the cost of a weaker line strength
that lowers the sensitivity of the measurement. This can be overcome by increasing
the absorption path length as we will discussed later.

Dipole-inactive stretch modes can be observed with Raman spectroscopy, since the
signal depends on the polarisability tensor [82]. Homonuclear diatomic molecules such
as O2 and N2 can be measured with this technique. For instance, Grofulović et al.
measured the densities of CO2, CO, N2, and O2 simultaneously in a low pressure
glow discharge [83]. It shows good agreement with FTIR absorption spectroscopy
[84]. Therefore, it is considered as a reliable diagnostic that complements absorption
spectroscopy.

Secondly, absorption spectroscopy is a line-integrated method. Density gradients
along the light path are averaged out, i.e. they are not observed. It is crucial that
such gradients are minimised in the experiments. This can be done by probing only
the positive column of a low pressure DC glow discharge, which is known for being
spatially homogeneous [79, 85].

Alternatively, Raman spectroscopy or (two photon) laser-induced fluorescence (LIF)
can measure local densities, e.g. see [86]. The scattered and fluorescence light are
typically acquired perpendicular to the laser light, thus the densities can be measured
along the direction of the laser propagation. LIF requires a de-excitation model to
describe the observed fluorescence. This, together with the calibration factor, are the
main source of uncertainty. For instance, Budde et al. simultaneously measured CO
with two-photon LIF and OH with LIF and calibrated their measurements using an
absolute CO measurement on a known mixture [87]. This introduced a systematic error
of 60%, which is not uncommon for two-photon LIF [88]. Nonetheless, LIF techniques
can reproduce relative trends very accurately.

Thirdly, the sensitivity relies on the absorption path length. The sensitivity can
be increased by using a multipass cell. For instance, Sadiek et al. apply a white cell
around a plasma source such that the absorption path length is increased four fold
[89]. Alternatively, this can also be done ex-situ. A multipass cell can be installed in
the sample compartment of a FTIR spectrometer [90, 91]. Such ex-situ measurements
are better suited for absolute density measurements, since the IR spectra are better
defined. Yet, it loses information about the excitation of the species by the plasma
that is acquired with typical operando measurements, e.g. see [92]. Also, one should
consider chemical reactions that may occur during the transport from the plasma to the
cell and inside the cell. For instance, in the exhaust of a He/N2/O2 plasma, the plasma
products further oxidise the nitrogen oxides, since O3 reacts with NO to produce NO2

[90].

2.2.3 Infrared Reflection Absorption Spectroscopy

The reflection of electromagnetic radiation is guided by the Fresnel coefficients. The
reflection coefficients r from phase j to k for p- and s-polarisation (parallel and per-
pendicular to the normal of the surface) are [93–95],

rp,jk =
ϵ̂kξj − ϵ̂jξk
ϵ̂kξj + ϵ̂jξk

, rs,jk =
µkξj − µjξk
µkξj + µjξk

(2.23)
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where ϵ̂j is the complex dielectric constant and µj the magnetic permeability for phase
j. The relative magnetic permeability is close to unity when discussing high frequency
EM-waves such as IR-light, even for iron [96]. Literature prefers to use an angular
dependent quantity ξj = n̂j cos θj that considers the complex refractive index n̂j =√
µj ϵ̂j ≡ nj + ikj and the angle of incident θj in phase j. The reflectance R is the

absolute square of the respective reflection coefficient, i.e. R = |r|2.

3 phase system

The reflection on a metallic substrate can be described as 3-phase system: air, film,
and metal. The last phase is assumed to be infinitely thick such that no reflection can
occur after the film-metal interface. This condition is met if the metal layer thickness
is much larger than the skin depth (dmetal ≫ 1/kmetal), so all light is absorbed by
the substrate. The total reflection coefficient r is derived from the summation of
all reflection paths inside the phases, see equation 2.24. It relies on the reflection
coefficients of the individual interfaces r12 and r23 as well as a phase difference coefficient
β = 2πν̃ξ2d. The absorption inside phase 2 with thickness d is considered by β.

r =
r12 + r23e

2iβ

1 + r12r23e2iβ
(2.24)

An example of a 3-phase system is presented as a function of the angle of incidence
in figure 2.7. A carbonyl monolayer (1 nm, n̂ = 1.5 + i0.2) on an iron substrate
(n̂ = 4.08+i10.38) in air is considered to be irradiated by a monochromatic light source
with ν̃0=1730 cm−1 [69, 97]. In subfigure a, the reflectance R0 is plotted as function
of the angle of incidence for a clean substrate. The reflectance changes in the order of
0.1% when introducing a carbonyl monolayer in subfigure b, where ∆R = R0 − R is
plotted as function of the angle of incidence.
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Figure 2.7: The reflection on a clean iron substrate (a) and reflection change when
introducing a 1 nm film carbonyl film on the iron substrate (b) at 1730 cm−1 following
equation 2.24.

The angle dependence is important aspect of the overall reflection. A grazing angle
typically optimises the sensitivity of the reflectance on metallic substrates. For iron,
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the maximum ∆R is observed at 71.8◦, i.e. θmax. The response of the surface quickly
diminishes after this angle. It even becomes negative above 81.5◦. This is also seen
for dielectric substrates as will be presented later. Thus, an angle just below θmax is
chosen to prevent these contributions.

The polarisation of light is also important when examining the reflection. The
s-polarisation has a higher overall reflectance on a metallic substrate compared to p-
polarisation. However, only the p-polarised reflectance changes when introducing a
thin absorbing film. This is explained using the surface selection rule [69, 98]. A
change in the dipole moment parallel to the surface is mirrored in the metal such that
the net dipole moment remains zero, hence s-polarised light cannot observe changes
in the surface composition. The MIR source is a glow bar in this thesis. The black-
body radiation is unpolarised. This increases the overall reflectance compared to only
observing the p-polarisation, but lowers the sensitivity of ∆R on the absorption by the
film.

N phase system

The reflection on a non-metallic substrate requires to generalise the reflection coefficient
to a N-phase system. The matrix of equation 2.25 describes how each phase interacts
with the incoming light source [93]. The phase difference coefficient is defined for
each phase: βj = 2πν̃ξjdj. The polarisation is considered by ηj as ηj = ξj/µj for
the p-polarisation and ηj = ξj/ϵ̂j for s-polarised light. The final matrix elements mkl

are inserted in equation 2.26 to acquire the reflection coefficient. This formulation
reproduces equations 2.23 and 2.24 when settings N to 2 and 3, respectively.

M =M2M3 . . .MN−1, with Mj =

[
cos βj

−i
ηj

sin βj
−iηj sin βj cos βj

]
(2.25)

r =
(m11 +m12ηN) η1 − (m21 +m22ηN)

(m11 +m12ηN) η1 + (m21 +m22ηN)
(2.26)

The reflectance on a dielectric material can be calculated using this formulation.
In figure 2.8, the reflectance on a 1mm thick iron(III)oxide (Fe2O3) substrate (n̂ =
2.055+ 0.03i) is presented [97]. This is calculated in a 4 phase system: air-film-Fe2O3-
air. A fourth layer is necessary. The light is not fully absorbed before reaching the
backside of the substrate, thus the light reflects on the Fe3O3-air interface as well.

R0, R, and ∆R are lower on Fe2O3 than on pure Fe, which lowers the signal-to-noise
ratio. The reflection of p-polarised light is zero at the Brewster angle. ∆R is negative
from 0◦ to 90◦, so the reflectance increases with the formation of the thin film. Also,
the s-polarisation mostly contributes to the ∆R signal. Thus, mostly stretch modes
parallel to the surface are observed instead of the perpendicular orientation on metals.
This is especially true at the optimum angle for IRRAS of metallic substrates (∼70◦).

Furthermore, the N-phase formulation is very useful when considering the reflection
spectra of a metallic oxide layer formed on top of the metallic substrate. This will be
used in figure 2.9 to estimate the impact of an oxidised top layer on the metallic iron
substrate.
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Figure 2.8: The reflection on a clean Fe2O3 substrate (a) and reflection change when
introducing a 1 nm film carbonyl film on the iron substrate (b) at 1730 cm−1 following
equation 2.26.

Reflection spectra

The absorption features of the vibrational transitions are considered in the complex
refractive index of the film as presented in equation 2.27. The imaginary part of the re-
fractive index is proportional to κ induced by a molecular vibrational transition, similar
as the gas phase. The imaginary part of the refractive index, k, is often approximated
by a Gaussian line shape, e.g. see [99]. It depends on the absorption constant κ0,
full-width-half-maximum (FWHM) =

√
8 ln(2)σ, and central wavenumber ν̃0. The

Gaussian-like line shape arises from naturally occurring irregularities of the surface
morphology. They perturb the central wavenumber of the band. The real component
of the refractive index is obtained using the Kramer-Kronig transformation, where n∞
is the refractive index far away from the vibrational transition and P is the Cauchy
principle value [100]. However, such a translation is numerically unstable. Thus, n is
approximated by a Dawnson function D(x) with a scaling factor a instead.

k(ν̃) =
κ(ν̃)

4πν̃
=

κ0
32π

√
πν̃σ

e−
ν̃−ν̃0)

2

2σ2

n(ν̃) = n∞ +
2

π
P

∫ ∞

0

sk(s)

s2 − ν̃2
ds ≈ n∞ + a ·D

(
ν̃ − ν̃0√

2σ

) (2.27)

Exemplary spectra of a carbonyl film growth on pure Fe, 50 nm Fe2O3 on Fe, and
pure Fe2O3 substrate (of figure 2.8) are plotted for an angle of incidence of 70◦ in figure
2.9b. The refractive index components of a carbonyl stretch band are reproduced from
figure 13.19 of [69] and plotted in subfigure a.

The interpretation of a reflection spectrum on metallic iron is straightforward, be-
cause the sign of ∆R is the same as of the film growth. In literature, the reflectance
is often presented in terms of the absorbance A = −ln(R/R0), which has the same
sign as ∆R. The desorption of surface-bound species will give a negative absorbance
and the formation of a positive absorbance band. This is also true for an oxidised iron
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Figure 2.9: The refractive index of a carbonyl thin film (a) and the resulting normalised
reflectance contain the signal with and without the carbonyl film for different substrates
(b).

toplayer,, where only the baseline is slightly lowered. When reflecting from the Fe2O3

substrate, the film growth shows an inverted peak. There, the sign of the film growth
is opposite to A and ∆R. Thus, one must be careful when analysing such spectra.

Limitations and alternatives

Reflection absorption spectroscopy only detects changes in the surface composition.
Structural ratios (e.g. surface coverages), are obscured by: 1) the reference spectrum
may already contain preadsorbed species, 2) κ is affected by the nature of the substrate,
3) only species with a stretch mode that induce a net change in the dipole momentum
are visible. These drawbacks can be minimised by carefully controlling the setup, yet
this is not always possible. Other diagnostics could be used instead.

Raman spectroscopy can measure IR-inactive stretch modes, as mentioned earlier.
It can yield structural ratios as well. For instance, the ratio between crystalline struc-
tures can be deduced for silicon [101]. The signal is, however, very weak for smooth
metallic surfaces. Surface-enhanced Raman spectroscopy overcomes this issue, by lo-
cally enhancing the electric field using metallic nanoparticles [102]. This method re-
quires a careful control of the surface composition and the stability of the nanoparticles,
which is not well suited for plasma-surface interaction studies.

Electron energy loss spectroscopy (EELS) is not limited to dipole active or the
polarisability tensor as it can observe any adsorbed species [103]. This greatly enlarges
to amount of stretch modes that can be observed. It is a good source to acquire spectral
positions of stretch modes that may be observed in IRRAS spectra, e.g. for NHx

surface groups [104, 105]. The drawback of EELS is that it requires ultra high vacuum
(<1×10−9mbar) conditions. In contrast, typical plasma experiments require moderate
pressures of >1× 10−3mbar. Thus, this technique cannot be applied operando, unlike
optical diagnostics as IRRAS and Raman spectroscopy.

X-ray photoelectron spectroscopy (XPS) is a widely used surface diagnostic. It
readily yields structural ratios by comparing the intensity between perturbations in an
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electronic structure. For instance, examining the perturbation in the O(1s) spectrum
is used to acquire surface coverages of OH and H2O on α-Fe2O3 [106]. Unfortunately,
similar to EELS, it requires a ultra high vacuum as well, thus it is not suitable for an
operando study.

Another point of concern for IR reflection spectra is the overlap of gas phase ab-
sorption features. The gas phase contributions can be removed using polarisation-
modulation IRRAS (PM-IRRAS) [107–109]. Only p-polarised light contributes to
changes in the reflectance on metallic surfaces. This is not the case in the gas phase.
The contributions on the surface can be isolated by separately observing p- and s-
polarised light. Alternatively, higher-resolution spectra can distinguish the gas phase
and surface-bound species as well. The absorption features of the gas phase species
are well documented in e.g. the HITRAN database [78]. These contributions should
be identified and artificially removed, before continuing with potential surface contri-
butions.

2.3 Optical Emission Spectroscopy

Optical emission spectroscopy (OES) is a passive optical diagnostic. Experimentally, it
is rather straightforward as the emitted light only needs to be collected and spectrally
resolved. An excitation scheme is needed to extrapolate this intensity to the ground
state density. Such a scheme drastically complicates the post-processing of emission
spectra and is the main drawback of this technique. Nonetheless, it is very useful to
characterise the plasma.

The emitted light intensity for a transition from an upper |u⟩ to a lower state |l⟩ is
described by equation 2.28. The intensity Il,u is proportional to the spectral response
of the system Rsp(ν), the captured photon’s energy hν, density of the upper level Nu,
and Einstein coefficient for spontaneous emission Au

l of the optical transition.

Il,u = Rsp(ν)hνNuAl,u (2.28)

The spectral response relates the actual light intensity emitted by the plasma to
the measured signal. It considers the solid angle of the collection optics, transmission
through the window of the plasma reactor and optical components, reflectance of the
mirrors and grating inside the spectrograph, and the sensitivity of the detector. The
solid angle describes the portion of light that is captured. It can be maximised by
placing the collection optics as close as possible to the source. In a typical OES setup,
the light is coupled into the spectrograph using an optical fiber [110, 111]. There, a
lens can be used to increase the solid angle of the collected light.

Nitrogen has strong emitting bands between 290 and 420 nm: second positive sys-
tem (SPS) N2(C

3Πu →B3Πg) and first negative system (FNS) N2
+(B2Σ+

u →X2Σ+
g ) [26].

The quantum state of this diatomic molecule |n, v, J⟩ is characterised by the electronic
n, vibrational v, and rotational J levels [112]. The observed emission originates from
the transition |n′, v′J ′⟩ → |n′′, v′′, J ′′⟩. The Einstein coefficient considers the likelihood
of the respective optical transition. The Born-Oppenheimer approximation simplifies
the description such that the coefficient is proportional to the electronic-vibrational
transition moment, Frank-Condon coefficient qv′v′′ , and Hönl-London factor [113]. As



2.3. OPTICAL EMISSION SPECTROSCOPY 27

a first approximation, the densities of N2(C
3Πu, v) and N2

+(B2Σ+
u , v) can be estimated

from the intensity of the respective vibrational bands. Equation 2.29 describes the
relation of this intensity to the density of the respective electronic-vibrational state for
the SPS and FNS systems.

ISPS(v
′ → v′′) ∝ ν4Rsp(ν)q

v′

v′′ [N2(C, v
′)]

IFNS(v
′ → v′′) ∝ ν4Rsp(ν)q

v′

v′′ [N
+
2 (B, v

′)]
(2.29)

These bands are useful for characterising the gas temperature and reduced elec-
tric field. The gas temperature can be inferred from the rotational distribution of
a vibration-electronic excited state. The rotational temperature is equal to the gas
temperature when the rotational-translational thermalisation time constant is shorter
than the lifetime of the vibrational-electronic excited state [114, 115]. This condition
is generally met for N2(C

3Πu).
The reduced electric field can be estimated from the density ratio between N2

+(B2Σ+
u )

and N2(C
3Πu) [27]. The difference in the energy-threshold for the excitation and ioni-

sation by electron-impact is leveraged to probe the EEDF. This method fails in helium
gas mixtures, where Penning ionisation by helium metastables (He∗) overtakes the
electron-impact ionisation [61]. Nonetheless, N2(C

3Πu) and N2
+(B2Σ+

u ) densities are
useful to probe the presence of energetic electrons and the He∗ density, respectively.





Chapter 3

Methodology

Plasma-based nitrogen fixation is studied in two different plasma setups. In section
3.1, an atmospheric plug-flow RF plasma setup is presented. This reactor is used to
study the formation of NH3 in a He/N2/H2 gas mixture. The gas flow between the two
planar electrodes is is described as a plug flow, where a one-dimensional gas flow fixes
the relation of time and the spatial dimension along the gas flow as x = vt.

A low-pressure capacitively coupled RF plasma is used to study the composition of
a surface that is in direct contact with a plasma, see section 3.2. A different reactor
design is used to study the surface composition. A low-pressure capacitively coupled
N2/O2/H2 plasma is in direct contact with the substrate under study. This plasma is
well understood and studied in literature [44]. Therefore, the research can focus on
investigating the surface composition.

3.1 Atmospheric Plug-Flow RF Plasma

The gas conversion of a plasma catalytic reactor is studied with an atmospheric RF
discharge. This setup is already previously used for in situ measurements on CO2

dissociation and volatile organic component (VOC) removal [92, 116–118]. Figure 3.1a
gives a schematic of the setup. The schematic includes the gas lines and electrical
connections. Massflow controllers (MKS) control the gas flow, which is obtained from
a 20L He bottle (99.999%, Air Liquide), 20L N2 bottle (99.999%, Air Liquide), and
a 1L H2 can (99.999%, Messer). A vacuum compartment isolates the reactor from
the outside. A scroll pump (MVP 055-3, Pfeiffer) maintains a sub-mbar pressure that
is monitored with a Pirani gauge (TPR 280, Pfeiffer). The gas composition of the
exhaust is measured in a multipass cell (A136/2-LT, Bruker). The cell is installed
in the sample compartment of the FTIR spectrometer (Vertex 70v, Bruker) and its
temperature controlled to 180 ◦C.

The reactor is isolated from the environment by the vacuum compartments. This
prevents impurities seeping into the gas stream. Ideally, the pressure is below 0.1mbar.
When the pressure gets too high, then a plasma might ignite around the housing. The
occurrence of such a parasitic discharge sets the upper limit of the vacuum compartment
pressure to roughly 1mbar.

The reactor is designed to isolate the gas stream inside the reactor from the vac-
uum compartment, while giving optical access to the plasma. A front view of the

29
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Figure 3.1: A schematic of the experimental setup with an oil based temperature
control (a), a sketch of the front view of the reactor (b), a cross-sectional sketch of the
front view of the reactor (c), and photos of the glass plate + electrode installed in the
macor block for different coatings (d).

reactor is sketched in figure 3.1b. The gas is confined by an aluminium housing that
is electrically grounded. The housing incorporates the gas line connections and quartz
windows. These windows give optical access to the plasma in the visible part of the
electromagnetic spectrum.

The plasma emission is studied with optical emission spectroscopy. The light is
captured using an optical fiber (03345-REV.B, CeremOptec) that is placed in front of
the reactor. The light is spectrally resolved using a spectrograph (SR-750-B1, Andow)
and collected by an intensified charge-couple device (ICCD) camera (ISTAR-SCMOS-
14U-E4, Andor). This simplistic setup captures the light emitted from the center of
the discharge with a diameter of 4 to 5mm.

Copper blocks are mounted at the bottom and top of the housing to complete
the gas confinement. The electrodes are insulated from these blocks using custom
Macor blocks and from the plasma using glass plates. This is visualised in the cross
sectional view of subfigure 3.1c. The surface of these glass plates can be modified such
that catalytic coating can be applied. Thereby, a catalyst can be introduced without
significantly affecting the gas stream. Finally, the plasma is ignited between the glass
plates, creating a homogeneous discharge with a volume 26×13×1mm, as indicated by
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the magenta rectangle.
The plasma is ignited using a RF generator (RFG100-13, Coaxial Power Systems).

The impedance of the system is matched by a manual Impedance Matching network
(MMN 50-600W, Coaxial Power Systems). The voltage drop over the reactor and the
current running through the reactor are measured close to the reactor itself, inside the
vacuum compartment. This is further discussed in section 3.1.1.

The temperature of the reactor is controlled using an heating system. A silicon
based oil (Thermal H20S, Julabo) is heated in a thermostatic bath (RE415S, Lauda).
Temperatures up to 200 ◦C can be reached, which is below the flash and fire point
of the fluid. The fluid flows through the aforementioned copper blocks. Thereby,
the gas temperature is controlled by controlling the temperature of the housing. The
experiments are operated at 20 ◦C, unless otherwise mentioned.

Catalytic coating

Different glass plates are used during the experiments. An untreated glass plate, a
sandblasted, and a sandblasted plate that is also spray-coated with iron nanoparti-
cles are presented in figure 3.1d. The untreated glass plates are used for the blank
experiment. In heterogeneous catalysis, such an experiment determines the blank ac-
tivity of a reactor, whereafter the activity of a catalyst can be determined [35]. In a
plasma-catalytic reactor, the blank experiment checks the gas conversion by the plasma
alone.

The catalyst is added in the form of nanoparticles. Such particles are known for
their high surface area that maximise the catalytic activity. First, the glass plates are
sandblasted, see middle glass plate in figure 3.1d. After which the catalytic material
is spray coated on the plate [117, 119]. Sandblasting increases the surface roughness
that ensures successful adhesion of the catalytic material. Spray coating is a common
technique within the field of plasma catalysis. For instance, De Meyer et al. found that
spray coating results in a higher NH3 synthesis rate than wet-impregnation, which is
another common coating technique [23].

Three different nano particles are used for the experiments: copper (25 nm diam-
eter, Sigma-Aldrich), iron (35-45 nm diameter, Sigma-Aldrich), and platinum (200 nm
diameter, Sigma-Aldrich). These metals effectively scan the binding energy of N to
the surface. This is a critical parameter for thermally catalysing NH3 [34]. Potential
differences in NH3 production will hint at the impact of typical catalytic reactions on
the overall conversion.

The activity of a catalyst is directly proportional to the surface area that is exposed
to the gas stream [120]. For a planar surface, this is very easy to derive as it equals to
width times height. The calculation becomes more complicated for less defined surface
such as a nano particle coating. Rather, the maximal specific surface area Sm is used
as an approximation. It is expressed as a surface area enhancement factor ϑ, which is
the ratio of Sm over the wall area. Assuming that the nanoparticles are spherical, it is
derived following the loading of the surface in mg cm−2, material density ρM in kgm−3,
and particle size in nm as,

ϑ =
6 · loading
ρM · size

. (3.1)
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For the experiments, the surface is loaded with 3.0mg cm−2 copper or iron or
0.3mg cm−2 platinum that translates to a ϑ of 800, 510-650, and 4.2, respectively.
The surface enhancement factor for platinum is low compared to iron and copper.
This difference in Sact must be considered when comparing the effectiveness between
the catalysts.

3.1.1 Power Measurements

The plasma power is an important parameter that is directly related to the plasma
density [121]. The voltage and current are measured using an in-house made IV-box
that is sketched in figure 3.2a. The high voltage RF signal is applied by a coax cable.
The shielding of this wire grounds the housing of the box. The box is placed close to the
plasma reactor (∼5 cm), inside the low-pressure compartment, to improve the accuracy
of the measurement, e.g. by minimising ohmic losses inside the cables. In figure 3.2b,
an equivalent electrical circuit is given. This is useful to relate the measurable uvoltage
and ucurrent to the actual plasma voltage uplasma and current iplasma.
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Figure 3.2: A schematic of the IV-box (a) that is used to measure the plasma power
and the corresponding electrical circuit (b).

The amplitude of the high voltage applied to the plasma is reduced with a voltage-
divider. A capacitor Cs is placed in series with the termination resistor (50Ω). The
capacitor is created by installing a wire at a fixed distance from the high voltage (HV)
wire. This wire is insulated to prevent accidental short-circuiting the circuit. Following
the straightforward arithmetic, the relation between uplasma and uvoltage is obtained.

uplasma(t) ≈
1

ωRtermCs

e−jπ/2uvoltage(t) (3.2)
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where uvoltage(t) = ũv cos (2πfRF t− φv) with the measured amplitude ũv and phase
φv. The factor 1

ωRtermCs
is obtained from a calibration measurement. There, uplasma is

directly measured using a high-voltage probe and compared to the measured uvoltage
signal.

The current through the plasma iplasma is derived from measuring the voltage drop
ucurrent over a known resistor Rs as,

iplasma(t) =

(
1

Rs

+
1

50Ω

)
ucurrent(t) . (3.3)

where ucurrent = ũc cos (2πfRF t− φc) with the measured amplitude ũc and phase φc.
The plasma power follows from the time average of the energy consumed per cycle

as function of the phase difference ∆φ = φc − φv,

pplasma =
1

2
ũpĩp cos

(π
2
+ ∆φ− φref

)
. (3.4)

The phase difference must also correct for the shift inherent to the setup, i.e. ref-
erence phase shift φref . This arises mainly from a difference in the cable length of the
current and voltage channels. ∆φ−φref should be zero when the plasma is off. Hence,
before each measurement, φref is set to the measured ∆φ.

A power-sweep provides the necessary data to check if the reference phase shift
is correctly estimated. If φref is incorrect, then the apparent plasma power will
monotonously increase when the plasma is off. Luckily, the observed power slope
can be used to obtain the correct φref , by varying the reference phase shift until the
slope equals zero. The voltage calibration factor can be verified by comparing the
power-sweep to that of earlier measurements.

3.1.2 Ex-Situ FTIR Absorption Spectroscopy

Ammonia production is studied by admixing a small amount of N2 and H2 to a helium
gas stream. Only a small amount of ammonia is expected in the gas stream. Molar
fractions up to 0.8% are observed in pure atmospheric N2+H2 plasmas [22, 25]. Molar
fractions as high as 80 ppm can be expected for our experiments, when extrapolating
to the helium diluted gas mixtures. Therefore, a highly sensitive technique is needed
to observe the plasma produced NH3.

The sensitivity of IR absorption spectroscopy is fixed by the optical path length.
In-situ measurements are limited by the reactor design. This limits the path length to
1 to 2 cm. yielding a lower detection limit of 100 ppm. The expected molar fractions are
below this lower limit, thus it is not possible to perform in-situ measurements. Instead,
the gas composition of the plasma effluent is analysed. The exhaust is connected to a
multipass cell. Its path length is increased to 6.4m so the lower detection is lowered
to 0.5 ppm, which is sufficient for our measurements.

Identifying plasma products

The gas composition in the multipass cell is analysed using FTIR absorption spec-
troscopy. Figure 3.3 gives two typical spectra that are obtained during a typical exper-
iment after a) 10 minutes and b) 90 minutes of plasma operation. The MIR spectral
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region shows contributions of CO2 around 670 cm−1 (bending mode) and 2350 cm−1

(asymmetric stretch mode), H2O between 1250 and 2050 cm−1, and the plasma prod-
ucts: NH3, N2O, and CO. The signal of CO2 and H2O originate from the open air path
between the spectrometer and multipass cell, since they are naturally present in air.
The IR absorption by the plasma products is simulated and plotted in the subfigures
with an 0.5% offset.
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Figure 3.3: A typical FTIR spectrum obtained 20 min (a) and 90 min (b) after igniting
the plasma, which is operated at 4W, with 0.125 sccm N2, 2.375 sccm H2, and 250
sccm He.

The vibrational spectrum of CO is the simplest to describe among the plasma
products. It is a diatomic molecule, thus it has only one vibrational mode centred
around 2140 cm−1. Nitrous oxide (N2O) has two vibrational modes: N-O stretch around
1350 cm−1 and N-N stretch around 2220 cm−1. The latter is observed during the exper-
iments since it is more IR active and does not overlap with the strong H2O absorption
features. The absorption features of CO and N2O partially overlap. Therefore, the
contribution of CO is fit from 2005 to 2175 cm−1 and N2O from 2175 to 2253 cm−1.

Ammonia is a pyramidal tetratomic molecule that has four IR active vibrational
transitions [122]. In the presented spectral range, vibrational transitions of the symmet-
ric (v2) and asymmetric bending (v4) modes are observed. Namely, v2=2→1 around
630 cm−1, v2=1→0 around 930 and 965 cm−1, and v4=1→0 around 1630 cm−1. The
v2=1→0 is well isolated from the other spectral contributions and it is the most IR
active mode. Thus, the ro-vibrational transitions observed between 800 and 1200 cm−1

will used to estimate the NH3 concentration.
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Calibration

Gas phase densities are readily obtained with IR absorption spectroscopy, once the path
length is known. The path length is calibrated using a known CO2/He gas mixture.
CO2 is very active in the MIR spectrum and it is inert, unlike NH3. The asymmetric
stretch vibration is the most observed band, e.g. see [79, 123]. Yet, this band is
saturated under the used conditions. On top of this, CO2 from the open-air path
between the spectrometer and the multipass cell contributes to the spectrum as well.
Its fraction in air varies in time such that it interferes with the experiments.

Therefore, the v1+v2 vibrational stretch around 2075 cm−1 is used. The ro-vibrational
lines are fitted to a synthetic spectrum that gives the molar fraction of CO2. A typical
spectrum is given in figure 3.4a. The measured spectrum shows a good agreement with
the synthetic best-fit spectrum. Sharp lines at 2018, 2040 and 2065 cm−1 are associated
to H2O, which originate from the humidity in the open-air optical path as previously
mentioned.
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Figure 3.4: A typical FTIR spectrum obtained when applying 0.73% of CO2 to the gas
stream (a) and the measured vs applied molar fraction of CO2 (b), when controlling
the multipass cell temperature to 300K.

The measured CO2 molar fraction is plotted as a function of the applied molar
fraction in figure 3.4b. The measured fractions are calculated assuming a path length
of 6.4m. The applied fraction is controlled by changing the gas flow ratio of CO2 to
He. The data points lie on the y = x line, thereby validating that the path length is
indeed 6.4m.

3.2 Low-Pressure Open RF Plasma

The surface composition is an important yet not-well studied parameter in plasma
catalysis. It can be in operando studied using IRRAS. In figure 3.5a, a sketch of
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the overall experimental setup is presented. The plasma is operated at 8mbar in a
low-pressure compartment. The pressure of this compartment is monitored using a
capacitance gauge (CMR 263, Pfeiffer) and controlled using a manual rotating valve
and a scroll pump (MVP 055-3, Pfeiffer). The gas flow is regulated using massflow
controllers (1179C series, MKS) using a control-unit (946 Vacuum System Controller,
MKS). The gases are obtained from a 50L He bottle (99.999%, Air Liquide), 50L N2

bottle (99.999%, Air Liquide), 20L O2 bottle (99.998%, Air Liquide), 20L H2 bottle
(99.999%, Air Liquide), and 10L D2 bottle (99.9%, Air Liquide).
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Figure 3.5: A sketch of the setup (a), where M=O2, H2, or D2. The electrode configu-
ration (b) from the top view.

The IR beam is generated and spectrally resolved using an FTIR spectrometer (Ver-
text 70v, Bruker). It is guided towards the compartment and focussed on the substrate
using gold coated mirrors. Two off-axis gold coated parabolic mirrors (250mm focal
point, II-VI GmbH) are used to focus the light on the substrate. The light is reflected
at a 70◦ angle of incidence to maximise the sensitivity as seen in figure 2.7 in section
2.2.3. The light is collected and detected using an external LN-MCT Mid 24h detector
(ID316, Bruker). The open-air paths between the spectrometer, low-pressure compart-
ment, and the detector are isolated using plastic tubes and continuously purged with
dry air. This minimises the presence of H2O(g) in the MIR spectrum.

The plasma is powered by an RF generator (RFG150-13, Coaxial Power Systems).
The impedance is matched with a match box (MMN150-13, Coaxial Power Systems).
The plasma power is measured similar to that in the plug-flow reactor. The IV-box of
figure 3.2a is used with a minor adjustment. The high voltage wire inside the box is
insulated instead of the capacitor-wire, since the box is placed in an atmosphere where
the plasma easily ignites. This prevents the ignition of parasitic discharges inside the
box. The rest, i.e. acquisition of waveforms and calculating the power, is identical as
presented in section 3.1.1.

The low-pressure compartment is custom designed. It is well approximated by a
cylinder with height 30 cm and a diameter of 25 cm. In figure 3.6, two snapshots of a
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(Inventor) 3D drawing are presented from tow different view points. The coordinate
system is chosen such that the incoming IR beam moves in the positive x- and y-
direction. Arms give optical access to the compartment. A KBr-window is placed in
the arms where the IR beam enters and exists the compartment. A quick access door
with a glass windows is installed in the front (+y-direction). The top is closed with
a CF flange. The gas inlet, outlet, and purge are positioned on the bottom of the
reactor. The inlet is in-front of the plasma and the outlet is behind the plasma in the
xy-plane, see subfigure 3.6b. The reactor can be purged with ambient air, whereafter
the front window-door can be openend to gain access to the reactor.

a)                                                                               b)

y

x

z
y

x

z outlet

purge

inlet

purge inlet

Figure 3.6: Snapshot of the lateral side of the reactor from an isomeric (front-top-right)
viewpoint1 (a) and top viewpoint (b). The IR beam is included in red.

An open-plasma configuration gives optical access to the plasma and the substrate
under study. The copper electrodes are placed 10mm apart from each other using
custom Macor blocks. The substrate is placed on the grounded electrode. The temper-
ature is monitored using a thermocouple, which is mounted on the grounded electrode,
and controlled by the thermal radiation originating from a Tantalum foil.

The plasma volume is much smaller than the vessel, so the plasma is well isolated
from the housing, by at least 10 cm. Therefore, it is unlikely that the plasma directly
interacts with the housing. In addition, plasma products can freely diffuse into the
non-plasma part of the vessel. The total optical path length is approximately 42.6 cm
including 2.1 cm of the plasma regime. This is sufficiently long to detect gas species
with a density in the order of 1013cm−3. Thus, gas phase absorption features inside
the reactor must be considered as well as absorption on the surface .

3.2.1 IR Reflection Absorption Spectroscopy

Reflection absorption spectroscopy relies on a reflective surface from which the light
specular reflects. The changes in the reflectance R =I/Iref are presented as the ab-
sorbance A =−ln (I/Iref ). The measured spectrum I is normalised by a reference
spectrum Iref taken prior to the experiment. In this way, a positive absorbance signal

1Snapshots are taken from the Inventor 3D-drawing made by Kai Fiegler.
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generally indicates the formation of either a surface group or gaseous species, a negative
indicates the removal or disappearance.

Similar to typical FTIR absorption spectroscopy, the spectra contain absorption
features of gas phase species as well. Since the observed absorption features are very
small, the fitting procedure may be simplified. The observed spectrum Robs is compared
to a synthetic reference spectrum Rref that is calculated using the HITRAN database
for a given reference density nref . Following the Beer-Lambert law, the intensity of
the overall spectrum can be changed following equation 3.5 to obtain the observed
spectrum Robs. This gives the actual density nact.

Robs(ν̃) = Rref (ν̃)
nact/nref (3.5)

Changes in the surface composition are expected to yield only small changes in
the absorbance. The signal-to-noise ratio must be minimised such that an absorbance
signal of 0.01% can be observed. This is achieved by using a 24h stable MCT detector.
This detector can be cooled continuously for days that contributes to a stable signal. In
addition, the spectral resolution is lowered to 2 cm−1. This averages the spectrum in the
spectral domain. It also allows for acquiring more spectra withing a given time span,
since the acquisition time per spectrum is shortened. Some spectral features inherent to
the detection method persist. They must be either experimentally or digitally removed.

Icing peak

When cooling the MCT detector from room temperature, a broad peak around 3000 to
3600 cm−1 may appear over time. In figure 3.7a, a spectrum is plotted that shows such a
peak. This spectral features must be avoided when experimenting with NHx formation
on the surface, as it overlaps with the reported stretch modes of these intermediates
around 3300 cm−1 [104]. The intensity of this feature is integrated and plotted in time
in subfigure 3.7b. The trend shows a time constant of 53min, thus several hours are
needed before the signal stabilises.
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Figure 3.7: A spectrum (a) obtained 1 minute after the reference spectrum. The
integrated part of the peak is highlighted by grey and the value is plotted in time (b).
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Its impact is related to the humidity of the air inside the lab. The humidity of the
air near the MCT sensor freezes and forms a thin ice layer directly on the detector.
Generally, this spectral contribution can be avoided by cooling the detector a day (or
more) in advance. In other words, the “icing” peak has time to stabilise before the
experiments are performed.

Pre-processing spectra

The spectra are digitally processed before they are analysed. The IR beam passes
through a purged air path, which connects the FTIR spectrometer to the low-pressure
vessel and the vessel to the IR detector, see figure 3.5. Air naturally contains small
amounts of H2O and CO2 that are very IR active. Their absorption features are
digitally removed using reference spectra. This is illustrated in figure 3.8.
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Figure 3.8: The adjustments made to the measured spectrum obtained when igniting
a O2 plasma.

The measured spectrum is first corrected for a baseline shift. A 0th-order poly-
nomial is fitted to the “empty” parts of the spectrum, see baseline. Higher order
polynomials (> 1) must be avoided as they might introduce broad features that can
be mistaken for absorption features associated to the substrate. A synthetic spectrum
of H2O(g) is calculated using the HITRAN database, where the code of the NH3 plug
flow measurements is used. The sharp ro-vibrational lines of H2O are very distinct in
the spectrum, unlike the broad surface associated bands. Therefore, by examining the
spectral derivative to the wavenumber ∂A/∂ν̃, H2O(g) feature is readily identified in,
fitted to, and removed from the measured spectrum.

Similarly, the absorption features of CO2(g) are removed. It is difficult to calculate
a synthetic spectrum that accurately describes the observed features. The density of
CO2(g) is not reduced in the open-air path length, unlike that of H2O(g) by using dry
air. The signal is seen in both the reference and measured spectrum. Thus, the approx-
imation for the instrumental line shape of equation 2.22 of subsection 2.2.1 does not
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hold. This introduces non-linear effects. Instead, a measured CO2(g) spectrum is used.
The absorption by CO2(g) is minimised to a certain degree. This is sufficient to isolate
a Fe2O3 absorption band located around 720 cm−1 and N2O(g) around 2220 cm−1.

Finally, after considering these spectral artefacts, IRRAS spectra can be obtained
where changes can be attributed to changes on the substrate or gas phase of the vessel.

3.2.2 Pretreament of Samples

IRRAS is a relative technique that only observes changes of the surface composition.
The reflection spectra are a complex convolution of absorption features, which is dif-
ficult to analyse. The unique ro-vibrational structures common for gas phase species
disappears once a molecule adsorbs, since it looses its rotational degree of freedom.
Also, the central wavenumber of a vibrational transition shifts as a result of the bind-
ing to the surface, because the intermolecular binding energy changes [124]. This results
in non-unique absorption features for surface groups.

On top of this, impurities on the surface and gas phase might introduce unexpected
surface groups. A pristine metallic foil always contains carbon-impurities on top. This
arises from chemical cleaning agents or reactions of CO2 and H2O once in contact
with air. The presence of hydrocarbons is especially important when studying NOx

formation, since it quenches adsorbed NOx species [39, 40]. Hence, their presence must
be avoided.

Therefore, it is important to pretreat the substrates in a consistent manner. The
main goal of the pretreatment is to remove the impurities, such as hydrocarbons and
carbonyl species, to simplify the surface chemistry and the interpretation of the IRRAS
spectra. A plasma is ignited in a helium-rich gas stream with a 10% admixture of
O2 or H2. This plasma cleans at moderate conditions. Helium is added to increase
the throughput of the reactor, by enhancing the removal of the impurities in the gas
phase from the vessel. Also, it helps to ignite the plasma at moderate conditions, i.e.
low heating. Oxygen and hydrogen are added to introduce a chemical cleaning agent
through their radicals, e.g. O and H. The outcome of these pretreatment steps are
discussed in the chapter 5 for each type of measurements.



Chapter 4

Ammonia Synthesis in an
Atmospheric RF Discharge

Plasma catalysis is often studied using DBDs since catalyst can be easily introduced
to the reactor. However, any enhancements in the NH3 production cannot directly be
associated to plasma catalytic synergisms, since the plasma behaviour is strongly re-
lated to the surface morphology, e.g. see [25]. Therefore, another reactor configuration
is used to separate the plasma operation from the surface morphology.

In this chapter, NH3 synthesis is studied in a capacitively coupled RF discharge in a
He/N2/H2 gas mixture at atmospheric pressure. This discharge is designed to simplify
the plasma chemistry and maximise the impact of surface reactions on the overall
chemistry. The helium rich gas stream ensures that the discharge ignites diffusely
along the electrode and allows the gas gap to be reduced, which stimulates surface
collisions of reactive species. This reactor is previously successfully used to study n-
butane oxidation and CO2 dissociation [92, 116–118].

The experiments are combined with a global model to obtain a clear picture on the
involved chemistry. The discharge dynamics are characterised by examining the power-
to-voltage relation and with optical emission spectroscopy for the emission bands of N2.
The ammonia production is experimentally characterised by analysing the effluent of
the discharge and performing a parameter scan. The results are compared to a global
plug flow model of the chemistry. The outcome will informs us which processes are
responsible for ammonia synthesis and the impact of a catalytic coating on the process.

The discharge conditions are controlled through varying the discharge power, reac-
tor temperature Treactor, and the He/N2/H2 gas mixture. The latter is quantified using
the H2-to-N2 gas flow ratio, expressed as fH2 = H2 / (N2+H2), i.e. the ratio of the
H2 flow over the flowrate of N2+H2. The N2+H2 admixture to the helium gas flow is
similarly expressed as cadmix = (N2+H2)/He, where the helium flow is kept at 250 sccm.

The contents of this chapter are based on the work previously published as Vervloedt and von
Keudell Plasma Sources Science Technology 33 (2024) 045005 [91]

41
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4.1 Discharge Dynamics

The discharge dynamics dictate the chemistry inside the reactor. For instance, energetic
electrons are needed to dissociate stable nitrogen molecules, which have an energy
threshold of 9.76 eV [125]. A higher electron density or reduced electric field E/N
will increase the dissociation rate, thereby enhancing NH3 production. Conversely, the
electron impact dissociation of NH3 increases as well. Hence, the plasma parameters
must be carefully chosen to maximise the former and minimise the latter.

In this section, the discharge is characterised by examining the discharge power
as function of the applied voltage and the emission spectra of nitrogen. The scaling
laws of the electron dynamics are derived from these observations that are used for the
kinetic model in section 4.3.

Power-voltage curves

The discharge mode can be deduced from the relation of the discharge power to the
applied root-mean-squared (rms) voltage [60, 121, 126]. Initially, the discharge ignites
homogeneously along the discharge gap, which is referred to as the diffuse mode. When
the discharge transfers to the constricted mode, the power will drastically increase [67].
This transition is typically observed at higher voltages in the COST-jet. In the plug
flow reactor, the glass plates effectively prevent this transition. Instead, arcing is only
observed once the glass plates break from the thermal stress induced by the plasma.

In figure 4.1a, the plasma-voltage curves are plotted for a pure helium discharge
and for different H2-to-N2 gas ratios at cadmix = 1%. The helium discharge is used
to benchmark our reactor against the COST-jet [59]. The helium discharge ignites
at 160V. The discharge power increases linearly up to 250V and quadratically for
higher voltages. This is similar to the COST-jet, where it is attributed to the change
in the discharge mode from α to γ mode. The difference in our measurements is less
apparent. This is likely due to the presence of the dielectric barrier, which suppresses
mode transitions [126].

Introducing H2, N2, or a N2+H2 mixture to the gas stream introduces an overall
positive voltage shift. Higher voltages are required to attain the same plasma power
when changing from a pure helium plasma to fH2=100% and cadmix=1%. The same
holds when gradually interchanging H2 with N2. The slope of the curve does not show
significant changes, thus no discharge transition is induced with including either N2 or
H2. The increase in the voltage is attributed to differences in the breakdown voltage
of helium and hydrogen, and hydrogen and nitrogen. Therefore, introducing H2 and
N2 to the plasma does not alter the discharge mode.

In figure 4.1b, the surface composition is changed for fH2 = 95% and cadmix =
1%. This gas mixture is often used in the NH3 measurements. The glass plate is
sandblasted and coated with iron, copper, and platinum nano particles. The potential
impact of sandblasting is tested as well. The untreated glass plate is labelled as blank,
since it serves as the non-catalytic reference condition. Changing the blank plate to
a sandblasted and or coated plate shows no differences in the offset and the slope of
the power-to-voltage curve. Therefore, the surface morphology does not significantly
affect the discharge mode, thereby E/N.
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Figure 4.1: The power sweep plotted as the plasma power as function of the applied
rms voltage at cadmix=1% for varying fH2 with the untreated glass plate (a) and for
different surfaces for fH2=95% (b).

These results show that both the gas mixture and surface composition do not af-
fect the discharge mode. However, this does not directly translate to the discharge.
Thus, in the next section, optical emission spectroscopy is employed to study potential
differences in the excitation scheme of molecular nitrogen.

N2 emission

Molecular nitrogen is known for its strong emitting molecular bands. In our plasma,
the second positive system (SPS) N2(C

3Πu → B3Πg) and first negative system (FNS)
N+

2 (B
2Σ+

u → X1Σ+
g ) are readily observable. The intensities of these bands are directly

proportional to N2(C) and N+
2 (B) densities, respectively. These densities are useful for

characterising the plasma dynamics as is mentioned in section 2.3.
The excitation pathway of these excited states requires a careful consideration.

A straightforward corona model quickly fails in the used discharge. However, the
abundance of helium allows for some simplifications. The nitrogen admixture is kept
to 1% and the atmospheric pressure quenches electronically excited species. Thereby,
pooling reactions that produce N2(C) are diminished. For this reason, the production
of N2(C

3Πu) can solely be attributed to electron impact excitation reactions, where N2

is electronically excited from the ground state N2(X) by electron impact. This requires
relatively high energies of 11.0 eV [26, 127]. Thus, only electrons in the high-energy
tail of the energy distribution are responsible for the production of N2(C). Conversely,
this reasoning does not apply for N+

2 (B
2Σ+

u ). Especially in helium rich gas mixtures,
such as the applied gas mixture, N+

2 (B) is mainly produced through Penning ionisation
by He∗ [128, 129]. Therefore, N2(C) and N+

2 (B) densities are respectively indicative to
the presence of high-energy electrons and of He∗.

In figure 4.2, a typical emission spectrum is plotted that is obtained during the
blank experiment for fH2=0%, cadmix=1%, and power is 4W. The band-head of the
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vibrational transitions are labelled using the emission band (SPS or FNS) and the
vibrational transition, where the transition from the upper to the lower vibrational
level is given. For instance, the electronic-vibrational transition N2(C

3Πu, v = 0) →
N2 (B

3Πg, v = 2) is observed at 380.6 nm and is labelled as SPS 0 → 2. The maximum
intensities of each vibrational band are used to estimate the respective state.
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Figure 4.2: A typical emission spectrum obtained with the blank glass plate with
fH2=0%, cadmix=1%, and discharge power of 4W.

The spectrum shows the emission of N2(C,v) for vibrational levels v ≤ 4. The
density of N2(C) is estimated from the summation of the ∆v = v” − v′=2 band of
v”=0-4, which is seen from 362 to 382 nm. The densities of these vibrational levels
is estimated from the maximum value of the respective band head. At 390.0 nm, the
FNS is observed for the 0 → 0 vibrational transition. This band overlaps with the
neighbouring vibrational bands of SPS. It is the only observed vibrational transition,
hence the N+

2 (B) density is estimated only from this vibrational transition. Thereby,

[N2(C)] =
4∑

v=0

[N2(C,v)] , [N+
2 (B)] = [N+

2 (B,v=0)] (4.1)

In figure 4.3, the N2(C
3Πu) and N+

2 (B
2Σ+

u ) fractions are plotted with increasing
plasma power for different fH2 at cadmix=1%. Both the untreated and the Fe-coated
glass plate are used. These densities are normalised to the total N2 admixture. A
linear best fit is plotted for each gas mixture and glass plate. They are used as a guide
for the eye to show the relation between these density ratios and the plasma power.
No absolute calibration of the spectrograph was performed, thus only the changes as
a result of changing the power, gas mixture, and surface coating are discussed.

Both densities increase linearly with the applied power. This follows the assumption
that the power scales linearly with the electron density while electron energy distribu-
tion remains unaffected [130]. Therefore, the power scan will be modelled by linearly
varying the electron density and keeping E/N constant in section 4.3.
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Figure 4.3: The normalised N2(C
3Πu) (a) and N+

2 (B
2Σ+

u ) (b) densities as function of
the plasma power for different fH2 values for cadmix=1%.

The trend between [N2(C)]/[N2] and fH2 shows two contributions. First, the de-
crease from fH2=0% to 75% is attributed to a higher collisional relaxation rate of N2(C)
with H2 compared to N2 [131]. This is inherent in the system of observing the SPS and
not related to the electron dynamics itself. Second, the increase from fH2=75% to 95%
is due to an increase in the presence of high-energy electrons, which agrees with EEDF
calculations in [32] and will be mentioned later in section 4.3. This observation is
important for the kinetic modelling as it indicates that mean electron energy increases
with increasing fH2 .

[N+
2 (B)]/[N2] increases with increasing fH2 . This follows the typical relation of [He∗]

with the N2 admixture [132]. This shows that the He∗ density decreases with increasing
N2 admixture to the gas flow.

The introduction of the Fe-coated glass plate introduces only minimal changes in
the densities ratios. Differences are well within the uncertainty margin. Previously, the
power-to-voltage curve did not change as well when changing the surface compositions.
Therefore, the discharge dynamics do not significantly rely on the state of the surface.
This will be used in the kinetic modelling by limiting potential differences in the electron
density and EEDF between the blank and catalytic measurements.

To summarise, the following observation will be considered for the kinetic model:
1) the power linearly increases with electron density and E/N remains constant. 2)
fH2 affects the mean electron energy, which likely occurs due to a changing EEDF. 3)
Introducing a catalyst does not significantly alter the discharge dynamics. This can be
controlled in the model by constraining the electron density and E/N for the catalytic
surface to that of the blank experiment.
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4.2 NH3 Density Measurements

The NH3 concentration is obtained by measuring the gas composition of the effluent
using multipass FTIR spectroscopy. It is expressed as the molar fraction in parts per
million (ppm). The synthesis is characterised by measuring the fraction as function of
the gas mixture and power. This is referred to as a parameter scan.

Ammonia readily physisorbs and desorbs from surfaces at room conditions, which
is very similar to H2O. The observed NH3 molar fraction, up to 40 ppm, are in the
same order of magnitude as the capacity of the surfaces inside the multipass cell to
store NH3. Thus, the interplay between the gas phase and the surface is significant
and must be considered during data acquisition.

Data acquisition

A typical NH3 spectrum is shown in figure 4.4a, where the measured, best fit and
residual spectra are plotted. The spectra are obtained with a multipass cell temper-
ature Tcell of 180

◦C. Slight changes in the baseline are already corrected for in the
measured spectrum by fitting a second-order polynomial to 2450 to 2600 cm−1. This
part of the spectrum shows no absorption features and is used as an indication for
baseline fluctuations over time. The best fit is obtained following the fitting routine
described in section 2.2.2 and describes the measured spectrum well. Minor differences
are attributed to improper correction of the instrumental phase that arise when the
phase resolution is too high as mentioned in section 2.2.1. Yet, this discrepancy has
no impact on the resulting molar fractions.
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Figure 4.4: A typical measured ro-vibrational NH3 spectrum together with the best-
fit simulated spectrum and the residual of the best fit spectrum that is obtained at
fH2=95%, cadmix=1%, power of 4W, and Tcell=180 ◦C(a). The reference spectrum is
obtained before plasma ignition and contains NH3 as well (b).

Additionally, the reference spectrum already showed the presence of NH3 in the
cell before igniting the plasma. This ammonia originates from prior measurements,
where it adsorbed to the surfaces. It is unpractical to completely clean these surfaces
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because every NH3 molecule that is purged from the system must be replaced during
the experiments, prolonging the acquisition time. Therefore, rather than fully cleaning
the inner surfaces of the cell, NH3 in the reference spectrum is quantified.

In figure 4.4b, themeasured signal of the reference spectrum is plotted. Only a small
part of the overall absorption spectrum (940 to 1000 cm−1) is used to estimate the con-
centration of NH3. This simplifies the required description of the baseline. The baseline
is approximated by a fourth-order polynomial and derived using the empty parts of
the spectrum, see baseline. With this baseline, a typical transmittance spectrum can
be constructed and fitted, see best fit and residual. The molar fraction following this
fit is added to the fractions obtained during the experiment.

Figure 4.5 presents the molar fractions of the observed plasma products in time.
Nitrous oxide (N2O) and carbon monoxide (CO) are produced next to NH3, as pre-
sented earlier in figure 3.3. The plasma is ignited at 0.0 min. N2O and CO immediately
appear in the cell after igniting the plasma. Their molar fractions decrease after 15
minutes, which indicates that they originate from impurities inside the system.
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Figure 4.5: The molar fractions of NH3, N2O, and CO in time that are obtained when
igniting the discharge for fH2=95%, cadmix=1%, p=4W, and setting Tcell=180 ◦C.

N2O and CO densities respond much faster than NH3 when igniting the plasma.
Their formation is associated to the removal of carbon and oxygen containing impurities
inside the plasma reactor. The surfaces inside the reactor are gradually cleaned from
any impurities, e.g. through sputtering by helium species. Unlike ammonia, these
products do not interact with surfaces. Thus, they follow the relations expected from
a 0D continuity equation. Furthermore, N2O is likely produced in the effluent as well,
since the nitrous oxide density overtakes that of CO after 30 minutes. Molecular oxygen
might persist in the gas stream (e.g. from the gas bottle itself) and could oxidise the
adsorbed NH3. Other nitrogen oxides are not observed due to the low oxygen gas
mixtures. Finally, the contribution of N2O and CO are omitted when discussing the
plasma chemistry, because their concentrations are ≪ 1 ppm when NH3 finally reaches
a stable value.
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The NH3 molar fraction has an offset, time delay, and a much longer time constant
to grow than N2O and CO. The origin of the offset is already discussed. The time
delay between ignition and the increase in the NH3 concentration arises from the ph-
ysisorption inside the tubes that connect the reactor to the multipass cell. Once these
surfaces are saturated, the density of the cell increases.

The time constant of the NH3 molar fraction is significantly longer than the expected
value from a 0D continuity equation, unlike the inert species N2O and CO. This is
attributed to the interplay between physisorption-adsorption as NH3 readily adsorbs.
Surfaces inside the cell need to be saturated with NH3 before this effect cancels. Only
the stable concentration represents the molar fraction exiting the reactor. Therefore,
an acquisition time in the order of several hours is required for each condition.

The acquisition time is shortened by extrapolating the observed trends using a
typical exponential function: [NH3] ∝ [NH3]fin

(
1− e−t/τ

)
, where the time constant τ

and equilibrium fraction [NH3]fin are fit parameters. This final density is representative
of the ammonia produced by the plasma, hence is the desired result. However, this
relation is only an approximation. The binding energy of NH3 to the surface decreases
with increasing NH3 surface coverage [133]. A multi-exponential function is needed
to accurately describe the full time domain, but such an analysis will over-interpret
the data. The presented single exponential holds by only when considering the last 50
minutes of plasma operation.

Furthermore, the interplay with the surface is reduced by increasing the multipass
cell temperature to 180 ◦C. This is below the required temperature to dissociate NH3

[134]. The desorption rate increases with the surface temperature following equation
2.9 in subsection 2.1.2. This lowers the steady-state surface coverage of NH3. As a
result, the interplay of gaseous NH3 with the surface is lowered.

In summary, the ammonia production is measured ex situ in a multipass cell. This
gives an accurate description of the NH3 molar fraction produced by the plasma. Im-
purities that are initially present in the reactor are removed during the first 30 minutes
of plasma ignition. Thus, they do not play a role in the concentrations presented next.

Parameter study

In figure 4.6, the molar fraction of NH3 is plotted for 3 parameter variations: a) fH2 , b)
cadmix, and c) power. Unless varied, these parameters are set to fH2=95%, cadmix=1%,
and power=4W. The repeatability of the measurements is estimated by repeated
measurements at (fH2 , cadmix, power) = (95%,1%,4W) for 8 times. The measurements
show that the experiment is repeatable within 2.5 ppm

The efficiency of NH3 production is quantified with the hydrogen-to-ammonia con-
version ratio χH = 3[NH3]out

2[H2]in
and the energy yield (EY). χH is plotted for varying the

gas mixture in subfigures 4.6a and b. For a fixed χH , the NH3 increases linearly with
the total H2 admixture to the gas flow, hence with fH2 and cadmix. EY is plotted in
subfigure 4.6c and describes the amount of energy required to produce a gram of NH3.

A blank experiment is performed to asses any plasma-catalytic synergism. The
ammonia fraction increases when increasing fH2 , cadmix, and the power for the blank
experiment. χH and EY decrease when increasing cadmix and the power, respectively.
For instance, χH drops from 0.35 to 0.30% when increasing cadmix from 1.0 to 1.25%
and EY drops from 0.062 to 0.045 g-NH3/kWh when increasing the power from 4.0 to
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Figure 4.6: The molar fraction of NH3 plotted as function of the H2-to-N2 ratio (a),
N2+H2 admixture to the helium gas stream (b), and the plasma power (c).

7.0W. The negative relation between χH and cadmix is attributed to an increasing gas
temperature with increasing cadmix. Unlike helium, N2 and H2 can be rotationally and
vibrationally excited by electrons. These degrees of freedom quickly loose their energy
to the translational mode, thereby increasing the gas temperature. The electron density
increases when increasing the power. The lowering of EY with power is attributed to
the increasing contribution of NHx dissociation by electron impact at higher powers.

Conversely, χH increases with fH2 , where it nearly triples from fH2=50% towards
95%. Under ideal conditions, where no limiting reactions are present, the optimum
gas ratio follows the stoichiometric ratio, i.e. fH2=75%. This is typically observed in
DBDs [135–137], which are characterised by high E/N values. Yet, our discharge has
a low E/N, so N2 dissociation might be the limiting reaction. Following the discussion
of figure 4.3, the mean electron energy increases with fH2 . THis increase will stimulate
the N2 dissociation rate, thereby stimulating NH3 synthesis. Hence, NH3 production is
promoted by hydrogen two-fold: 1) in promoting the hydrogenation of nitrogen radicals
and 2) in increasing the nitrogen radical formation through increasing the presence of
high-energy electrons. Hence, an optimum fH2 near unity is obtained.

The surface composition has a considerable effect on NH3 formation. On the one
hand, introducing a sandblasted glass plate has a minimal impact on the conversion.
Differences are only observed at powers higher than 4W. On the other hand, introduc-
ing Pt, Fe, or Cu coated glass plates increases the NH3 molar fraction considerably. The
power variation shows similar results for the used materials. The differences are more
pronounced when lowering fH2 to 75% and 50%, where the Fe-coated glass plate clearly
produces more NH3 compared to the other used plates. Thus, a catalytic coating has
a positive effect on NH3 production.

The impact of desorption from the surface is studied by increasing the reactor
temperature. The reactor temperature Treactor is increased up to 160 ◦C for the blank
and Fe-coating experiment for the fH2=50% and 95% conditions of figure 4.6a. In
figure 4.7, the difference of the molar fraction with respect to the average obtained at
20 ◦C is plotted with increasing reactor temperature.
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Figure 4.7: The impact of the reactor temperature on the ammonia concentration with
the untreated glass plate (blue) and Fe-coated glass plate (orange) for two H2-to-N2

gas ratios.

The NH3 molar fraction increases only by 2 ppm when increasing Treactor to 160 ◦C,
which is on the same order as the uncertainty. This is in-line with literature, where
a doubling of the NH3 fraction is seen only for >300 ◦C [22]. Such temperatures are
not achievable with the installed heating system. Therefore, these measurements are
inconclusive in proving the activity the catalyst itself.

All in all, investigating the NH3 fraction in the effluent shows that H2-rich environ-
ments are optimal for ammonia production. Its fraction can be further increased by
increasing the total N2+H2 admixture to the gas stream and discharge power. Yet, this
is at the cost of the efficiency. Both the overall conversion and efficiency are improved
when introducing a metallic coating to the walls. Therefore, the surface composition
has a considerable impact on NH3 formation. In the next section, the blank and Fe-
coating results are reproduced by a kinetic model to study the underlying chemistry,
since these data sets show a considerable difference in the NH3 fraction and have the
most data points.

4.3 Kinetic Model

Comparing the experiments with a kinetic model is vital for understanding the plasma
chemistry. Many reactions are well studied and presented in literature. The reaction
set used in this section is widely used in literature [29, 31, 32, 138]. In this section,
we will discuss the considerations necessary to build a chemistry model that suits our
discharge. Afterwards, this model is fitted to the experiments by adjusting the input
parameters, e.g. E/N, which shows the rate limiting reactions.

The applied gas mixture is used as the initial gas composition. The N2 and H2

densities are set following their respective admixture at atmospheric pressure. The
helium density is set constant to simplify the model, since it does not participate in
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chemical reactions. Other kinetic models on similar helium plasmas show that less
than 1% of the helium is excited [61, 129]. Therefore, the introduced error is minimal
when fixing the He density.

The reaction set is given in appendix A. It is simplified by omitting ions as well
as vibrational and electronic excitation of H2 and N2. Only the impact of He∗ is
considered. The gas stream mostly exists of helium and the indirect N2 dissociation
is significant at atmospheric pressures [139]. Penning ionisation of N2 is a prominent
reaction in helium rich He/N2 plasmas [61, 132]. This is utilised to create an artificial
reaction path way that dissociates nitrogen: He*+N2 → He+2N. Simultaneously, this
reaction serves as a proxy for the various pathways of N2 dissociation via electronically
excited states of N2.

Electron dynamics

The energetic electrons are the driving force behind the chemistry inside the discharge.
The OES results of section 4.1 indicate that the electron density scales linearly with
the discharge power. This agrees with previous assumptions, thus ne ∝ power is used
with ne(5W)=1011cm−3 [130].

The rate coefficient of electron impact reactions, e.g. dissociation, are calculated
using a non-maxwellian EEDF that is calculated with LoKiB [57, 58]. It solves the
Boltzmann equation using the reduced electric field, pressure, and gas mixture as input
parameters. The electron impact cross sections for N2 and He are obtained from the
LxCat database [54] and for H2 from [55]. Another database is used for H2, since
the IST-Lisbon version is under assessment at the time of running the model. The
calculations are simplified by only considering the electronic grounds states of He, N2,
and H2. The rotational and vibrational distributions are set in equilibrium with the
translational mode, which is set to 300K. Thus, super-elastic collisions are mostly
omitted for the calculations.
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Figure 4.8: The electron energy distribution functions for different E/N values for
fH2=50% (a) and H2-to-N2 gas flow ratios for E/N=5.0Td (b).

In figure 4.8, EEDFs are plotted for different E/N and fH2 values for cadmix=1%



52 CHAPTER 4. AMMONIA SYNTHESIS IN AN ATMOSPHERIC RF DISCHARGE

is used. The impact of E/N is illustrated in subfigure 4.8a, where the presented E/N
values are commonly found in similar discharges [66, 68]. The presence of high-energy
electrons (>15 eV) is sensitive to E/N. The impact of the H2-to-N2 gas flow ratio is
presented in subfigure 4.8b. The vibrational excitation cross section of N2 effectively
limits the formation of high-energy electrons. This is seen from the bottleneck around
2 eV for fH2 = 0 and 50%. When interchanging N2 with H2, the fraction of high-energy
electrons increases, e.g. see fH2 = 50 to 100% where the EEDF increases above 2 eV.
Therefore, the presence of high-energy electrons increases when increasing fH2 .

The experimentally observed N2(C)/N2 density ratio is compared to a radiative
model in figure 4.9. The goal is to check if it is reasonable to assume that E/N does
not vary with fH2 . The experimental data for the blank glass plate and 4W is used,
which are labelled as data. The model density is calculated following equation 4.2,
which is labelled as model. This relation describes the steady-state density ratio as
function of the formation by electron impact (nominator) and relaxation (denomina-
tor). The model values are normalised to the experimental data at fH2=95%, because
the experiments lack an absolute calibration.
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Figure 4.9: Comparing the measured N2(C)/N2 density ratio to the radiative model of
equation 4.2.

[N2(C)]

[N2]
=

kexc,ene

A+
∑

M=N2,H2,He kcoll,M [M ]
(4.2)

The electronic excitation by electron impact reaction rate kexc,e is obtained from
the convolution of the reaction’s cross section and the EEDF for E/N=5.0Td, which
is a typical value for the used discharge. N2(C) deexcites by radiative and collisional
relaxation. They are characterised by the Einstein coefficient A and rate coefficient
kcoll,M , for collisional relaxation with species M=N2, H2, and He, respectively. The
radiative relaxation as well as the collisional relaxation for M=N2 and H2 relies on
the vibrational distribution of N2(C) [131, 140]. This distribution is obtained from
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the experiments. kcoll,Ar is used instead of kcoll,He since they are both noble gases but
kcoll,He could not be found in literature [141].

The radiative model correctly predicts the increase in the density ratio with increas-
ing fH2 in figure 4.9. The increased density of high-energy electrons can be explained
due to changes in the EEDF as a function of the gas mixture. Thus, the assumption
that E/N does not depend on fH2 remains valid, and E/N may be decoupled from the
gas mixture.

However, the model underestimates the density ratio for N2 rich gas mixtures, see
fH2 ≤ 50% in figure 4.9. This discrepancy is attributed to pooling reactions such as
N2(A) + N2(A) → N2(C) + N2 [28]. An accurate description of all involved pooling
reactions greatly increase the complexity of the kinetic model. This falls outside the
scope of this thesis. Instead, a proxy through He∗ is considered as mentioned before.

Kinetic model

The kinetic model is fit to the experiments by varying E/N and the N2 dissociation
gateway via excited helium species. The latter is done by varying the rate coefficient kR3

of reaction 3 in table A.1: e+He −−→ e+He*. The results of this analysis are presented
in figure 4.10. Different versions of the model are compared to the experiments to
highlight the nessecity of modifying either E/N or kR3. First, the model is fit to the
absolute value of reference condition (fH2 , cadmix, power) = (95%,1%,4W). Second,
the power variation is fit. Third, the impact of the iron coating is fit. Difference in
the model between the blank and Fe-coating experiment follow from different sticking
coefficients and energy barriers. Hong et al. proposed different values for a metal (which
are typically derived in thermal catalysis) and a dielectric material Al2O3, or glass in
our case [32].

The model is fit to the reference condition by setting E/N to 6.4Td, see column la-
belled as 1. Original. The E/N agrees with the expected order of magnitude presented
earlier. The trends of the parameter scan are not as easily reproduced by the model.
Despite that the model correctly predicts that H2 rich conditions are favourable for
NH3 production, the relation between fH2 and NH3 is too weak. This could arise from
secondary effects of the gas mixture on the plasma. For instance, the OES results show
that [He∗] increases with fH2 . Following the reaction set of table A.1, the dissociation
rate of N2 increases with increasing [He∗]. However, it is difficult to determine the
exact relation between [He∗] and fH2 . Therefore, such effects are not considered in the
kinetic model to prevent overdetermination of the model.

In contrast to the experiments, the model shows that a negative relation above 4W
between the NH3 fraction and the power. Electrons contribute to both the forward
reaction, through N2 and H2 dissociation, as well as to the backward reaction, through
dissociation of NH, NH2, and NH3. The negative relation between NH3 and the power
shows that the cracking reactions overtake the positive impact that N2 and H2 dissocia-
tion have. This indicates that electron-impact reactions are overestimated. Therefore,
this is corrected in the next attempt.

The power scan scan of the model is improved by increasing kR3 by a factor of 15
and lowering E/N to 5.6Td, see middle column labelled 2. Enhanced He∗. This yields a
good agreement between the model and experiments. Also, the NH3 vs fH2 trend agrees
better with experiments. However, this version of the model predicts no difference
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Figure 4.10: A comparison of the model with the measured concentrations for the
blank (blue) and Fe-coated (red) measurements, for the different model iterations.

between the blank and Fe-coating. Similar to the electron-impact reactions, not all
surface reactions contribute positively towards the formation of NH3. The higher H-
abstraction H+Hs −−→ H2+Sf (reaction S6 in table A.2) sticking coefficient for metals
contributes to the so-called back-reactions. This diminishes the positive effect of the
coating on the ammonia production, through LH-reactions that form NH3. Therefore,
another explanation is required to explain the experimentally observed differences.

Finally, the measured increase in NH3 production is realised by increasing E/N
to 5.75Td for the Fe-coating experiment. This is given in the column labelled as 3.
Higher E/N for Fe-coating. The reduced electric field is increased by 0.15Td that
still fits to the experimental results presented in section 4.1. The marginal increase in
E/N is hard to observe in the emission spectra, e.g. see [142] where a change in the
electron temperature of several eV is needed to observe differences in the vibrational
distribution of N2(C).

Employing the kinetic model to understand the underlying processing in the forma-
tion of NH3 is successful. The model reproduces the experiments rather well. Minor
differences are attributed to the limitations of this model. Thus, the reaction set re-
sponsible for NH3 production can now be examined to explain which reactions are
responsible for the NH3 formation.
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Ammonia formation

In figure 4.11, the molar fractions and the surface coverages are presented for the blank
(solid lines) and Fe-coated (dashed lines) experiments of the final model iteration. The
molar fractions are plotted in ppm and plotted in the top row. The gas phase fractions
of He, H2, and N2 are omitted since they are a magnitude of order greater than of the
species that are plotted. In the bottom row, the surface coverages are presented with
the same colouring for N, H, NH, and NH2.
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Figure 4.11: The molar fractions (top row) and surface coverages (second row) for the
third model iteration of figure 4.10 for the blank (solid lines) and Fe-coated (dashed
lines) experiment.

The surface chemistry differs between the blank and the Fe-coating experiment due
to the different sticking coefficient and reaction energy barriers. However, following
the literature values, the Fe-coating has a negative impact on the NH3 production.
The higher coefficient for H-abstraction on the surface dominates over the stepwise
hydrogenation of nitrogen. Thereby, the loss rate for hydrogen radicals increases.
This is seen in the lower H(g) density in the first row. The densities of N, NH, NH2

and NH3 only increase after increasing E/N by 0.15Td. Consequently, the surface
coverages of H decreases and N increases from the blank to the Fe-coating experiment.
Nonetheless, hydrogen still dominates on the surface, since the atomic hydrogen density
is significantly higher than of atomic nitrogen. Also, H reaches the surface faster than
N following the diffusion model, see equation 2.6.

Metals such as iron are typically used in thermal catalysis due to the low energy
barriers for LH-reactions. These reactions also affect the surface composition in our
case. The coverage of the radicals NH and NH2 are lower on the iron coating than
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with the blank experiment, since these adsorbants quickly reacts to NH3. This has a
positive effect on the NH3 production.

The model predicts that most of the ammonia is made in the gas phase. For the
blank experiment, only 8% is produced on the surface and that is solely associated to
ER-reactions. This value increases to 14% when introducing the Fe-coating. There,
10% is associated to LH-reactions and 4% to ER-reactions. This in contrast to other
studies [32, 138]. There DBDs were used that have a higher surface area to plasma
volume ratio that enlarges the impact of surface reactions to the overall chemistry.

Finally, the molar fractions and surface coverages highlight that the iron coating
does not have a typical catalytic effect on NH3 production. The higher H-abstraction
rate from the surface cancels any positive effect the improved LH-reaction rates may
have. Rather, the increased E/N by the coating increasing the nitrogen dissociation
rate, thereby the stepwise hydrogenation towards NH3.

4.4 Discussion

The ammonia synthesis in an atmospheric RF discharge using He/N2/H2 gas mixtures
is studied in this chapter. The production is experimentally characterised by measuring
the trends in the NH3 molar fraction in the effluent. A hydrogen rich gas mixture
is optimal for the production of ammonia. Sandblasting and introducing a metallic
coating to the glass plates increases the production further.

In thermal catalysis, the N-binding energy is an important parameter in determining
the optimal material for NH3 production. In this study, three materials are used that
effectively scan the N-binding energy from -1 to 2 eV. Yet, the results are very similar.
Note that Pt under-performs compared to Cu and Fe, but this is associated to the
much lower specific surface area of the Pt coating compared to that of copper and iron.
Thus, the N-binding energy is not important for plasma catalysis, as is suggested in
literature [34, 35].

The observed trends are reproduced with a kinetic model to study the underlying
chemistry. The model shows that the N2 dissociation is the limiting factor for NH3

production. Hence, the NH3 fraction in the effluent is very sensitive to the mean
electron energy. The positive impact of the Fe-coating on the NH3 is explained through
an increase in E/N that stimulates N2 dissociation. Therefore, rather than improving
the chemistry, the supposedly catalytic coating improved the plasma performance for
the ammonia production.

The proposed higher E/N for Fe-coated glass compared to the untreated glass plate
is explained by considering the secondary electron emission coefficient γse. Following
the discussion on secondary electron emission in subsection 2.1.1, γse is higher for the
untreated glass plate (i.e. a dielectric surface) than with a Fe-coating (i.e. metallic
surface). A higher ionisation rate in the gas gap is required to sustain the discharge at
similar conditions (e.g. driving voltage, plasma power, and N2 emission). This can be
realised by increasing E/N. Hence, a higher E/N is expected with the Fe-coating than
for the blank experiment.

Furthermore, the secondary electrons contribute mostly to the high-energy tail of
the EEDF [48]. This could explain the slightly more intense FNS emission of figure 4.3b
for untreated glass plate (blank) compare to the Fe-coating. All in all, the difference
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in the SEE is a likely candidate to explain the higher E/N values for the Fe-coating
with respect to the blank experiment.

More recently the term Plasma-Catalysis Promoter (PCP) was coined by Ruiz-
Mart́ın et al. [143]. They highlighted that many papers report on the catalyst impact
the plasma, rather than the catalyst opening up more efficient reaction path ways. The
results presented in this chapter follow this narrative. Hence, an in-plasma catalyst
should perhaps be chosen for their impact on the plasma itself.





Chapter 5

Nitrogen Fixation in a
Plasma-Exposed Surface Interface

The combination of plasmas with catalysis is proposed to create a breakthrough
in the conversion and selectivity of gas conversion [145]. Electronic and vibrational
excitation by the plasma are expected to help molecules to overcome reaction barriers
that are typically found in thermal catalysis. A plasma catalytic reactor is a complex
system with various degrees of freedom. In this chapter, the plasma-induced surface
chemistry is studied, which is one of the important aspects of plasma catalysis.

The surface chemistry is understood by examining the steady-state surface compo-
sitions in a N2/O2 and N2/H2 gas mixture. First, this requires to understand how the
surface composition is altered by the plasma. Second, a parameter study is performed
to investigate the formation of the observed surface groups. The surface must be care-
fully prepared before the measurements can be performed. Therefore, in each section,
the pretreatment is first discussed whereafter the surface composition is examined and
finally a parameter study is performed.

5.1 NOx Formation by N2+O2 Plasma

The nitrogen oxidation via surface processes is studied by investigating the presence of
nitrogen oxides on an iron foil. Iron is a commonly used material for nitrogen fixation
processes. Before studying the NOx formation, the substrate is pretreated to reduce the
impact of impurities on the IRRAS spectra and surface chemistry following subsection
3.2.2.

5.1.1 Pretreatment

The iron foil is in direct contact with a N2/O2 low-pressure plasma. Iron oxides are
readily formed once such a plasma is ignited. Also, the presence of impurities must be
avoided, as mentioned in section 3.2.2. The substrate is first treated with a 200+20

This chapter is partially based on the work previously published as Vervloedt and von Keudell
Plasma Chemistry and Plasma Processing 45 (2025) 1551–1565 [144]
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sccm He+O2 plasma. Secondly, a 20 sccm O2 plasma is ignited to finalise the oxidation,
so this does not appear in the later IRRAS spectra of N2+O2 plasmas.
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Figure 5.1: IRRAS spectra obtained during the He+O2 plasma (a) and the subsequent
O2 plasma (b).

In figure 5.1, IRRAS spectra obtained during a typical pretreatment are presented.
The reflection spectra are plotted in a stacked plot so the changes in time are visualised.
The red and blue colouring indicate that the plasma is either on or off, respectively.
The time compared to its reference spectrum is indicated at each spectrum. This
format will be repeated for the other plots in this chapter. The contribution of CO2(g)
could not fully be removed from the spectra, despite isolating the open-air path and
correcting with a reference spectrum. These regions are smoothed using a moving
average over 10 cm−1 and plotted using a dotted line.

The impact of the He/O2 plasma is presented in figure 5.1a. Negative absorption
bands are observed after operating the plasma for 1 minute. They indicate the removal
of carbonyl and hydrocarbon species. The bands at 2850, 2920, and 2960 cm−1 are
identified as the CH3 stretch modes. The band at 1730 cm−1 is associated with the
C=O stretch mode [146–148]. The peaks in the fingerprint region, 1000 to 1700 cm−1,
are more difficult to identify. The bending modes of various hydrocarbon and carbonyl
species are expected to appear here [149]. Thus, all bands observed in this spectral
region are attributed to these carbon impurities.

The carbonyl and hydrocarbon impurities continue to be removed in time. The
spectrum 61 min shows positive absorption bands at 720, 1180, and 1760 cm−1 as
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well. They are attributed to the formation of Fe2O3, iron oxyhydroxide (FeOOH), and
restructuring of carbonyl groups [149, 150]. Other iron oxides cannot be observed due
to the lower limit of the measured spectra, as these typically absorb light from 300
to 600 cm−1 [151, 152]. FeOOH is likely the result of hydrogen radicals re-adsorbing
on the surface. The removal and subsequent oxidation of the hydrocarbons is a likely
source for the hydrogen. The growth of FeOOH is more pronounced in measurements
where the reactor is vented in the days before (not shown). The humidity from air is
able to adsorb at the surfaces inside the reactor and provide the plasma with a constant
supply of hydrogen radicals that form FeOOH in a He/O2 plasma, similar to [150, 153].

The impact of a 20 sccm O2 plasma is presented in figure 5.1b. The scale is magnified
to better present the smaller changes in the IRRAS spectra. This plasma is ignited
in quick succession after the He+O2 to prevent re-adsorption of carbon impurities. A
new reference spectrum is obtained, see spectrum 0 min. The plasma also produces
O3, which is very typical for a O2 plasma. This plasma continues to remove impurities
from the surface. Bands other than C=O are labelled as M1 and M2. Their origin
is not known. The bands of M2 appear in later spectra as well. The impurities tend
to readsorb once the plasma is turned off. Therefore, minor changes in the fingerprint
region are expected to persist in the later N2+O2 plasma spectra.
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Figure 5.2: IRRAS spectra obtained after 61 min of He+O2 and subsequently igniting
a He+H2 plasma.

The formation of Fe2O3 and restructuring of C=O bonds are verified by igniting a
200 sccm He with 20 sccm H2 plasma directly after the He+O2 plasma. The IRRAS
spectra obtained after these spectra are plotted in figure 5.2. The He+H2 plasma
spectrum shows the removal of the iron(III)oxide and C=O band around 720 and
1740 cm−1, respectively. Thus, these observations support the previous assignment of
the iron oxide peak and restructuring of carbonyl groups.

In the end, the pretreatment minimises the surface coverage of carbon impurities
as well as oxidising the top layer of the substrate. Therefore, the formation of NOx

will be considered on iron oxides, instead of a pure metallic iron foil.
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5.1.2 Identification of Reflection Spectra in 1:1 N2:O2

A 10+10 sccm N2+O2 plasma is ignited after the He+O2 and pure O2 plasmas. The
surface temperature is controlled at 40 ◦C and the plasma power at 1.01±0.05W. The
reflectance spectra are plotted in time in figure 5.3 from 650 to 3500 cm−1. Their base-
line is corrected with a linear fit. The timestamps are plotted above the corresponding
spectra. The first spectrum (0.0 min) is obtained before plasma ignition. The plasma
is ignited from 1.5 to 27.0 minutes, see red spectra. The reactor is evacuated at 42.5
min.
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Figure 5.3: Reflectance spectra obtained during a N2+O2 plasma with 10+10 sccm
N2+O2 gas flow with the identification attributed to surface-bound species.

Line identification

The spectra contain absorption features of both gaseous and surface-bound species
between 900 and 2280 cm−1. The formation of O3(g) and N2O(g) are readily apparent
from the spectra, where their ro-vibrational bands occur around 1040 and 2220 cm−1,
respectively. Two negative absorbance bands around 1430 and 1680 cm−1 are similar
to the M2 bands seen during a pure O2 plasma in figure 5.1b. They are associated to
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the reoccurring removal of impurities from the substrate that readsorb once the plasma
is switched off.

Four distinct positive absorbance bands around 990, 1280, 1360, and 1620 cm−1 are
associated to nitrogen oxides. The band around 1620 cm−1 is the most often observed
in literature and often associated to nitrates (NO−

3 ) [40, 41, 43, 154]. It is typically
observed alongside bands between 1200 and 1300 cm−1 [43, 154–156]. The band at
990 cm−1 is also associated to nitrates [41, 157]. It is, however, rarely presented in
literature as it falls outside the spectral range of many studies. Finally, the band at
1360 cm−1 is associated to nitrites (NO−

2 ) [43, 156].
However, literature is not consistent in identifying the 1620 cm−1-band to nitrates.

Some studies attributed it to nitrites instead [156, 158–160]. It is difficult to spectrally
distinguish between NO2 and NO3, since they have similar stretch modes [39, 155,
161]. Nitrites are typically formed under low NO-exposures whereas nitrates grow when
increasing the NO exposure [43]. When comparing the gas phase densities (which are
∼ 1013cm−3 as will be presented later) to typical surface science experiment exposures,
the surface is already heavily dosed after acquiring a single spectrum. The dosing
already exceeds 1000L, i.e. sufficient to fill 1000 monolayers. Thus, the presence of
nitrates is more likely than of nitrites.

Furthermore, other nitrogen oxide surface groups are not observed. Adsorbed NO,
N2O, and N2O4 species appear between 1700 and 2300 cm−1 [162–166]. No such bands
are observed in the IRRAS spectra, despite that they are observed in the presence of
the NOx(g) species under thermal conditions, e.g. see [165]. This indicates that these
species are quickly oxidised on the surface once they adsorb. Evidence of the strong
oxidising nature of the plasma is seen in the production of Fe2O3 in 10:1 He:O2 plasma
in figure 5.1a and 5.2.

Deconvolution of IRRAS spectra

The spectral contributions are characterised to estimate the gas phase densities and
the intensities of surface-bound associated bands. The intensity is proportional to
the surface coverage, but absolute coverage values cannot be obtained as mentioned
in section 2.2.3. In figure 5.4, the spectra obtained at 6.9, 24.2, and 34.6 min are
deconvoluted in the gas and surface phase components. In subfigures a-c, the spectra
are plotted from 900 to 2280 cm−1 and contain most of the contributions. The feature
around 1620 cm−1 consists of multiple contributions. Its deconvolution is plotted in
subfigures d-f, where the spectra are zoomed-in to the range from 1500 to 1775 cm−1.

Two stretch modes of N2O(g) are observed around 1280 and 2220 cm−1. They corre-
spond to the N-O and N-N stretch, respectively. The N-N stretch is spectrally isolated
from other contributions and is more IR-active than N-O stretch. It is, therefore, suit-
able to quantify the N2O density using a synthetic spectrum. The outcome of the
fitting is used to estimate the absorption feature expected from the N-O stretch. The
total N2O(g) spectrum is plotted in subfigures 5.4a-d. The removal of the N-N stretch
mode gives a near linear baseline. This indicates that no other features are present
at this spectral position. The removal of the N-O stretch bands around 1280 cm−1

indicate that at least two other absorption bands are present from 1200 to 1310 cm−1.
The absorption feature of NO(g) typically hides in the noise of the IRRAS spectrum.

Nonetheless, a synthetic spectrum is fit to the measured spectra. Other nitrogen oxides
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Figure 5.4: Deconvolution of the IRRAS spectra at 6.9 min (a, d), 24.2 min (b, e), and
34.6 min (c, f) in two parts, where gaseous contributions are plotted with solid lines
and surface contributions with dashed lines.

are observed, thus nitric oxide is likely present as well. Its presence is more clear near
the end of the plasma operation phase (see spectrum at 24.2 min in figure 5.4b) and
for higher N2-to-O2 gas flow ratios, as we will see in section 5.1.4.

Ozone has one IR active mode that is visible around 1040 cm−1 and the overtone
(∆v=2) around 2100 cm−1. The 1040 cm−1 band is more IR-active than the overtone,
but it overlaps with a band associated with nitrates around 990 cm−1. This feature
is approximated as a Gaussian lineshape with a FWHM of 23.5 cm−1 and labelled as
Fe-NO3. These features are simultaneously fit. The resulting O3(g) density is used to
estimate the absorption of the overtone, similar to N2O(g).

After switching off the plasma, another surface band that is associated to nitrites
Fe-NO2 is observed around 1360 cm−1 [43]. This bands is approximated by a Gaussian
with a FWHM of 47.0 cm−1, since it appears broader than the aforementioned Fe-NO3

band. However, the baseline estimation is ambiguous due to the surrounding changes
in the absorbance. Thus, the uncertainty of its intensity is higher than of the other
surface-bands.

In figures 5.4d-f, the nitrate band around 1620 cm−1 is characterised together with
the expected NO2(g) absorption feature. The impurity removal, on the right hand
side, is approximated with two Gaussian peaks with FWHM of 47.0 cm−1 centred at
1670 and 1720 cm−1. Their contribution is estimated by fitting these Gaussians to the
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spectrum from 1650 to 1850 cm−1, see impurity spectrum. The outcome is removed
before the contributions of NO2(g) and nitrate are fit. The nitrate contribution is
characterised with two Gaussian peaks with FWHM of 23.5 cm−1 centred at 1580 and
1620 cm−1. They are attributed to chelating bidentate nitrate Fe-O2NO and bridging
bidentate nitrate (Fe-O)2NO [41, 43, 154]. The corresponding binding configurations
are illustrated in figure 5.5. Bridged bidentate nitrates binds to neighbouring Fe-sites.
Its binding energy is higher than that of chelating bidentate nitrates, which is only
bound to a single site.
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Figure 5.5: The binding configuration of the observed nitrite and nitrates.

Temporal trends of gas and surface-bound species

In figure 5.6, the gas phase densities and the intensities of the nitrite and nitrate
intensities are plotted in time. These values are obtained from the previously mentioned
deconvolution of the spectra. The timestamp at which the plasma is switched on and
off and when the reactor is evacuated is indicated with vertical black dashed lines.
The gas phase densities are obtained similar to IR absorption spectroscopy. This is a
line-of-sight averaged diagnostic, thus spatially averaged densities are given. A density
gradient is expected along the line-of-sight of the IR beam. The plasma products
are synthesised in the center of the reactor and diffuse outwards. However, a proper
description of the spatial profile falls outside the scope of this thesis.

The gas phase densities all increase during the plasma operation and all decrease
once the plasma is switched off. The temporal trend of N2O(g) follows the behaviour
expected from the continuity equation with a constant plasma production term and an
outflow term. During plasma operation, the reactor gradually fills with N2O(g). This
yields the limited exponential growth. Once the plasma is switched off, its density
exponentially decreases, since the production term is set to zero. Finally, when evacu-
ating the reactor, N2O(g) is completely removed from the reactor. Similar trends are
also observed for the other plasma products, but some notable differences are observed.

The O3(g) density shows abrupt changes in time. Its density spikes when switching
on the plasma, whereafter it relaxes to a lower value at 2.0 × 1013 cm−3. Ozone is a
reactive molecule that readily reacts with NO(g) to form NO2(g) as O3+NO −−→ O2+
NO2, therefore the O3(g) density decreases with increasing NO(g) density in time [90].
When switching-off the plasma, the O3(g) and NO(g) densities drop and that of NO2(g)
undergoes a instantaneous increase. The aforementioned NO(g)-oxidation is countered
by the reactions involving atomic oxygen during plasma operation. Ozone is produced
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Figure 5.6: The line-of-sight averaged densities of the gaseous species (a) and the
nitrites and nitrates intensities (b) in time obtained from the spectra shown in figures
5.3 and 5.4.

as O2+O+M −−→ O3+M and NO2 is reduced as NO2+O −−→ NO+O2, where M is
an arbitrary third collision partner. Atomic oxygen quickly recombines once the plasma
is off, since the recombination time constant is much shorter than the time resolution
(∼1.0min). Thus, the NO(g)-oxidation prevails and the NO2(g) density increases at
the cost of the NO(g) and O3(g) densities.

Furthermore, the abrupt change in the O3(g) density compared to N2O(g) indicates
that most O3(g) is localised in (or near) the plasma source. Otherwise, this density
would change on a longer time scale. This is also expected for atomic oxygen, which is
confined near the plasma by recombination reactions. In an atmospheric O2/He plasma,
atomic oxygen is confined to 1mm around the plasma source [86]. This loss rate of
atomic oxygen is associated to reactions with molecular oxygen. When extrapolating
to the conditions in this chapter, by considering a change in the diffusion constant and
the applied O2 partial pressure, all atomic oxygen species are lost at a distance of 1 cm
from the plasma. This is much shorter than the total optical path length of 42.6 cm.
Therefore, the O3(g) density distribution coincides with that of atomic oxygen.

In figure 5.6b, the intensities of the nitrites and nitrates contributions are plotted.
Bridged bidentate nitrate (Fe-O)2NO has the highest intensity. It is formed after
igniting the plasma, where it immediately reaches steady-state value. Its intensity
decreases after switching off the plasma, which indicates that it is removed from the
surface. The Fe-NO3 band at 990 cm−1 mirrors this trends, thus it is associated to (Fe-
O)2NO as well. Fe-O2NO is formed during plasma operation, but it increases further
after the plasma is switched off. Fe-NO2 appears in the spectrum only after switching
off the plasma. It could be a result of the gradual desorption as (Fe-O)2NO ⇒ Fe-
O2NO ⇒ Fe-NO2. Yet, it also fits to the aforementioned argument that nitrites are
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formed for low NO(g) exposure and nitrates at high NO(g) exposure [43]. Thus, the
relation between the nitrite and nitrates is not yet fully understood.

Nitrates are mostly bound to the surface in the form of (Fe-O)2NO. When switching
off the plasma, it is interchanged with Fe-O2NO. Both nitrates fully desorb once the
reactor is evacuated. The formation of these surface-bound species follows the densities
of the nitrogen oxides in the gas phase. Therefore, the formation of nitrogen oxides on
the surface when sequentially igniting a pure O2 or N2 plasma is investigated next.

5.1.3 Chemical Looping: O2 −−−→ N2 Cycle

Nitrogen oxides are not natively formed by pure N2 or O2 plasmas themselves. Instead,
the missing nitrogen or oxygen must be supplied by surfaces surrounding the plasma.
These surfaces introduce a memory effect. N2 or O2 that is previously impregnated on
the surface could be utilised to form NOx surface groups. Alternatively, nitrogen oxides
can be formed in the gas phase when these previously impregnated species desorb, e.g.
through sputtering.

In figure 5.7a, IRRAS spectra are presented when cycling between a pure O2 and
pure N2 plasmas. The spectra near the end of the plasma-on phase are presented such
that the impact of each plasma treatment can be studied. They are plotted above each
other, and the order is labelled with Roman numerals. The surface is treated by a
He+O2 plasma before the first O2 plasma treatment, i.e. spectrum (I) O2.
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Spectrum I is identical to the final O2 IRRAS spectrum of subfigure 5.1b. This
spectrum shows the formation of Fe2O3 and the removal of impurities from the surface.
The average ozone density is estimated following the routine of the previous section.
The density values are plotted in subfigure 5.7b. There, the timestamps when igniting
and extinguishing the plasma are indicated with vertical black dashed lines and the
time stamp of the spectra of a is indicated with the vertical grey dashed line.

Spectrum II and IV show the impact of a N2 plasma. Impurities are removed and
a minor contribution of FeOOH is observed [150]. The oxidation state of iron is not
altered, because the Fe2O3 band is not observed in the spectra. This fits with the
typical surface cleaning, where N2 is ineffective in reducing the surface.

In parallel, the N2O(g) is formed in the gas phase. The averaged N2O(g) density
values are plotted in subfigure 5.7c. This production is linked to the previous oxidation
of the surfaces surrounding the plasma, where oxygen is released through sputtering.
The stable N2O(g) subsequently fills the volume of the reactor, hence the average
density grows during plasma operation. Desorbing oxygen radicals present a finite
oxygen source, thus the N2O(g) production should end once the surfaces are cleaned.
This should impede the N2O(g) production given enough time, which is not the case in
these plasmas. Also, the removal of iron oxides is not observed. Most likely, the oxide
removal falls outside the observed spectral range.

The O2 plasma spectrum (III) is obtained after igniting a N2 plasma. It shows
the reformation of FeOOH and removal of impurities that are similar to the earlier
plasmas. The continued removal of the same impurities in these spectra show that the
interference by these impurities is impossible to avoid. However, no nitrogen oxides
can be identified as a result of this plasma treatment. The bands associated with the
impurities make it impossible to identify any band to nitrates or nitrites.

The spectra show no significant formation of nitrates on the surface in either the
pure oxygen or nitrogen plasmas. This reinforces the hypothesis that nitrates are
formed through the adsorption of plasma produced nitrogen oxides. Next, a parameter
study is performed to investigate the relation between gas species and the nitrate
formation.

5.1.4 Parameter Study

A parameter study is employed to investigate which processes are responsible for the
nitrate formation. Changing the gas mixture has a profound impact on the NOx forma-
tion in the gas phase. It is, therefore, ideal when studying the relation of NOx(g) with
the surface bound nitrates. However, changing the gas composition has a profound im-
pact on the electrical characteristics of the plasma, thus this must first be understood.
The intensity of the bridging bidentate nitrate at 1620 cm−1 is the highest, therefore
the most suitable for a parameter study.

Plasma power

The most apparent difference in the electrical characteristics when changing the gas
mixture is found in the power-to-voltage curve. In figure 5.8, the plasma power with
increasing rms voltage for different N2-to-O2 gas flow ratio is presented.



5.1. NOx FORMATION BY N2+O2 PLASMA 69

0 50 100 150 200 250 300 350
rms voltage / V

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

pl
as

m
a 

po
w

er
 / 

W

N2/(N2+O2):
0%
25%
50%
75%
100%

Figure 5.8: Plasma power to rms voltage curves for different gas mixtures.

A pure O2 plasma (N2/(N2+O2)=0%) ignites at the lowest voltage. The O2 plasma
initially ignites outside the electrodes as well, which is referred to as a parasitic dis-
charge [144]. This does not happen in later measurements where the electric insulation
of the wires connecting the electrodes to the IV-box are insulated with glass fibre in-
stead of a polimide material (similar to Kapton). Interchanging O2 with N2 increases
the required voltage to attain the same plasma power. This is also seen before with
the He/N2/H2 discharge in figure 4.1.

The impact of the plasma power on the gas densities and surface intensities is
studied by continuously operating the plasma whilst varying the plasma power. This
shortens the overall measurement time and minimises readsorbing impurities to affect
the measurements. In figure 5.9, the gas phase densities and the (Fe-O)2=NO intensity
are presented for a 10:10 sccm N2:O2 gas flow mixture.

The plasma power is varied from 0.86 to 0.44 to 0.68W to minimise the impact of
hysteresis on the data. The plasma is operated for 20 minutes for each power value. The
last 5 minutes are averaged and plotted in figure 5.10a. There, the densities and nitrate
intensity are plotted with increasing plasma power. The uncertainty is estimated by
combining the variation over these 5 minutes plus the average over the uncertainties of
the individual data points. The gas phase densities are plotted on the left y-axis and
the bridging bidentate nitrate (Fe-O)2NO intensity is plotted on the right y-axis.

All species show a positive relation with the plasma power. In particular, (Fe-
O)2NO shows a linear relation with power. This must be considered in the next part,
where the gas mixture is varied.

Gas mixture

In figure 5.10b, the average gas phase densities and the intensity of the bidentate
nitrate are plotted with increasing nitrogen admixture to the total gas mixture, which
is expressed as the N2/(N2+O2) gas flow ratio. The data points are obtained from
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Figure 5.9: NOx(g) densities and nitrate intensity in time when varying the plasma
power when controlling Tsurf to 40 ◦C during a 10+10 sccm N2+O2 plasma.

individual plasma cycles, where the plasma is ignited for 20 to 25 minutes and the
average is taken over the last 5 minutes of the plasma phase.

The measurements are obtained over several days, where a fresh iron foil is used
per session. The plasma power is controlled between 0.8 and 1.0W. Minor differences
cannot be attributed to the plasma power alone. Rather, these are attributed to the
uncertainty in the exact composition of the used foils, e.g. the poly crystalline structure
and the level of impurities interfering with the measurements.

The trends of N2O(g), NO2(g), and O3(g) follow the stoichiometric ratio of equation
5.1. This is indicated using the dashed lines in figure 5.10b. This is likely related to
the high non-plasma volume inside the reactor. Active plasma produced radicals are
confined to the plasma volume and do not contribute to the chemistry outside this
volume.

N2 +
1

2
O2 → N2O

1

2
N2 +O2 → NO2

3

2
O2 → O3

(5.1)

The NO(g) density follows a quadratic relation with the gas mixture, in contrast to
the other gas species. This agrees with the values obtained earlier in an atmospheric
He/N2/O2 plasma [90]. They show that the NO(g) density is strongly related to that
of O3(g). The ozone density decreases with increasing N2 admixture. This limits the
oxidation of NO(g) to NO2(g) for higher N2/(N2+O2) ratios. Hence, NO(g) density



5.2. NH3 SYNTHESIS IN N2+H2 PLASMA 71

0.0 0.2 0.4 0.6 0.8 1.0
power / W

0

1

2

3

4

5

6

7
av

. d
en

si
ty

 / 
10

13
 c

m
3

 a) N2O(g)
NO(g)
O3(g)

NO2(g)
(Fe-O)2NO

0.000

0.005

0.010

0.015

0.020

0.025

(F
e-

O
) 2

N
O

 in
te

ns
it

y 
/ a

.u
.

0.0 0.2 0.4 0.6 0.8 1.0
N2 / (N2 + O2)

0

1

2

3

4

5

6

7

av
. d

en
si

ty
 / 

10
13

 c
m

3

 b)

0.000

0.005

0.010

0.015

0.020

0.025

(F
e-

O
) 2

N
O

 in
te

ns
it

y 
/ a

.u
.

Figure 5.10: The NOx(g) densities and nitrate intensity as function of the plasma power
(a) and the gas mixture (b) when controlling Tsurf at 40 ◦C.

increases with N2/(N2+O2).
The bidentate nitrate intensity is less sensitive to the gas flow ratio. Nonetheless, it

shows a linear increase with the N2 admixture. This is similar to the NO(g) increase,
thus a relation between the (Fe-O)2=NO intensity and NO(g) is observed.

Finally, the results in this section show the formation of nitrates on the iron sub-
strate. The nitrate formation is correlated to the presence of plasma produced NOx(g)
species. A positive relation between the intensity of the nitrates in the IRRAS spectra
and the NO(g) densities is observed.

5.2 NH3 Synthesis in N2+H2 Plasma

The NH3 synthesis on a plasma exposed iron foil is studied in this section. A sim-
ilar methodology is used as in the previous section. The pretreatment is extended
to a He+O2 plasma and He+H2 plasma treatment. This is deemed necessary since
impurities interfere with NHx formation on the surface. The experiments focussed on
identifying the presence of NHx intermediates on the surface in a N2/H2 or N2/D2

plasma. Interchanging H2 with D2 red shifts the NHx-bands with a factor of ∼ 1/
√
2.

This makes it useful to identify the origin of the formed bands.

5.2.1 Pretreatment

In figure 5.11, typical spectra are presented that are obtained during the pretreatment.
First, a 200+20 sccm He+O2 plasma is ignited. It proofed effective in removing hy-
drocarbons and carbonyl impurities in the previous section. Yet, it also oxidises the
surface, thus the surface must be reduced before NH3 synthesis can be studied.

Second, a 200+20 sccm He+H2 plasma is ignited for 2 to 3 hours. The substrate
is reduced and carbonyl species are further removed, similar to the spectra presented
in figure 5.2. This is seen in the negative absorbance Fe2O3 band around 720 cm−1
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Figure 5.11: Reflectance spectra obtained during the He+O2 plasma (a) and subsequent
He+H2 plasma (b).

and C=O band around 1730 cm−1 [153, 167]. With time a new band at 2190 cm−1 is
observed. that is associated to NCO-group [168]. The sharp band around 1620 cm−1

is a striking difference compared to the earlier presented He+H2 plasma spectrum in
section 5.1. This and the C=O band indicate the continuous removal of the respective
surface groups. The linear trend is uninterrupted after 3 hours of igniting the He+H2

plasma, and shows no indication of slowing down.

5.2.2 Identification of Reflection Spectra in 1:3 N2:H2

In figure 5.12, IRRAS spectra obtained during a 20 sccm H2 plasma are presented.
The plasma is ignited for 30 minutes. During operation, negative absorption bands
are observed between 1100 and 1800 cm−1 and at 2930 cm−1. These fingerprint region
bands are fitted to estimate their behaviour in time. The outcome of a fitted spectrum
is given in subfigure b and the intensities are plotted in time in subfigure c.

The negative absorption bands are similar to those observed during the He+H2

plasma. The bands at 1180, 1290, 1410, and 1730 cm−1 are approximated with a
Gaussian line shape using a FWHM of 25, 140, 70, and 60 cm−1, respectively. The
band at 1180 cm−1 is associated with FeOOH. The band around 1290 cm−1 is very
broad because it is a combination of carbonyl and hydrocarbon groups. The bands at
1410 and 2930 cm−1 are associated with the scissoring δ and stretch ν mode of CH2
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Figure 5.12: IRRAS spectra obtained during a 20 sccm H2 plasma (a). The spectra
show different contributions (b) that are tracked in time (c).

[147]. The band at 1730 cm−1 with C=O stretch.
In subfigure 5.12c, the intensities of these bands are plotted in time. The removal

of FeOOH and δ(CH2) occur at the same speed, which is evident of the slope of the
intensity with time. The removal of C=O band occurs at a higher speed, which is
evident from the steeper slope. Since the -COx+-CHx band is a combination of both
hydrocarbon and carbonyl components, it initially follows that of δ(CH2) and later
that of C=O.

The 1620 cm−1 band is approximated by a Lorenztian line shape with FWHM of
20 cm−1. This lineshape better encapsulates the narrow peak head than a Gaussian.
The difference in the lineshape is striking, since up to now all bands observed in this
chapter are well described by a Gaussian lineshape.

However, the origin of this band is still unclear. It is not seen during earlier He+H2

plasma, which is presented in figure 5.2. Therefore, it is unlikely to be associated with
a carbonyl group, since these are already observed under other conditions and behave
different. It is very unlikely to be nitrates as well, despite they spectrally overlap. The
intensity is many times greater than observed in the previous N2+O2 measurements.
Alternatively, it can be associated to FeOOH, but it follows a different trend at the
already identified FeOOH band at 1180 cm−1 [169]. The band could be due to the
scissoring mode of ”freely” bound H2O [149, 170, 171]. However, water should also
yield a stretch band around 3400 cm−1 that is not observed [172]. Therefore, the origin
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of this band remains elusive here.

N2+H2 plasma

The gas mixture is changed from 20 sccm H2 to 15+5 sccm H2+N2 whilst continuing
to operate the plasma. This minimises the readsorption of impurities on the substrate.
In figure 5.13, IRRAS spectra obtained during N2+H2 gas flow are presented. A new
reference spectrum is obtained before changing the gas mixture, see 0.0 min spectrum.
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Figure 5.13: IRRAS spectra obtained during a 15 sccm H2 + 5 sccm N2 plasma (a).
The NH3(g) contribution is fitted (b) and its densities is tracked in time (c).

After admixing N2 to the H2 gas stream, NH3(g) is observed alongside a NCO band
at 2190 cm−1 and new band at 1580 cm−1. The NH3(g) absorption feature is fitted
using the routine used for the NOx(g) analysis in section 5.1.2. A typical spectral fit is
presented in subfigure 5.13b. The gas-phase density in time is plotted in subfigure c.

The near-linear increase of NH3(g) density with time is due to a convolution of the
changing gas mixture, which affects the formation process, and the diffusion to and
adsorption on inner walls of the reactor. The residence time of the gas is about 5.8
minutes, thus the gas composition should resemble the 1:3 N2:H2 ratio after 20 min-
utes. Hence, the NH3 production rate should be stable after 20 minutes. In addition,
following the behaviour of N2O(g), another 20 minutes can be expected from the diffu-
sion into the non-plasma regime of the reactor. Yet, the NH3(g) density continuously
increases up to 43 minutes. This is attributed to the adsorption to the inner walls of
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the reactor vessel. Such a process is seen during the ex-situ multipass FTIR absorption
measurements in figure 4.5 of section 4.2.

The band around 1580 cm−1 could be associated with δ(NH2) [173, 174]. However,
it could also be explained by a COO and H2O band. The latter can be omitted on
basis of the absence of any OH-stretch bands, but the COO cannot.

The NCO band at 2190 cm−1 is again observed [168]. It is formed during plasma
operation and disappears once the plasma is off. This is another sign that impurities
such as COx species are still present in the reactor and reacting on the surface.

The band around 1430 cm−1 is previously associated to δ(CH2). However, it regrows
after switching off the plasma unlike the ν(CH2) band around 2900 cm−1. This hints
that the attribution to δ(CH2) is incorrect here.

Replacing H2 with D2

The measurement is repeated with deuterium to investigate potential isotope shifts of
the previously observed bands. The plasma with 20 sccm D2 is ignited after cleaning
the surfaces following the aforementioned pretreatment steps. After 30 minutes of D2

plasma operation, a new reference spectrum is taken and the gas mixture is changed
to 15 + 5 sccm D2+N2. Finally, the gas mixture is changed to H2+N2 after 50 minutes
of D2+N2 plasma ignition. The resulting spectra of this sequence are plotted in figure
5.14a. The D2 spectrum is obtained after 25 minutes of plasma ignition and the N2+D2

and N2+H2 after 45 minutes of igniting the plasma at the respective gas mixtures.
The D2 plasma ignition yields a very similar IRRAS spectra to that of a H2 plasma,

see figure 5.14b. Both spectra only show the removal of impurities. Introducing ni-
trogen to the D2 gas stream affects the IRRAS spectra also similar to the N2+H2

counterpart. Only a stronger FeOOH-band is observed.
The pretreatment with a H2 mixture dosed the surfaces surrounding the plasma

with hydrogen. Hydrogen is known to penetrate into metals. Thus, during the D2

containing plasmas, the hydrogen might diffuse out of the surfaces and contribute
to the plasma chemistry. Since hydrogen is lighter than deuterium by a factor of 2,
hydrogen radicals react faster than that of deuterium. Therefore, using D2 instead of
H2 yields very similar results.

On another note, the presence of deuterium is verified in less defined conditions
where more oxygen impurities remained in the system. The formation of the ν(O-D)
stretch at 2740 cm−1 was observed [175]. Yet, N2O(g)-like absorption band around
2220 cm−1 is seen in the spectrum of subfigure 5.14c. The observed band is wider than
the previously noted 2190 cm−1 band thus is notably different. This indicates that
the observed band is indeed N2O(g). It indicates that impurities play a role in the
chemistry

The spectra presented in this section show an inconclusive picture of the surface
composition on NHx formation. Whilst many bands can be associated with the re-
moval of impurities, the presence of NHx intermediates can not be identified. The only
candidate remains the broad band around 1580 cm−1.
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Figure 5.14: IRRAS spectra acquired during the D2 →N2+D2 →N2+H2 plasma igni-
tion (a), the comparison of the H2 and D2 spectra (b), and the identification contribu-
tions in the N2+D2 plasma (c).

5.3 Discussion

NOx formation at a plasma-surface interface

The absence of other nitrogen oxide surface groups hints at the strong oxidising nature
of the N2+O2 plasma. When an iron zeolite is dosed by only NO(g), then only NO+

and nitrosyl -(NO)1,2 groups are formed [39, 40, 158, 164, 165]. Nitrites and nitrates
are only formed when adding O2 to the gas mixture. Yet, this occurs along side
the formation of the NO+, nitrosyls, and N2O4. Similarly, the adsorption of NO2(g)
produces mainly nitrites/nitrates, but other nitrogen oxide groups as well. Only when
dosing metals oxides (e.g. Al2O3) with NO2 are nitrites/nitrates exclusively formed
[154, 176]. Therefore, the N2+O2 plasma IRRAS spectra presented in this chapter are
very similar to oxygen rich environments. This fits to the picture where the chemistry
in such a plasma is mostly dictated by oxygen radicals [33].

The NOx measurements show that nitrates quickly disappear once the plasma is
switched off, e.g. see figure 5.6b. However, literature describes that surface-bound
nitrates are especially stable. At least 500K is needed before it starts desorbing [39,
177]. For instance, the activation barrier of bidentate nitrate is 170 to 250 kJmol−1

when desorbing as either NO2(g) or NO(g) [178]. At the maximum measured substrate
temperature of 40 ◦C, the desorption rate is basically zero. Yet, the removal is observed
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in the experiments. Thus, another reaction path must remove the nitrates from the
substrate.

The oxidation of plasma products can explain the observed high nitrate removal
rate. Molecules such as N2O, NO, and O3 can further oxidise to produce N2, O2, NO,
and NO2. This may occur over the surface where an oxygen atoms is transferred from
the nitrite and nitrates to the plasma products. For instance, literature mentions that
nitrites and nitrates are effective in oxidising nitrous oxide [160, 178]. This would
reduce the nitrate towards nitrites and eventually remove the nitrites as well. This
transformation is observed in the experiments. The nitrites only appear once the
plasma is switched off and the intensity of the bridging bidentate nitrate decreases.
However, the experiments do not show any impact on the decay of the gaseous plasma
products. The small surface area of the iron substrate compared to the other inner
walls of the reactor likely obscures the impact of the surface chemistry on the gas phase
composition. Another reactor design is needed to test this hypothesis.

Alternatively, the readsorption of impurities might stimulate the nitrate desorp-
tion rate by opening up alternative chemical pathways. Lobree et al. found that the
desorption of nitrates occurred at lower temperatures when exposing the substrate to
propane instead of helium [39]. They propose that the propane reacts with the nitrates
to form a CxHyNO-group. This provides an alternative chemical pathway with a lower
reaction barrier.

On a similar note, water impurities might lower desorption barrier as well. Ev-
idence of this is seen in literature. The sufficient NO(g) presence enhances N2O(g)
decomposition over an iron zeolite substrate, e.g. see [158]. This is explained by Hey-
den et al. as follows [178]: The adsorption of water prevails under normal conditions.
This deactivates surface sites by forming the Fe(OH)2-groups. NO(g) reacts with these
groups to produce HNO2 that readily desorbs, thereby re-activating the sites for N2O(g)
decomposition. In our case, the reverse process might apply. Water impurities are rein-
troduced after switching off the plasma. They could react with adsorbed nitrates to
produce the readily desorbing HNO2. Thereby, the reintroduction of water impurities
opens-up an alternative desorption path for the nitrates.

In our work, the experiments show that impurities are removed by plasma operation
and readsorb once the plasma switched off. The readsorbing impurities can open-up
alternative pathways with a lower reaction barrier as just mentioned. Thereby, the
high desorption energy barriers for the classical NO3 desorption is circumnavigated.

Difficulty in interpreting IRRAS spectra from N2+H2 plasma operation

The IRRAS spectra yield non-unique absorption features. Unlike in the gas phase
where all rotational-vibrational transitions are well known and documented, the cen-
tral wavenumbers of the very same surface group differs as function of the substrate
material, crystalline structure, and surrounding surface composition. Sälli et al. showed
that the perturbation in the stretch and bending modes of NH3 adsorbed on different
transition metals changes as function of the binding energy of NH3 with the surface
[124]. Iyngaran et al. observed a change in the symmetric bending mode of NH3 on
iron as function of dosing, preadsorption with potassium, and oxidation degree of an
iron substrate [179, 180]. Therefore, the observed absorption features must be carefully
compared to the spectra presented in literature.
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Identifying the NHx-intermediates on the surface is difficult. This is seen in this
chapter as well as mentioned by Cha et al. [181]. The radical generation by the plasma
overtakes many rate limiting steps that typically exist during thermal processes, e.g.
the need of dissociating N2 on the surface. Winter et al. performed Diffuse reflectance
IR Fourier transform spectroscopy (DRIFTS) measurements on a volume DBD setup
using Al2O3 beads that are coated by either Ni or Fe [182]. They observe distinct peaks
around 1200, 1600, and 2100 cm−1. They attribute these peaks to NHx intermediates
(1200 and 1600 cm−1) and to the N=N stretch (around 2200 cm−1). Bands at similar
spectral positions are observed during the N2+H2 plasma of section 5.2. However,
the 1200 cm−1 band is attributed to FeOOH instead of NHx intermediates. On the
same note, the other two bands are also associated with the scissoring mode of H2O
adsorbed on Al2O3 and the bending, frustrated rotation, and hindered translation of
Al2O3 itself, respectively [171]. Lee et al. combined polarisation-modulation IRRAS,
XPS, and DFT calculations to identify the origin of the 2200 cm−1 and found that
NCO is the likely candidate [168]. Therefore, the identification of NHx species on the
Al2O3 beads and the metallic iron substrate of this thesis is questionable.

The strongest IR absorption band of adsorbed NH3 occurs around 1100 cm−1, which
is observe at cryogenic temperatures [179, 180]. However, following the kinetic studied
on NH3 production, it should readily desorb at room temperature and above. There-
fore, it is rather unlikely to exist on the studied substrate, see kinetic model used in
the last chapter.



Chapter 6

Conclusion and Outlook

6.1 Conclusion

The work presented in this thesis focusses on understanding different aspects of in-
troducing a catalyst to a plasma. It is investigated with two different experiments.
First, the plasma catalytic ammonia synthesis is studied in an atmospheric helium RF
plasma. Second, the surface composition is examined at a plasma-surface interface.

Surface enhanced plasma operation

Ammonia synthesis from N2 and H2 is a complex process. The stable reactants must
be dissociated and carefully reordered to form NH3. On the one hand, the mean
electron energy should be high enough to dissociate N2. On the other hand, electron
impact dissociation of NH3 and NHx intermediates should be minimised. The intricate
interplay between forward and backward reactions was observed in chapter 4.

After a careful comparison of experiments and a global kinetic model, it became
clear that the nitrogen dissociation is the main limiting factor in the used plasma
source. A positive relation of the NH3 molar fraction with increasing power is observed.
It shows that increasing the electron density enhances the synthesis through increasing
the N2 dissociation rate more than destroying NH3 through electron impact reactions.

Having established how the N2 dissociation is the rate limiting factor for the NH3

synthesis, the impact of a catalytic coating is investigated. Copper, iron, and platinum
nano particles are coated on the glass plates, without affecting either the gas flow or
the plasma operation mode. An increase in the conversion and efficiency of the NH3

synthesis is observed. Iron presented the greatest impact at H2/(N2+H2) ratios below
80%. The quadratic trend of NH3 fraction with H2/(N2+H2) for the blank experiment
changed to a linear relation with the iron coating.

The chemistry model expected a decrease in the NH3 production when introducing
the metallic coating, in contrast to the experimentally observed increase. The hydrogen
abstraction rate is higher on metals than for glass. This constitutes a back-reaction,
hindering the NH3 production.

The contradiction suggests that the plasma conditions are altered by the surface
coating. Only a small increase in E/N is enough to explain the observed enhancement
in NH3 production. It is proposed that this originates from a lower secondary electron
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emission coefficient for metals than for dielectrics. The fewer secondary electrons are
generated, the more ionisation inside the plasma should occur to maintain the plasma.
Thus, the plasma conditions are improved by the metallic coating rather than the
coating enabling alternative (more efficient) chemical pathways.

Plasma induced surface reactions

The surface composition of an iron foil is studied in operando using IRRAS. The
removal of hydrocarbon and carbonyl groups are positively identified during the pre-
treatment. Their contribution to the reflection spectra and surface chemistry can be
minimised by treating the substrate with a He/O2 and He/H2 plasmas.

The N2/O2 plasmas show the formation of nitrates and nitrites on the surface and
N2O, NO, NO2, and O3 in the gas phase. The fact that only nitrates are observed
on the surface during plasma operation is striking. It shows that the plasma creates a
strongly oxidising environment. The results are very similar to the NO2/O2 exposure
on metal oxides without plasmas, where also only nitrates are observed.

The gas composition is controlled by the N2-to-O2 gas ratio. The N2O(g), NO2(g),
and O3(g) densities follow their respective stoichiometric ratio. This is not the case
for NO and the surface-bound nitrates. Instead, they both increase with N2/(N2 +
O2). Their correlation indicates that nitrate production at the surface is related to the
nitric oxide presence in the gas phase. Therefore, the nitrates are most likely formed
by NO(g) adsorption followed by the oxidation by plasma produced oxygen radicals.

After plasma operation, the nitrates readily disappear from the surface. The bind-
ing configuration changes from bridging to chelating bidentate nitrate, and nitrite
appears in the spectrum. This cannot be explained through a typical desorption pro-
cess, since nitrates are strongly bound to the surface. Rather, secondary reactions
with plasma products or impurities open up alternative pathways that allow the fast
desorption of nitrates. This requires further experimenting to fully understand which
reactions are responsible for this observation.

In contrast, the N2/H2 plasma experiments are less fruitful. The spectra continue
to be plagued by absorption bands associated to impurities rather then to NHx in-
termediates. Further improvements to the setup are needed to reduce the impact of
these impurities. For instance, removing the presence of oxygen impurities in the form
of FeOOH and carbonyl groups. The successful identification of N2/H2 plasma in-
duced intermediates will be possible once the absorption features are better spectrally
isolated.

6.2 Outlook

IRRAS is an appropriate technique to in operando study the surface composition, but
it should be complemented with other diagnostics or DFT calculations, similar to [168].
This helps with the identification of NOx and NHx intermediates adsorbed at the iron
foil. Literature presents a great scala of vibrational bands but they are all observed
for different substrates. This affects the respective spectral positions and increases the
ambiguity of the interpretation of the spectra.
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Alternatively, the experiment can be further simplified: I) The plasma could be
operated at even lower pressures such that the impurity level can be better controlled.
However, this will move the plasma conditions even further from typical atmospheric
pressure conditions at which plasma-catalysis is studied. II) A silicon wafer with a
defined crystalline structure can be used instead. The variability by the presence of
different crystalline structures is minimised. The oxidation and hydrogenation of the
surface can be better studied as well, since the corresponding absorption bands lie
within the detectable spectral range. The downside of this simplification is the lack of
novelty. The interaction of silicon wafers with plasmas is widely studied in literature.
Granted these studied focus on other applications, e.g. solar cell fabrication [101].

In-plasma catalysis does not live-up to the promised increase in the yield and energy
efficiency. Instead, more and more studies highlight the impact of the surface mate-
rial on the plasma operation itself [143]. This means that in-plasma catalysis should
focus on finding materials that optimise the plasma conditions rather than opening-up
chemical pathways with surface processes.

Post-plasma catalysis is another interesting point of study. It is promised to combine
the advantages of exciting the reactants without doing the exact same for the products.
For instance, a cycling system can produce NH3 in two steps: 1) formation of nitrates
on a substrate by NO/O2 adsorption; 2) exposure by H2 at mild conditions to reduce
the nitrates to NH3 [183, 184]. The first step can be performed by a N2/O2 plasma
as it can readily form the NO(g) and NO2(g) species needed to produce the nitrates.
The nitrate production is observed in this thesis, but the binding lacks stability in the
aftermath of the plasma. Therefore, it is interesting to investigate how to increase the
stability of these nitrates, so they can be utilised in subsequent steps.
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Chemistry set He/N2/H2 plasma

Most of the reactions are originate from Carrasco et al. since they are also used by other
publications [31], e.g. Hong et al. [32]. The electron impact reactions of the H2 and
NH3 dissociation are updated. The equations as function of the electron temperature
T̂e are replaced to cross section sets, which fit better to the non-maxwellian EEDFs
used for our case. The dissociation of H2 by electron impact is included by considering
the electronic excitation to H2(b

3Σ+
u ), which is a repulsive state readily dissociates

[185]. The cross sections for the NH3 cracking are obtained from the Hayashi database
[56].

Three-body reactions used only for He as non-reacting partner, for one reaction Ar
is used as He could not be found. N + H2 −−→ NH + H is not considered since it re-
quires electronically excited H2, which should not be significant due to the atmospheric
pressure and low mean electron energy.

The de-excitation of He* back to He is simplified. In actuality, reaction R9 and
R10 do not produce He, but rather He∗2 or He+2 [50]. These dimers later relax back to
He through collisional relaxation such as He2* +M −−→ 2He + M or charge transfer
reactions. These relaxation processes are generally very fast. Hence, the model is
simplified by considering as He* + 2He −−→ He2* +He −−→ 3He.
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Table A.1: Volume processes, where the gas temperature Tg is given in K, the electron

temperature T̂e is given in eV, and the reference temperature T0 = 300K.
# reaction rate coefficient / cm3s−1, cm6s−1 reference
Electron induced reactions
R1 e– +H2 −−→ e– + 2H f(E/N) [55]
R2 e– +N2 −−→ e– + 2N f(E/N) [55]
R3 e– +He −−→ e– +He*(––2

3S) f(E/N) [54]

R4 e– +NH −−→ e– +N+H 5.0× 10−8 · T̂e
0.5

· e−8.6/T̂e [31]

R5 e– +NH2 −−→ e– +N+H2 5.0× 10−8 · T̂e
0.5

· e−7.6/T̂e [31]

R6 e– +NH2 −−→ e– +NH+H 5.0× 10−8 · T̂e
0.5

· e−7.6/T̂e [31]
R7 e– +NH3 −−→ e– +NH+H2 f(E/N) [56]
R8 e– +NH3 −−→ e– +NH2 +H f(E/N) [56]
2 body Neutral-neutral reactions
R9 He* + 2He −−→ 3He 2 · 10−34 [50]
R10 2He* −−→ 2He 1.5 · 10−9 [50]
R11 He* +N2 −−→ He + 2N 5 · 10−11 [50]
R12 He* +N2 +He −−→ 2N + 2He 3.3 · 10−30 [64]
R13 N + H2 −−→ NH+H 4 · 10−10 · (Tg/T0)0.5 [138]
R14 N + NH −−→ H+N2 5 · 10−11 [29]
R15 H + NH −−→ N+H2 5.4 · 10−11 · e−165/Tg [29]
R16 NH+NH −−→ H2 +N2 5 · 10−10 · (Tg/T0) [29]
R17 NH+NH −−→ N2 + 2H 8.5 · 10−11 [29]
R18 NH+NH −−→ N+NH2 1.7 · 10−12 · (Tg/T0)1.5 [29]
R19 H + NH2 −−→ H2 +NH 6.6 · 10−11 · e−1840/Tg [29]
R20 N + NH2 −−→ N2 +H2 1.2 · 10−10 [29]
R21 H2 +NH2 −−→ NH3 +H 5.4 · 10−11 · e−6492/Tg [29]
R22 NH+NH2 −−→ NH3 +N 1.66 · 10−12 [29]
R23 H + NH3 −−→ NH2 +H2 8.4 · 10−14 · (Tg/T0)4.1 · e−4760/Tg [29]
3 body Neutral-neutral reactions
R24 H + H+Ar −−→ H2 +Ar 6.4 · 10−33 · (Tg/T0)−1 [186]
R25 N + N+He −−→ N2 +He 2.5 · 10−32 · (Tg/T0)0.33 [64]
R26 H + N+M −−→ NH+M 10−33 [29]
R27 N + H2 +M −−→ NH2 +M 1 · 10−34 [29]
R28 H + NH+M −−→ NH2 +M 1 · 10−32 [29]
R29 H + NH2 +M −−→ NH3 +M 5.5 · 10−30 [29]
R30 NH+H2 +M −−→ NH3 +M 2.5 · 10−35 · (Tg/T0)1 · e1700/Tg [29]
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Table A.2: ER- and LH-reaction constants. The sticking coefficient for metal smetal

and Al2O3 sAl3O3 , surface diffusion energy barriers Ediff and activation barriers Eact in
eV from table 5 in [32] and sticking coefficient for SiO2 from [187].

# ER-reaction smetal sAl2O3 sSiO2

S1 N + Sf −−→ Ns 1 0.1
S2 H + Sf −−→ Hs 1 0.01
S3 NH+ Sf −−→ NHs 1 0.01
S4 NH2 + Sf −−→ NH2s 1 0.01
S5 N + Ns −−→ N2 + Sf 6e− 3 6 · 10−5 2 · 10−4

S6 H + Hs −−→ H2 + Sf 0.005 1.5 · 10−6 3 · 10−5

S7 N + Hs −−→ NHs 0.01 0.001
S8 NH+Hs −−→ NH2s 0.01 0.001
S9 NH2 +Hs −−→ NH3 + Sf 0.01 0.001
S10 H + Ns −−→ NHs 8 · 10−3 8 · 10−4

S11 H + NHs −−→ NH2s 8 · 10−3 8 · 10−4

S12 H + NH2s −−→ NH3 + Sf 8 · 10−3 8 · 10−4

S13 H2 +NHs −−→ NH3 + Sf 8 · 10−5 8 · 10−5

S17 N2 + 2Sf −−→ 2Ns γN2 10−3γN2

S18 H2 + 2Sf −−→ 2Hs 10−3 10−5

# LH-reaction Eact Ediff,metal Ediff,dielectric

S14 Ns +Hs −−→ NHs + Sf 1.099 0.2 0.5
S15 NHs +Hs −−→ NH2s + Sf 0.3 0.2 0.5
S16 NH2s +Hs −−→ NH3 + 2Sf 0.2 0.2 0.5
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[124] E. Sälli, S. Martiskainen, and L. Halonen, “Computational Study of the Vibra-
tional Structure of the Ammonia Molecule Adsorbed on the fcc (111) Transition
Metal Surfaces”, The Journal of Physical Chemistry C 116, 14960–14969 (2012).

[125] I. N. Kadochnikov, B. I. Loukhovitski, and A. M. Starik, “Kinetics of plasma-
chemical processes in the expanding flow of nitrogen plasma”, Physica Scripta
88, Publisher: IOP Publishing, 058306 (2013).

[126] X.-L. Wang, Y. Liu, and Y.-T. Zhang, “On Ω Mode in Radio-Frequency At-
mospheric Discharges Controlled by Dielectric Barriers”, IEEE Transactions on
Plasma Science 45, 3147–3153 (2017).

[127] F. R. Gilmore, “Potential energy curves for N2, NO, O2 and corresponding ions”,
Journal of Quantitative Spectroscopy and Radiative Transfer 5, 369–IN3 (1965).

https://doi.org/10.1088/0963-0252/23/2/023001
https://doi.org/10.1088/0963-0252/23/2/023001
https://doi.org/10.1088/1361-6595/ac2411
https://doi.org/10.1088/1361-6595/ac2411
https://doi.org/10.1007/s11090-020-10151-6
https://doi.org/10.1007/s11090-020-10151-6
https://doi.org/10.1088/1361-6463/abd65b
https://doi.org/10.1088/1361-6595/acff17
https://doi.org/10.1088/1361-6595/acff17
https://doi.org/10.1002/ppap.202000127
https://doi.org/10.1007/s10800-008-9657-5
https://doi.org/10.1007/s10800-008-9657-5
https://doi.org/10.1088/1361-6595/ab393d
https://doi.org/10.1088/1361-6595/ab393d
https://doi.org/10.1016/j.jqsrt.2013.05.027
https://doi.org/10.1016/j.jqsrt.2013.05.027
https://doi.org/10.1002/9780470988510.ch2
https://doi.org/10.1002/9780470988510.ch2
https://doi.org/10.1021/jp303955z
https://doi.org/10.1088/0031-8949/88/05/058306
https://doi.org/10.1088/0031-8949/88/05/058306
https://doi.org/10.1109/TPS.2017.2771809
https://doi.org/10.1109/TPS.2017.2771809
https://doi.org/10.1016/0022-4073(65)90072-5


94 BIBLIOGRAPHY

[128] S. De Benedictis and G. Dilecce, “Relaxation of excited species in He/N2 pulsed
RF discharges: kinetics of metastable species”, Plasma Sources Science and Tech-
nology 4, 212 (1995).
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