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Resumen

La tecnologia de plasmas no térmicos permite llevar a cabo a presion
atmosférica y temperatura ambiente reacciones quimicas que, mediante métodos
guimicos convencionales, requieren altas presiones y temperaturas. Esto es posible
gracias a la elevada energia de los electrones, asi como a la presencia de otras
especies excitadas en el plasma, que permiten la activacion de reacciones quimicas
mientras el gas permanece a temperatura ambiente. Los reactores de plasma no
térmico son de pequefio tamafio, pueden operar de manera distribuida y se
caracterizan por un funcionamiento facil y seguro. Ademas, el tiempo necesario
para alcanzar el estado estacionario de operacion es despreciable frente a las
técnicas cataliticas convencionales y pueden ser alimentados de forma intermitente
con energia procedente de fuentes renovables. De esta manera, con vistas a una
industria quimica verde (entendida como de bajo consumo energético y sin
emisiones de carbono), de disefio y funcionamiento circular y operacién
descentralizada, los reactores de plasma no térmico se sitGan como candidatos
Optimos en la busqueda de soluciones de impacto tecnolégico.

Esta Tesis Doctoral desarrolla un estudio experimental, a escala laboratorio,
de distintos procesos quimicos de interés utilizando reactores de plasma operados
a presion atmosférica. El trabajo de investigacion se ha desarrollado en los
laboratorios del grupo de investigacion de Nanotecnologia en Superficies y Plasma
perteneciente al Instituto de Ciencia de Materiales de Sevilla (centro mixto del
Consejo Superior de Investigaciones Cientificas y la Universidad de Sevilla). Los
procesos quimicos estudiados han sido la sintesis y la descomposicién de
amoniaco, asi como la eliminacién de la molécula de CO; y su revalorizacion,
usando para esto Gltimo mezclas con metano.

Las fuentes de plasma no térmico utilizadas en esta Tesis Doctoral se
conocen como reactores de lecho empaquetado (en inglés, packed-bed reactors).
Su funcionamiento se basa en las denominadas “Descarga de Barrera Dieléctrica”,
que consisten en el encendido de un plasma en la region comprendida entre dos
electrodos entre los que se sitta, al menos, una barrera de material aislante. El
mantenimiento en el tiempo de estas descargas permite el tratamiento de gases que
se difunden a lo largo del reactor, en el espacio libre situado entre los dos
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electrodos, produciéndose las reacciones quimicas de interés. En configuracion
packed-bed, todo el espacio comprendido entre los electrodos se rellena con pellets
de material aislante, formandose el plasma en el volumen libre entre los pellets. De
esta forma, las especies del plasma pueden interaccionar con el material de barrera,
dando lugar a posibles sinergias. Por este motivo, este trabajo de investigacion se
enmarca en los campos conocidos como Quimica del Plasma y Plasma Catalisis.

Esta tesis doctoral se ha estructurado en tres grandes bloques. Un primer
bloque, que abarcaria los Capitulos 1, 2, y 3, contiene una introduccion a la
tematica propuesta, asi como una descripcion de los objetivos planteados y la
metodologia empleada para alcanzar dichos objetivos. El segundo bloque engloba
la discusion de los resultados y se ha organizado a su vez en tres partes. En primer
lugar, en el Capitulo 4 se analiza el comportamiento eléctrico de los reactores de
lecho empaquetado en funcion del material (ferroeléctrico o dieléctrico) que se
incorpora entre los electrodos. A este material se le conoce como moderador de la
descarga. Una conclusion de este capitulo es la conveniencia de trabajar con
materiales ferroeléctricos, de alta permitividad dieléctrica, en lugar de con
dieléctricos convencionales. Concretamente, la cerdmica PZT (Zirconato Tinatato
de Plomo) se ha seleccionado como material moderador de cara a conseguir un
mayor rendimiento y eficiencia energética en las reacciones de amoniaco y CO>
estudiadas en los capitulos siguientes.

La segunda parte de la discusion de resultados, contenida en los Capitulos
5, 6y 7, desarrolla un estudio sobre reacciones de amoniaco. En el Capitulo 5 se
presenta un andlisis de los mecanismos de reaccion para la sintesis y la
descomposicion de amoniaco. Con este objetivo, se aplica una metodologia de
marcado isotopico que, aunque comunmente aplicada en procesos cataliticos
convencionales, no ha sido usada hasta la fecha con generalidad en estudios de
Plasma Catalisis. Esta metodologia permite poner de manifiesto determinados
mecanismos de reaccion, lo que posibilita la identificacion de procesos intermedios
que no contribuyen a mejorar la eficiencia energética de las reacciones de interés.
Asi mismo, ha permitido demostrar la contribucion de la superficie del moderador
de la descarga, PZT en nuestro caso, en la reaccién de sintesis de amoniaco. En los
Capitulos 6 y 7 se estudian las reacciones de sintesis y descomposiciéon de
amoniaco incorporando un catalizador de rutenio al lecho empaquetado de PZT,
con vistas a analizar como afecta al rendimiento y a la eficiencia energética de
ambos procesos. Un estudio sistemético ha permitido concluir que la introduccion
del catalizador no es una estrategia eficiente para la sintesis de amoniaco, mientras
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que si permite mejorar en cierta medida el rendimiento para la produccién de
hidrégeno mediante la descomposicidn de amoniaco.

Seguidamente, los Capitulos 8 y 9 presentan sendos estudios sobre
reacciones de CO,. Por un lado, en el Capitulo 8 se presenta la eliminacion de CO;
mediante su conversion mayoritaria en CO y O,. En vistas a la operacion de estos
reactores en condiciones reales de aplicacion, se han estudiado mezclas de dicho
gas con oxigeno y con aire, logrando la eliminacién de CO- sin emitir subproductos
de reaccion nocivos para el medio ambiente y la salud. Por otro lado, el Capitulo 9
aborda el estudio de mezclas méas complejas, concretamente de CO, y CHa, para la
revalorizacion de ambos gases de efecto invernadero. Dichas mezclas cuentan con
una amplia variedad de posibles productos de reaccion, como hidrocarburos de
distinto tipo. Mediante el uso de la técnica de marcado isotdpico (utilizando el
isotopo *CO») se concluye que CO, y CH, siguen caminos de reaccion en el
plasma mayoritariamente independientes.

Para finalizar, el dltimo bloque de la tesis contiene las principales
conclusiones obtenidas (Capitulo 10), asi como una lista de los trabajos cientificos
publicados en relacion con la tesis doctoral.






Abstract

Nonthermal plasma technology operated at atmospheric pressure is an ideal
candidate to induce chemical reactions and overcome the current limitations of
conventional catalytic methods carried out at high pressures and temperatures. In
nonthermal plasmas, the high energy of the electrons, together with the existence
of radicals and excited species, make possible the activation of different chemical
processes. Nonthermal plasma reactors are small in size, can be operated in a
distributed way, are easy to operate and to scale up, and do not entail significant
risks. Furthermore, the induction time is negligible as compared to conventional
catalytic techniques, and they can be powered by intermittent renewable energy
sources. It could be said that, in terms of the promotion of the green chemical
industry, nonthermal plasma technology represents a non-aggressive alternative
characterized by low energy costs and reduced carbon dioxide emissions.
Nonthermal plasma reactors are straightforward candidates in the search for
innovative and more sustainable solutions to replace thermally induced methods.

This thesis work has been developed in the Laboratory of Nanotechnology
on Surfaces and Plasma of the Materials Science Institute of Seville, which is a
join research center between the Spanish National Research Council and the
University of Seville. The thesis addresses an experimental study, carried out using
an atmospheric-pressure plasma reactor, of various highly impact chemical
processes, such as the ammonia synthesis and decomposition reactions, the
splitting removal of CO2, as well as its revaluation, using mixtures with methane
in this latter case.

The nonthermal plasma reactors used in this thesis work are known as
packed-bed reactors. Their operating mode is similar to that of Dielectric Barrier
Discharges (DBDs), where a self-sustained plasma is generated between two
electrodes separated by, at least, one dielectric barrier. The stable ignition of these
discharges enables the processing of gases flowing through the free space between
the reactor electrodes, thus promoting the realization of specific chemical
reactions. In a packed-bed configuration, the space between electrodes is filled
with pellets of dielectric materials (note that in classical DBDs the dielectric
barrier(s) is/are usually situated onto the electrode(s)) and the plasma is ignited in



the voids between the pellets. Therefore, chemical reactions can occur not only at
the plasma bulk but also at the barrier material surface, which can contribute to
promote new reaction pathways and plasma-catalysis synergies. Accordingly, this
research work focuses on the fields known as Plasma Chemistry and Plasma
Catalysis.

The thesis is structured in three main sections. The first section,
encompassing Chapters 1, 2, and 3, summarizes the background frame of the
research, as well as a description of the objectives and the materials and methods
utilized to accomplish these objectives. The second section contains the discussion
of the obtained results, and it is also divided into three parts: Chapter 4, Chapters
5-7, and Chapters 8-9. Firstly, in Chapter 4, the electrical behavior of the packed-
bed reactor is characterized as a function of the utilized barrier material: classical
dielectrics and high dielectric constant ferroelectrics. It is demonstrated the
convenience of using the latter and the importance of the material’s Curie
temperature. More specifically, PZT (Lead Zirconate Titanate) has been selected
as a suitable moderator material providing high reaction yields and energy
efficiencies for the ammonia and CO; reactions studied in following Chapters.
Chapters 5, 6, and 7, present a comprehensive study of ammonia reactions. Chapter
5 is focused on the study of the reaction mechanisms for ammonia synthesis and
decomposition reactions. By applying a disruptive isotope labeling methodology,
commonly used in conventional catalysis but scarcely used in Plasma Catalysis, it
has been possible to identify reaction mechanisms and intermediate processes that
do not contribute to the ammonia synthesis and, therefore, limit the efficiency of
the plasma-assisted process. Furthermore, it has allowed us to experimentally
demonstrate the contribution of the surface of the moderator material (PZT) to the
overall process. In Chapters 6 and 7, addressing respectively the ammonia
synthesis and decomposition reactions, it has been studied the incorporation of a
ruthenium-based catalyst into the PZT barrier to analyze how it affects the reaction
yield and energy efficiency. A systematic study concludes that the use of a metal
catalyst is not an efficient strategy for optimizing the ammonia synthesis reaction,
but can increase, to some extent, the reaction yield for hydrogen production
through the decomposition of ammonia.

Chapters 8 and 9 present the study of CO. reactions. On the one hand,
Chapter 8 deals with the conversion of CO; into CO and O- in the packed-bed
plasma reactor moderated with PZT, achieving conversion rates and energy
efficiencies higher than those obtained with other more commonly used
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ferroelectric materials. To analyze the CO; splitting process under more realistic
conditions, mixtures of CO, with O, and with dry air have been studied, obtaining
high efficiencies and without formation of harmful products. On the other hand,
CO; and CH4 mixtures have been studied in Chapter 9, focusing on the valorization
of these two greenhouse gasses. The ignition of these plasmas gives rise to a wide
range of possible products, particularly in the form of multiple types of
hydrocarbons. The application of the isotope labeling methodology has allowed us
to conclude that CO, and CH4 roughly follow independent reaction pathways and
that they scarcely interact in the plasma.

Finally, the last section of the thesis work contains the general conclusions
(Chapter 10) and a summary of the scientific production in relation to the work of
the Ph.D candidate.






Table of Contents

RESUIMEIN ...t ettt et esbeesneennne s 1
ADSTFACT ... 5
Table Of CONTENTS .....oc.eeiiice e 9
Chapter 1. INtrodUCtiON..........cccoveviiicc e 13
1.1. General Context and Motivation of the ThesSiS.........ccccovrviiiiiiiinienenenn, 13
1.2. Nonthermal Plasmas SOUICES ........ccveveriereeieieseerieseeee e see e see e 15
1.2.1. General Concepts about PIasmas ...........ccccovereneieiinisiiiiscneseiens 15
1.2.2. Breakdown Mechanisms in Nonthermal Plasmas ..........c.ccoccvvvrerienns 18
1.2.3. Elementary Reactions in Plasmas: the Role of Electrons................... 21

1.3. Dielectric Barrier Discharge for Gas Processing...........cccovevrivrvnerenvenen. 23
1.3.1. Fundamentals of the Dielectric Barrier Discharge..........ccccccovvevvennnne. 23
1.3.2. Ferroelectrics as Discharge Moderators...........cccovvevveveveeveseeieeseenne 24
1.3.3. Packed-bed Configurations ............cccevrinininineneese e 26

1.4, P1asma CatalySiS. ......ccevriiiiriiiiirieieieiees e 29
1.4.1. General Concepts About Plasma CatalysiS ..........cccccevevvevieieieesnenne. 29
1.4.2. Reaction Mechanisms and Energy Efficiency in Plasma Catalysis ...30
1.4.3. Reactor Designs for Plasma-catalytic Processes...........ccocovvrererienns 31
1.4.4. Plasma & Catalyst INteractions .........ccccoeevvvveviiecicse e 33

1.5. Ammonia: a Building Block in the Zero-carbon Energy Scenario ........... 35
1.5.1. Ammonia Synthesis by Nonthermal Plasmas.............ccccocvvireneninnns 37
1.5.2. Ammonia Decomposition by Nonthermal Plasmas ...............cccceeuenee. 39

1.6. Greenhouse Gas Elimination & Revaluation as Mitigation Strategies......40
1.6.1. CO; Conversion into CO and Oz by Nonthermal Plasmas................. 41
1.6.2. CO, & CH4 Valorization by Nonthermal Plasmas.............c.ccocveeienee. 42

1.7, RETEIBNCES ...ttt nne s 43
Chapter 2. Objectives and ThesiS STrUCTUFe .........cccoooieiiiiiie e 53
1.1. Objectives 0f the TheSIS .......cccviiieiiiiee e 53



1.2, TRESIS SETUCTUIE ...ttt ettt e e e e e s ettt e e e e e s se e eeeeesenans 54

Chapter 3. Materials and Methods ...........cccccoveiiiiiiici e 55
3.1. Packed-bed Plasma REACLON ..........cocuriririirinieieieieeee s 55
3.2. Experimental Setup: Reactor Operation & Diagnosis in Situ ................. 58

3.2.1. Electrical Characterization ...........ccccoveveieieniieneniee e 60
3.2.2. Optical Emission Spectroscopy (OES).......cccccvvvviveieciene e, 61
3.2.3. Mass SPectrometry (MS) .......ooeieeiiinerese s 63
3.2.4. Fourier-Transform Infrared Spectroscopy (FTIR)......cccccoovvvneriennne. 64
3.3. Isotope Labeling Method...........cccvoiiiiiciiiecce e 65
3.3.1. Study of Inefficient Reaction Events by Isotope Labeling................ 68
3.4. Magnitude Definitions for Reaction Yield and Energy Efficiency .......... 70
3.4.1. Definitions for Ammonia Reactions...........ccoccevvvveveivsinnnseeenenn, 71
3.4.2. Definitions for CO2 REACHIONS.........ccvviiiriiiieieeees s 72
3.5. Ru/Al;O3 Catalyst Incorporation onto the Surface of PZT Pellets........... 73
3.6. Techniques for Physicochemical Characterization of
Packed-bed MaterialS ..........cccooviieiiiieiece e 75
3.7 RETEIBNCES ..eveeeeeieciecte ettt 76

Chapter 4. Electrical Characterization of Ferroelectric Packed-bed

REACTOIS ..ttt sttt e st et b e e s b e e sareesneeas 77
g I 11 £ [T T SR 77
4.2. Experimental DetailS ........ccooiiiiiiiiiiicic e 78
4.3. ReSUltS and DiSCUSSION ........ciueiureiiniiiiesiesieeie e stee e sre e se e see e ens 80

4.3.1. Current Dependence on Applied Voltage and Frequency ................. 80
4.3.2. Current Dependence on Temperature...........oceeveeeeveeeeneseeeeneenns 85
4.3.3. Curie Temperature and Packed-bed Reactor Efficiency ................... 88
O o] o [od [0 o] 1SS 90
4.5, RETEIEINCES ...oviiiie ettt st nreers 90

Chapter 5. Discharge and Surface Mechanisms in Plasma-assisted

AMMONIA REACTIONS ..ottt enes 97
T8 I )€ oo [N Tox o ISR 97
5.2. Experimental DetailsS ..........cccooviiiiiiiiie e 99
5.3. ResUlts and DISCUSSION .......cceeueeiereaienisee ettt 100



5.3.1. Ammonia Decomposition and Hydrogen Production ...................... 100

5.3.2. Inefficient Reaction Mechanisms: Ammonia Decomposition vs.
Hydrogen Atom Exchange (NH3z+D2 MiXtUres)........ccooevevivevieneieeniennnn, 102

5.3.3. Hydrogen Isotopic Exchange Reactions under Steady State Conditions
(N2+D2+NH3 MIXEUIES) ...ttt et 105

5.3.4. Intermediate Plasma Species During the Synthesis & Decomposition
(o1 AN 114310 o T TSR 108

5.3.5. Surface vs. Plasma Reaction Mechanisms (N2+H2(D2) Mixtures)...112

5.4. Overview of the Reaction Mechanisms for the Ammonia Synthesis in a

PZT-moderated Packed-bed REACION............ccviiiriieiicce e 117
5.5, CONCIUSIONS ...ttt 118
5.5, RETEIBNCES ...t 119
Chapter 6. Ammonia Synthesis by Plasma-Catalysis. Role of a Metal
CALAIYST ..o 127
6.1, INEFOAUCTION .. e 127
6.2. Experimental DetailS.........ccooiiiiiiiiiiiiic e 131
6.3. ReSUIS and DiSCUSSION........ccviiieriiiteiieiieseeiesiesteesie e sae e eee e sraeseesnes 134
6.3.1. Characterization of Al,Os/PZT and Ru-Al,O3/PZT Pellets.............. 134
6.3.2. Electrical Behavior of the Packed-bed Reactor...........cc.ccccccceveninnens 138
6.3.3. Ammonia Synthesis at Ambient Temperature ............cceceeveevvenennnn 139
6.3.4. Ammonia Synthesis at Elevated Temperature ...........cccocvverenenns 143
6.3.5. OES Analysis: Intermediate Plasma Species at Ambient and Elevated
=100 0 1=] LTSRS 145
6.5, CONCIUSIONS .....covieiiiciesieee e 147
B.6. RETEIBNCES ....cviieieie ettt nne s 148
Chapter 7. Ammonia Decomposition by Plasma-Catalysis. Role of a Metal
(O 17 1YY SRS 153
% T 4o o [T 1 o RS USSS 153
7.2. Experimental DetailS. ..o 155
7.3. ReSUILS and DiSCUSSION........eeuiieeierieiiesesieeie e etee e enee e e 156
7.3.1. Electrical Behavior of the Packed-bed Reactor...........ccccccocveiennneen 156
7.3.2. Ammonia Decomposition at Ambient Temperature ............cc.cccuenee. 157

11



7.3.3. Intermediate Species Involved in the Decomposition of Ammonia at

AMDIENt TEMPEIATUIE......coviiiiiiie s 160
7.4. State-of-the-art Assessment of Efficiency of Plasma-assisted Ammonia to
HYAIrOQEN PrOCESSES. ...c.vvivveieitieiesieeteetesieete st e e te e sre et te e e sresre e e sreens 166
R T O] o [1E] o] 3PS 168
7.6, RETEIBNCES ...t st nne e 170
Chapter 8. Packed-bed Plasma Reactors as a CCU Technology to
ElMINAE CO2 .oviiiieiee e 173
8.1, INTrOAUCTION ..t 173
8.2. Experimental DetailsS ..........cccoooviiiiiiiiiiseeeee e 175
8.3. ReSUltS and DISCUSSION ........cverieririiriiiiesiesie ettt 178
8.3.1. Effect of PZT as Packing Material ...........c.ccoooevviviiiiiinciieeee 178
8.3.2. Insights into the Reaction MechaniSms...........cccccovvviiinvninenenenns 181
8.3.3. Minority and Side-reaction ProCeSSES ........ccccveveeeereveeriesieeieeseenes 186
8.3.4. CO2H02 IMIXIUIES ....vvvviiiie et 188
8.3.5. COy + AIN IMIXEUIES ....ovveieieeie ettt 191
SRR S O] o o [1 5] o] PR 196
8.5, RETEIBNCES ...vieeeeiecieete ettt 197
Chapter 9. Reaction Mechanisms by the Valorization of CO, and CH4
IMIIXEUTES oottt s te ettt enaeste et enteeneentenne s 205
ST I 4o o [T 1 o IS 205
9.2. Experimental DetailS ........c.ccceoveiiiiiiice e 207
0.3. ResUlts and DiSCUSSION .......ccvevverieireiesieseesie st sie e eee e e see e eeeseens 208
9.3.1. PZT-moderated CH4+CO2 DiSCharges .........ccccevevrinenenenenenenens 208
9.3.2. Insights into the Reaction Mechanisms............ccocevvviviieieniennnnen 213
9.3.3. Isotope Labeling Analysis with *CO, as Reactant in CH4+CO,
IVHEXEUTS. ..ttt sttt et e e see e seeenen 216
B O] o (o [1 5] o] S PRS 218
0.5, RETEIBNCES ...ttt st nee e 219
Chapter 10. General ConClUSIONS .........ccoooieiiiieeie e 223
SCIENtific PrOAUCTION ........ocviiiieec e 227
AGFa0dECIMIBNTOS ...ttt 231

12



Chapter 1

Introduction

1.1. General Context and Motivation of the Thesis

The current environmental situation of our planet demands the best of our
societies. Humanity is facing both a rapid increase in the concentration of
greenhouse gases in the atmosphere — with its multi-dimensional consequences —
and a continued depletion of natural resources. The Sustainable Development
Goals (SDGs), approved by the United Nations in 2015 with the intention that they
can be achieved by the year 2030, attempt to fight the consequences of the fastest-
growing Earth’s Climate change ever happening, which is taking place because of
anthropogenic factors [1]. The SDGs demand not only the development of
alternative processes to sustain human lives, but also a revision about the how a
large part of humanity produces and consumes. Among the 17 SDGs, there are
some goals directly related to the subject of this thesis, like Goal 7 (Affordable and
Clean Energy), 11 (Sustainable Cities and Communities), and 13 (Climate Action).
Since the 17 objectives are tightly cross-linked, working towards the achievement
of just one of them would contribute to the accomplishment of the others. Such big
challenges require integral solutions.

Diverse and multidisciplinary solutions should be applied to reach zero
emissions of greenhouse gases by 2050, a goal recently approved by the European
Union [2]. To this end, dealing with alternative energy sources is one of the most
important requirements. The replacement of fossil fuels — oil, natural gas, and coal
—by renewable power sources is crucial because the burning of fossil fuels is
responsible for 75% of global emissions [2]. Nevertheless, this substitution entails
the change in the design of many industrial processes, in such a way that they can
be powered with intermittent energy sources, generally backed by renewable
electricity rather than by continuously operated combustion processes.

During the last few decades, hydrogen has emerged as a sustainable fuel,
especially if it is obtained from COx-free compounds like water or ammonia. In
particular, ammonia has been proposed as a promising hydrogen vector because of
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Introduction

its high hydrogen content and the availability of existing infrastructure for its
storage and worldwide distribution [3]. Additionally, the enthalpy of the ammonia
decomposition reaction is lower than that of the water-splitting reaction [4]. These
features prove the benefits of ammonia decomposition processes for the production
of hydrogen.

Although the replacement of fossil fuels by other energy sources is a crucial
target, additional changes should be introduced in many other industrial activities,
in particular in the chemical industry. Returning to the example of ammonia, the
Haber-Bosch (H-B) process, which is widely utilized for the synthesis of this
compound — mainly for the production of fertilizers —, is under serious discussion.
H-B ammonia synthesis is carried out at high temperatures and pressures and is
responsible for 1% - 2 % of the world energy demand and for 1.2% of CO; global
emissions [5]. The reduction of this enormous CO; fingerprint has fostered the
search for alternative nitrogen fixation procedures.

Achieving zero CO; emissions is a challenge difficult to reach in the short-
term, mainly because the development and implementation of new industrial
processes avoiding greenhouse gas emissions will take time. Therefore, one of the
mitigation strategies proposed at short- and mid-terms is the capture and the use of
these emissions before they diffuse into the atmosphere. Technologies targeting
this purpose include the Carbon Capture Storage (CCS) and the Carbon Capture
Utilization (CCU). These strategies are based on the cradle-to-cradle proposal
from Braungart and McDonough [6], which defines how wastes could be utilized
as raw compounds for the synthesis of new valuable products.

The previous considerations strongly support the need of new low energy
cost processes suitable to be coupled with renewable power sources, able to be fed
by electricity, and designed in a circular way to reuse wastes. These wastes, rather
than being discarded, would be used as raw recycled compounds.

Within this context, this thesis focuses on the study and design of
nonthermal plasma procedures that, powered with electricity, are conceived to
carry out sustainable chemical processes, including the possibility of reusing
carbon emissions. Owing to the characteristics of nonthermal plasmas, chemical
processes can be performed at atmospheric pressure and ambient temperature with
low energy costs and zero CO- emissions. These benefits justify the use of plasma
technology as a strategic option for the future [7].
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Chapter 1

This thesis frames within the general topic known as Plasma Chemistry,
which has many different applications. The research carried out in this thesis
focuses on Gas Processing and, in part, in an emerging discipline named Plasma
Catalysis, concepts that are explained in detail in the upcoming pages of this first
chapter. The thesis work contemplates the study of four highly demanded
processes: (1) ammonia synthesis from nitrogen and hydrogen, (2) ammonia
decomposition to produce hydrogen, (3) the conversion of carbon dioxide into
carbon monoxide and oxygen, and (4) the valorization of carbon dioxide and
methane mixtures. We expect that the results obtained and the discussions carried
out in this report will attract the interest of readers and contribute to the
development of state-of-the-art solutions.

1.2. Nonthermal Plasmas Sources

1.2.1. General Concepts about Plasmas

Plasmas are partially ionized, electrically quasi-neutral gases, characterized
by a collective behavior of their constituents [8]. Some authors consider plasma as
the fourth state of matter [8,9], but other authors think that this consideration is not
correct from a thermodynamic point of view and propose that plasmas are gases
that can be ionized to a different degree. Because of its partially ionized state, in
plasmas there are electrons, ions, and neutral particles. In addition, plasmas contain
other components such as radicals, photons, or electronically and vibrationally
excited species, all of them playing an important role in plasma’s behavior.

Any comprehensive introduction to plasmas requires the classification of
these systems. There are many different criteria to classify these physical systems.
In terms of the average energy of their main components (i.e., temperature), a
common approach is to classify plasmas into two major groups: thermal and
nonthermal plasmas [10]. Thermal plasmas are characterized by that electrons and
heavy particles present similar energies and are in thermodynamic equilibrium.
Classic examples of thermal plasmas are those of fusion or star plasmas [8]. The
second group, nonthermal plasmas, is characterized by higher energy of the
electrons with respect to that of heavy particles, implying that they are systems far
from the thermodynamic equilibrium. Nonthermal plasmas, also called “cold
plasmas” or “gas discharges”, have been handled and managed in the laboratory
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since their discovery in the 19th century. There are also examples of nonthermal
plasmas in nature, like the aurora borealis [8].

Although an equivalency between energy and temperature is only strictly
correct when the particles follow a Maxwellian distribution function, in plasma
technology these concepts are indistinctly used, and electron energy is commonly
referred to as electron temperature (T¢). More comments on the Electron Energy
Distribution Function (EEDF) in plasmas are provided in section 1.2.3.

The density of charged species defines the ionization degree of the plasma.
The ionization degree is calculated as the ratio of the density of charged particles
(ions) to the total particle concentration [11]. When this ratio is near to the unit (1),
these systems are known as completely ionized plasmas. Conversely, when there
are more neutral than charged particles, the plasma is considered weakly ionized.
The gas discharges under study in this thesis are weakly ionized plasmas and have
ionization degrees between 107 and 10 [12].

Another classification, quite important for possible applications of plasma
technology, relies on the gas pressure. Gas discharges have been traditionally
developed and operated at low pressures. These plasmas have had many
applications in Material Science during the last few decades and have contributed
to strategic advances in different key technological fields like microelectronic
manufacturing [9]. However, plasmas can be also operated at atmospheric or even
higher pressures [8], as in the stars, where pressures around 10 Pa can be reached
[8]. In the laboratory, atmospheric-pressure plasmas have many different
applications, like driving chemical reactions for gas processing; the study
presented in this thesis is an example of this approach. The increasing interest in
these plasmas relates to various technological solutions for final applications
incompatible with vacuum conditions [13]. Some examples are the treatment of
living tissues for medical purposes [14,15], the treatment of seeds to improve their
germination rates [16,17], or that of water for its decontamination [18,19].

In plasmas, the pressure is a very important parameter, because it controls
the mean free path of the particles. At high-pressure conditions, the mean free path
of the particles is small, and the plasma properties are determined by collisions
between particles. However, at low-pressures, the mean free path of the particles
is larger than at high pressure, and it is possible to control the trajectory of charged
particles towards given locations using electromagnetic fields. It will be discussed
below that collisions in plasmas determine the efficiency of the transference of

16



Chapter 1

energy (and momentum) between heavy particles (ions and neutrals). Meanwhile,
interactions between electrons and heavy particles are responsible for phenomena
such as the breaking of bonds in molecules or the molecular ionization [11].

A common configuration to generate a plasma consists of two electrodes
and a power electromagnetic source. Generally, when applying a voltage between
the electrodes under well-defined operating conditions, the gas situated between
the electrodes can be ignited, producing a discharge whose control is critical for
applications. In this context, plasmas can be also classified as a function of the
electromagnetic field applied: DC, pulsed DC, or AC; and for AC power sources:
microwaves (MW), radiofrequency (RF), Hz and kHz frequencies [20].

Taking into account the aforementioned concepts, Figure 1.1 summarizes
the properties of the plasma sources utilized for the experiments of this thesis:
nonthermal weakly ionized plasmas, which are operated at atmospheric pressure
and ambient temperature, and that present electron temperatures (Te) generally
between 1 and 20 eV [7] and electron densities (ne) between 108 and 10* cm2[13].
They are ignited using AC power sources in the range of a few kHz. To operate
these discharges, the applied technology is the so-called Dielectric Barrier
Discharge (DBD), which will be explained in more detail in the upcoming sections.

[Nonthermal plasmas ] [Atmospheric pressure] Electron

temperature:

Te ~ 1-20 eV

Weakly ionized Ambient temperature | | Electron density:
ﬂi/(ng+n1) ~107-10* Tg~300K n, ~ 108-10™ cm3

\ )
!

[ Dielectric Barrier Discharge (DBD) ]

Figure 1.1. Summary of the main properties of the atmospheric plasmas utilized for
the experiments of this thesis. In the scheme, n; refers to the density of ions and ng and
T, to the density and temperature of neutral particles, respectively.

It has been previously indicated that nonthermal plasmas are systems far
from the thermodynamic equilibrium where electrons are much more energetic
than ions and neutral species. The range of electron temperatures and the high
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reactivity of plasma-activated species are suitable to induce different chemical
reactions [11]. According to the Drexel Plasma Institute (US) reputed researcher
Alexander Fridman, these properties situate plasma “as a high-tech magic wand of
modern technology” [8]. As Fridman states, the success of plasma technology is
due to the lack of a competitor technology with the same possibilities; in other
words, to the unigque performances of the plasma technology. Nowadays, there is
a broad range of cold plasma applications such as surface treatment, nanomaterials
processing, 0zone production, or water purification, to name a few [9]. Regarding
environmental applications, plasmas can be used to remove non-desired products
present in the atmosphere (e.g., greenhouse gases, like carbon dioxide), as well as
pollutants or pharmaceutical residues present in drinking water [21]. Regarding
gas processing, atmospheric-pressure plasmas can also be used to produce valuable
chemical products such as ammonia, hydrogen, hydrocarbons, or other compounds
[22].

1.2.2. Breakdown Mechanisms in Nonthermal Plasmas

A very important concept is that of plasma breakdown, not only because it
explains how plasmas are ignited and sustained, but also because it is related to the
most fundamental plasma process: ionization. Although breakdown mechanisms
in low-pressure plasmas are well understood and described in terms of the
Townsend mechanism and Paschen’s Law [8], the concepts involved cannot be
applied directly to atmospheric-pressure plasmas.

To figure out the breakdown process, we may think about two parallel
electrodes that are separated at a distance ‘d” (known as the gap), with a gas located
between the electrodes at a pressure ‘p’, and a voltage applied between them.
Traditionally, the concept of plasma breakdown can be defined as the transition
from a dark discharge to a glow discharge when the breakdown voltage (Ve) is
applied [23]. The dark discharge is characterized by the first ionization coefficient
of Townsend, a, which accounts for the electron-ion pairs formed in avalanches
after a first electron is emitted by the cathode. On the other hand, the glow
discharge is characterized by the emission of secondary electrons from the cathode
due to different processes such as ion impact or photoemission. The glow discharge
is related to the second ionization coefficient of Townsend, y, which accounts for
the secondary electron yield per ion formed [23]. Both a and y coefficients are an
exponential function of the applied electric field and are used to derive the
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Paschen’s Law [8], which establishes a relation between the breakdown voltage
and the p-d value. Nevertheless, this explanation is not valid for plasmas operated
at high pressures. In high-pressure plasmas, it is supposed that the breakdown
occurs on a nanosecond scale, i.e., faster than the time required by electron
avalanches produced by secondary emission processes [13]. There is no agreement
in literature about the validity of the classical Paschen’s Law in the upper and lower
range of p-d, with various assessments and a wide range of values depending on
the operating conditions. For example, Brugemann et al. proposed a limiting p-d
value of 1000 Torr-cm for air plasmas [13]. Other authors like A. Fridman [8] have
proposed higher values, in the order of 4000 Torr-cm. Otherwise, there is a vivid
debate around the accuracy of Paschen’s Law in the lower range of p-d values [24],
although this point is not relevant in this thesis.

To get a proper understanding of the breakdown mechanism for plasmas
operated at high pressure — like atmospheric pressure — it is necessary to introduce
the concept of streamer. At high pressure, there is an increase in the number of
collisions, producing ionization and affecting the breakdown mechanism. Figure
1.2 illustrates this process for two electrodes separated by a gap ‘d” and a voltage
applied between them, producing an electric field Eo in the region between the
electrodes. Firstly, when the voltage is applied and the electric field is generated,
the primary avalanche of electrons generates a charge distribution in the gas
volume (see Figure 1.2, Primary avalanche). This space charge can locally
produce an enhancement in the electric field and, consequently, give rise to
avalanches of secondary electrons mainly initiated by photo-ionization. The
channel formed by positive charges, electrons, and photons is called a streamer
[13] (see Figure 1.2, Streamer initiation). Specifically, if the streamer propagates
from the anode to the cathode it is referred to as positive or cathode-directed
streamer [8,13]. Negative or anode-directed streamers are less important, since
they are only formed at high over-voltages and large gaps [25]. The streamer
initiation requires certain conditions, referred as the Meek criterion: the
perturbation of the electric field by the space charge must be high enough to
promote electron secondary avalanches [8].
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Figure 1.2. Breakdown mechanism in high-pressure plasmas based on the formation
of streamers and the subsequent microdischarges after primary avalanches. These
ionized channels propagate from the anode to the cathode in a nanosecond timescale.

The aforementioned considerations imply that a streamer is a weakly ionized
and quasi-neutral plasma, with positive charges accumulated and oriented to the
cathode [13]. Furthermore, the set of local processes that take place until the
stramers cross the gap are named with the general term of microdischarge [8] (see
Figure 1.2, Microdischarge formation). The microdischarges leave charges in the
gas volume and at the surface of the electrodes. This charge accumulation
facilitates the formation of a subsequent microdischarge when the polarity of the
applied field changes (memory effect). The groups of microdischarges, that can be
macroscopically observed, are usually called filaments [26].

According to the Meek criterion, at atmospheric pressure the discharges can
be strictly filamentary — governed by the streamers formation — or more diffuse
(homogenous) — dominated by electron secondary emission, i.e., without satisfying
the Meek criterion. Ulrich Kogelsatz [26] and Frangoise Massines [27] published
different studies about these two mechanisms in the first decade of the 2000s. In
many plasma sources utilized for gas processing the two discharge’s behaviors can
coexist.

Different factors determine the breakdown mechanism in plasmas operated
at atmospheric pressure. They include the reactor configuration, the electrical
parameters, or the type of gas [28,29]. Regarding the latter factor, many studies
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have reported changes in the breakdown mechanisms when adding small
percentages of other gases to a pure gas plasma [30,31]. For example, CO,
discharges at atmospheric pressure are generally filamentary. However, when
nitrogen is added to the mixture, the discharges become partially diffuse due to the
presence in the plasma of nitrogen metastable species [32]. It has been proposed
that these species produce seed electrons that induce a Townsend breakdown [33].
This issue is quite relevant for this thesis, which contains a study about real
mixtures of CO; and air (see Chapter 8).

1.2.3. Elementary Reactions in Plasmas: the Role of Electrons

When a potential drop is applied between two electrodes, electrons — the
lightest and most mobile particles — are fed in the plasma by the electromagnetic
power source. It has been explained above that electrons sustain the plasma by
ionization reactions, that is, by interaction with neutral particles to produce
electron-ion pairs. However, ionization is not the only process that electrons can
promote. In atmospheric-pressure plasmas, many other electron-impact promoted
processes have a high probability to occur [11]. An outline of the main elementary
reactions promoted by electrons is summarized in Table 1.1. Note that negative
ions are not considered, because they are not abundant in high-pressure plasmas,
except for plasmas of high electronegative gases [8]. Some of the most important
elementary reactions in atmospheric-pressure plasmas involve the electronic and
vibrational excitation of atoms and molecules by electron impact.

Table 1.1. Outline of main processes taking place in atmospheric plasmas
promoted by electrons. Species designed with ) mean that they can be
electronically or vibrationally excited.

lonization e+A > A +2¢e

Dissociation e+A 2> 2A+¢€

Dissociative lonization e+A 2> A+A +2¢e

Electron Recombination e+AY DA

Excitation e+A D> A*+e
Synthesis e+AO+AO S e+ A
Decomposition e+ A D>AO+ A+
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Reactions in plasmas may involve not only electrons but also other
components. For example, the aforementioned excited species, radicals, and other
metastable species are very reactive and may play a very important role in Plasma
Catalysis.

The probability of the reactions promoted by electrons depends on electron
energy. This dependence can be straightforwardly illustrated for ionization
reactions, which only take place if the energy of the colliding electron is higher
than the first ionization potential of the involved atom or molecule. This
probability can be described in terms of a reaction cross section, which is a
fundamental characteristic of plasma elementary processes [8]. The cross section
provides a measurement of the probability of a given elementary reaction: the
higher the value of the cross section the higher the probability of the process to
occur!. Another interesting parameter regarding elementary plasma reactions is the
reaction rate coefficient, which is usually expressed in cm®/s and refers to the
volume of species formed in a reaction per time unit [8].

Usually, numerical values of reaction cross sections and rate coefficients
are determined experimentally. In general, the probability of a process ‘P’ depends
on the number of electrons that have energy above a certain threshold. Owing to
this requirement, an important concept in atmospheric-pressure plasmas is the
Electron Energy Distribution Function (EEDF), f(¢), which describes the
probability of an electron to have an energy ‘¢’. An EEDF can be defined for
nonthermal plasmas, even if they are not in equilibrium conditions. For
atmospheric-pressure plasmas, the EEDF strongly differs from that corresponding
to an equilibrium distribution and depicts a non-maxwellian behavior. For higher
values of the electric field and pressure, the EEDF approaches a Druyvesteyn
distribution, with the mean and maximum values shifted to higher values than
those corresponding to a maxwellian distribution [8]. EEDF can be calculated
using computational methods such as the BOLSIG+ code [34], commonly
accepted as a valuable tool to obtain numerical solutions of the Boltzmann equation
for electrons in weakly ionized gases and uniform electric fields [35].

To properly understand the complexity of plasma-chemistry reactions, it is
important to consider, besides elementary processes mediated by electrons, all

L A. Fridman defines the reaction cross section as an imaginary circle of area o that is escorting one
of the collision partners. When the center of the other collision partner intersects o, then the
elementary process occurs [8].
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possible reactions between the different plasma components. For this purpose,
research in Plasma Chemistry & Catalysis relies on experimental studies to provide
consistent models of the chemical reactions taking place in plasmas [36-39].
Although this thesis has a clear experimental approach, some modeling examples
will be also proposed to discuss the results obtained.

1.3. Dielectric Barrier Discharge for Gas
Processing

1.3.1. Fundamentals of the Dielectric Barrier Discharge

The Dielectric Barrier Discharge (DBD) is a nonthermal plasma firstly
developed by Siemens in the middle of the 19th century to produce ozone [26,40].
This early design consisted of two electrodes and at least one dielectric barrier
located between them. Main DBD reactor configurations are based on either
parallel-plate or cylindrical geometries (see Figure 1.3). To ignite the discharge, a
high voltage AC signal is applied between the electrodes. Since dielectrics are
insulators, their activation is not possible with DC signals: DBDs operate in AC
mode at frequencies between 50 Hz and 1 MHz [11].

(a) (b)

Electrodes () Dielectric barriers

Figure 1.3. Examples of DBD configurations based on parallel-plate (a-b) and
cylindrical geometries (c-d). Electrodes and dielectric barriers are indicated, as well as
the gap distance defined by the free space between the electrodes.

23



Introduction

The barrier material controls the charge transferred during the discharge.
This charge is temporally accumulated on the barrier surface and, owing to this
fact, the dielectrics are often referred to as discharge moderators [41]. The
presence of dielectrics acting as current ballasts enables the generation of cold
plasmas, even for large p-d products. The applied AC electric field limits the
discharge duration and, due to that, these self-limited plasmas are also named
transient discharges [13].

In DBD reactors, the distance between electrodes or gap may vary between
hundreds of microns and several centimeters, depending on the application of the
technology. For gas processing, the gap usually vary between millimeters and
centimeters, the voltage amplitude between 1 and 10 kV, and the current amplitude
between 1 and 100 mA [11].

DBD reactors enable the operation of plasmas at atmospheric pressure and
room temperature. The involved discharges are characterized by a low or even null
induction period to reach steady-state conditions. This makes very straightforward
their integration with intermittent renewable energy sources. Moreover, DBD
plasmas are safe and do not entail significant risks for humans and nature. Another
feature of interest for the industry is that DBD plasma reactors can be scaled-up
easily. A classic example of a large DBD discharge aims at the large-scale
production of ozone [26], carried out by companies like Ozonia Ltd. for more than
forty years [42]. Other examples of industrial applications of DBD are plasma TVs
(now replaced by LED and Quantum Dot technologies) or the activation and
decontamination of surfaces [26,43].

During the last decade, to improve the energy efficiency of chemical
processes relying on this technology, some changes have been introduced in the
traditional designs. This thesis focuses on the study of the Ferroelectric Barrier
Discharge (FBD) in packed-bed configurations. Innovative concepts and
experimental designs related to the FBDs used in this work will be explained in the
upcoming subsections.

1.3.2. Ferroelectrics as Discharge Moderators

The selection of the barrier material is very important to obtain plasmas with
predefined properties. The use of ferroelectrics in a FBD configuration for gas
processing was firstly reported at the end of the last century (for example, in the
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study of T. Opalinska and A. Szymanski about ozone production published in 1996
[44]). Since then, due to the improvement in the efficiency of the plasma-driven
chemical processes, the use of ferroelectrics as discharge moderators has
significantly increased, particularly during the last few years.

Ferroelectric materials present a spontaneous polarization P, stemming from
a preferential orientation of its dipoles, even in the absence of an applied electric
field. This dipole moment appears because of a particular distribution of the
constituent atoms in the crystal structure. Perovskites (ABXs structures) are a
typical example of ferroelectrics. They depict the structure shown in Figure 1.4,
exemplified for Lead Zirconate Titanate (PZT), the main ferroelectric material
used in this thesis. Ferroelectrics are multifunctional materials since
ferroelectricity encompasses other properties like piezoelectricity or
pyroelectricity, which make these materials very useful for novel applications in
Material Science [45]. Figure 1.4 shows that PZT may depict two different phases:
the ferroelectric phase and the paraelectric phase. The transition from the first to
the second occurs when the Curie Temperature (Tc) is reached. In the paraelectric
phase, the polarization of the material drops to zero, and the advantages of
operating plasmas with ferroelectrics disappear.

@Pbr* @O o Ti% Zr4+/- :
.~J_

T<Te

Figure 1.4. Distribution of atoms in the unit cell in PZT structures in the paraelectric
phase (T>T., P=0) (left) and ferroelectric phase (T<T., P+0) (right) (taken from [46]).

The most important characteristic of ferroelectrics for their application in
DBD reactors is the high value of their relative dielectric permittivity (g/)% Due to

2 In this thesis the terms relative dielectric permittivity and dielectric constant are used
indistinctly, although it should be remarked that the latter is the product of the former (&)
and the dielectric permittivity of vacuum (&o).
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this feature, replacing a classic dielectric barrier by a ferroelectric one produces a
significant increase of the charge transferred during the discharge [7,41].

Although not included in this thesis for brevity, in 2019 we reported a
phenomenological comparative study of the discharge’s properties in a FBD vs. a
DBD parallel-plate reactor [41]. The distribution of electrodes and barriers was
similar as that shown in Figure 1.3(b). In this study, we showed that for similar
gaps and applied voltages, the transferred charge is higher when fused silica (linear
dielectric) was substituted by Lithium Niobate (LiNbO3, ferroelectric material)
(see Figure 1.5). In addition, we reported other interesting phenomena like a
memory effect for the transference of charge when operating with ferroelectrics.

4000
3500 -

—— FBD (LiNbO,)
3000 - — DBD (Fused silica)
2500

2000
1500
1000

500

Transferred Charge (nC)

Gap (mm)

Figure 1.5. Evolution of the transferred charge vs. the inter-electrode distance (i.e.,
gap) in FBD and DBD parallel-plate reactors. For similar operating conditions
(frequency of 1 kHz and applied voltages between 0.5 and 3 kV), the transferred charge
is higher for the FBD operation. More details of this study can be found in [41].

1.3.3. Packed-bed Configurations

To further increase the energy efficiency of gas processing using
atmospheric-pressure plasmas, ferroelectrics should be properly distributed
between the electrodes to increase the electric field intensity without consuming
too much energy. Therefore, packed-bed reactors are designed aiming at both
reducing the operating voltage and increasing the transferred charge.
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In a packed-bed reactor, the plate(s) that are typically placed between the
electrodes are substituted with pellets of the same material up to completely fill the
gap space. Under these conditions, the discharge ignites in the free volume between
the pellets, i.e., reducing the distances between dielectric/ferroelectric components
where the plasma is produced. According to Gauss’s Law, reducing distances by
introducing pellets of materials of a high dielectric constant such as ferroelectrics
will decrease the voltage needed to ignite the plasma, that is, to reach the electric
field intensity required to ionize the gas. Subsequently, once ignited, it is possible
to work at lower voltages, thus reducing the power consumed by the reactor and
increasing the energy efficiency of the plasma-driven chemical processes.

Packed-bed configurations are possible in parallel-plate and cylindrical
geometries, as shown in Figure 1.6. Likewise, in many packed-bed reactors, at
least one of the electrodes may remain covered by a dielectric layer or plate
[47,48]. Al,O3 and SiO; are the most commonly utilized dielectric materials for
packed-bed reactors [7,49,50], while Barium Titanate (BaTiOs) is the most
common ferroelectric [47,51-53].

(a) (b)

Pellets
(packed bed)

Figure 1.6. Packed-bed reactors with parallel-plate (a) and cylindrical (b)
configurations.

A successful application of the packed-bed technology requires a deep
understanding of discharge properties. When packed-bed reactors are operated at
atmospheric pressure, they often depict a combination of two behaviors: (1)
filamentary discharges between adjacent pellets and (2) homogenous discharges
around the surface of the pellets (the so-called surface discharges) [29]. As
explained in section 1.2.2, filamentary discharges involve a streamer breakdown
mechanism that produces microdischarges. Meanwhile, homogenous discharges
involve a Townsend breakdown mechanism, based on secondary electron
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emissions. This latter type of discharges occurs around the surface of the pellets,
probably because they may act as a source of seed electrons that induce the
breakdown. Accordingly, W. Wang et al. using fluid modeling and iCCD imaging
demonstrated that pellets with a high dielectric constant promote more filamentary
discharges, while pellets with a low dielectric constant mainly produce surface
discharges [54].

The combination of these two discharge behaviors can be observed in the
picture in Figure 1.7. This photograph, that has been taken in our laboratory, shows
a plasma of helium ignited in a packed-bed reactor filled with pellets of Barium
Titanate.

Electrode

BaTiO,
pellets

Electrode Microdischarge

Figure 1.7. Combination of microdischarges and surface discharges in a helium
plasma ignited in a packed-bed reactor. To enable the observation of the discharge the
reactor walls were made of fused silica, while Barium Titanate pellets were used as
discharge moderator.

The discharge behavior affects the reaction mechanisms. For example, A.
Bogaerts and coworkers in the University of Antwerp (Belgium), modeling the
ammonia synthesis reaction, have recently shown that different compounds are
expected depending on whether the discharges have an “uniform” (homogeneous)
or filamentary character [55]. Furthermore, filling the gap of a packed-bed reactor
introduces an additional effect. In general, chemical reactions occurring in plasma
reactors may take place both in the plasma (gas) phase and at the available surfaces,
either at the reactor walls or at electrodes surfaces. The incorporation of pellets
extraordinarily increases the surface area in contact with the discharges and
therefore extensively promotes the occurrence of surface reactions. The control of
this enhanced surface chemistry can be used to increase the energy efficiency and
reaction yield of the chemical processes of interest, which brings us to the field of
Plasma Catalysis where this thesis work is framed.
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1.4. Plasma Catalysis
1.4.1. General Concepts About Plasma Catalysis

Through the reduction of the operating voltage, packed-bed reactors can
increase the energy efficiency of the plasma-driven chemical processes. However,
an increase in energy efficiency is not synonymous of an efficient control over the
type of final product. A way to increase the production of a given compound or
compounds of interest is precisely controlling the surface chemistry at the surface
of pellets. This means that reaction selectivity can be improved incorporating
pellets with specific catalytic properties.

Plasma Catalysis® designates the combination of nonthermal plasmas and
heterogeneous catalysis [50]. Catalysis is defined as “the science and technology
of influencing the rates of chemical reactions” [56]. It should be understood not
only in terms of an acceleration of chemical reactions, but also as an enhancement
of selectivity towards the formation of desired products. Catalysis is promoted by
a material, the catalyst, that is not exhausted during the process. Specifically,
heterogeneous catalysis is a process in which the reactants and the catalyst are not
in the same phase, occurring the reactions in the interface between them [56]. In
conventional catalysis, i.e., thermal catalysis, the catalytic properties of the
materials are activated by heat, and the reaction processes take place at elevated
temperatures. However, in plasma-catalysis the reactions will occur thanks to the
synergy between the reactive species of the plasma and the properties of catalytic
materials; in this case, the energy comes primarily from the plasma discharge
instead of a heat source.

Kim et al. claimed that the first plasma-catalysis experiment was performed
in the 1920s when A. B. Ray and F. O. Aderegg ignited a discharge of carbon
monoxide and oxygen to produce carbon dioxide and exposed the plasma species
to a silver catalyst [57]. The production rate of CO, obtained was higher than in
equivalent experiments carried out by P. E. M. Berthelot without a catalyst [58].
This seminal experiment demonstrated the existence of clear synergies between
the plasma and the catalyst. Nevertheless, the research in this field was scarcely

3 Plasma Catalysis is usually called plasma-enhanced, plasma-assisted, or plasma-driven catalysis. In
this thesis we will use the expressions Plasma Catalysis or the hyphenated version (i.e. plasma-
catalysis).
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developed until the 1990s, when it started to increase exponentially, and continued
doing up to the present time [50].

1.4.2. Reaction Mechanisms and Energy Efficiency in Plasma
Catalysis

When plasma-activated species interact with a catalytic material, surface
reactions may be promoted. In particular, some reaction mechanisms borrowed
from standard thermal catalysis can be used to account for the surface reactions in
plasma-catalysis processes. Widely utilized reaction schemes include the Eley-
Rideal (E-R), the Langmuir-Hinshelwood (L-H), and the Mars-van Krevelen
(MvK) mechanisms [7]. The E-R mechanisms contemplate the interaction between
a species adsorbed on the surface and another in the gas phase. In the L-H
mechanisms, two adsorbed species react on the surface. In both cases, the product
is formed on the surface and then desorbed to the gas phase. Meanwhile, the MvK
mechanism involves the incorporation of species from the lattice of the catalyst
into the reaction process, leading to the gradual exhaustion of the catalyst. Figure
1.8 provides a scheme of each of these mechanisms. E-R and L-H mechanisms are
usually mentioned in the literature for plasma-catalysis processes, whereas MvK
mechanisms are considered to be less important in this area.

Eley-Rideal ljangmuir- Mars-van
Hinshelwood Krevelen

O&\.C ®

% f e2
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Adsorbed on the surface From the lattice

Figure 1.8. Scheme of Eley-Rideal (E-R), Langmuir-Hinshelwood (L-H), and Mars-
van Krevelen (MvK) reaction mechanisms. The plasma phase is indicated with blue,
green, and orange shading for the E-R, L-H, and MvK mechanisms, respectively, while
the surface of the catalyst is drawn in gray color. It is indicated whether surfaces
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species are adsorbed on the surface of the catalyst (E-R and L-H) or come from its
lattice (MVK).

There is a certain controversy in the scientific community about the type of
reaction pathways that should be interpreted as catalytic in plasma reactors. Some
authors consider that plasma-catalysis encompasses all the reactions that take place
at the surface [7,52,55]. Other authors have a more conservative perspective and
make a clear distinction between surface-enhanced processes and catalytic
processes [59]. Within this latter perspective, a surface process is designated as
catalytic only when the reactive molecules are dissociated on the surface of the
catalyst. This is the case, for example, of the catalytic ammonia synthesis in N>+H:
plasmas, when nitrogen and hydrogen reactive atomic species are formed by the
dissociative adsorption of the molecules on the catalyst surface followed by their
subsequent reaction [59]. However, other authors have stated that the dissociation
of nitrogen and hydrogen molecules may take place in the plasma phase and the
catalyst surface just contributes to their bonding association towards the formation
of ammonia [60].

Proving the existence of synergy between plasma and catalysis requires
unambiguous experimental evidence. A rather well-established criterion is that of
an increase in the energy efficiency of the reaction when comparing values for
plasma-catalysis and pure plasma processes [50]. It is also noteworthy that the
formation of a given product through plasma-catalysis reactions may compete with
other processes taking place in the same medium as the decomposition of the
formed product molecules by electron impact [38,61]. Processes inducing the
decomposition of a product before leaving the reactor are designated here as back-
reactions. A direct consequence of the existence of back-reactions is a decrease in
the overall energy efficiency of the desired process.

1.4.3. Reactor Designs for Plasma-catalytic Processes

Classic reactor designs in plasma-catalysis follow two approaches: the one-
stage (also called in-plasma catalysis, see Figure 1.9(a)) and the two-stage
configurations (also called post-plasma catalysis, see Figure 1.9(b)) [49]. In the
one-stage configuration, the discharge is in contact with the catalyst, as it happens
in packed-bed reactors. This configuration is the most widespread in literature and
constitutes the working principle utilized in this thesis. The pellets that form the
packed-bed can depict a catalytic behavior by themselves [52] or, alternatively,
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they can incorporate catalytic particles or moieties, like Ruthenium for the
synthesis of ammonia [61] or Nickel for the dry reforming of methane [62].
Meanwhile, in the two-stage configuration, reactions take place in two steps: a
plasma zone and then a thermal catalyst section located afterwards [50], as
illustrated in Figure 1.9(b).

One-stage configuration Two-stage configuration
(in-plasma catalysis) (post-plasma catalysis)
i .

Plasma
ﬂ ﬂ ; -
I 4 Plasma ﬂ' ﬂ

+ i a
- Catalyst Catalyst

i
ﬂ ﬂ | |
Figure 1.9. Schematic of plasma-catalysis configurations: one-stage or in-plasma
catalysis (left) and two-stage or post-plasma catalysis (right).

The close interaction between plasma and catalyst in the one-stage
configuration is a critical factor to promote the desired surface chemistry. This
close contact is especially relevant because of the small mean free path of the
charged species in atmospheric-pressure plasmas, generally smaller than 100 nm
[50]. The timescales of collisional and transport processes also motivate the
selection of this configuration. According to Figure 1.10, elementary plasma
reactions induced by electrons occur in nanosecond scales, but chemical reactions
require times in the order of microseconds [13]. The transport of the newly formed
molecules and neutral species through diffusion and convection requires several
seconds, as well as the transfer of heat [13], which can be indirectly promoted by
the heating of the catalyst due to its direct exposure to the plasma [63].
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Figure 1.10. Timescales of some of the most relevant transport and collisional
processes in plasma-catalysis (inspired by P. J. Brugemann et al. [13]).

1.4.4. Plasma & Catalyst Interactions

When plasmas and catalysts interact, there is a wide range of intermingled
effects that deserve specific consideration. Figure 1.11 gathers the main expected
interactions between plasma and a catalyst, classified according to two
perspectives: (1) the effects of the catalyst on plasma and (2) the effects of plasma
on the catalyst.

Effects of catalyst on plasma Effects of plasma on catalyst
1 1

O Local electric field enhancement [ Changes in the physical and

.. chemical properties of the surface
O Plasma formation in pores prop

O Changes in breakdown
mechanisms

O Deposition of clusters of new
materials

O Reduction of the energy

O Adsorption of excited species on activation barrier

the surface of the catalyst
| |
Plasma & Catalyst synergies

O New surface reaction pathways

Figure 1.11. Overview of the main expected effects of the catalyst on plasma (left)
and plasma on the catalyst (right). At the bottom it is indicated that, as a consequence
of these effects, new surface reaction pathways can be triggered.
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Regarding the effects of the catalyst on the plasma properties, a remarkable
consequence is the local enhancement of the electric field (see Figure 1.11(a)). As
discussed, the use of ferroelectrics in packed-bed reactors is a clear example of this
effect due to the increase in the electric field intensity attributed to the high
dielectric constant of the pellet material [7]. Similar effects can be obtained if the
pellets depict an irregular topography, producing local field enhancements at the
surface asperities. These two facts are relevant in this thesis work, where
ferroelectric pellets characterized by a rough surface have been used to moderate
the discharges.

Additionally, the catalytic pellets are often characterized by a considerable
porosity. Because of this, another key question that has gained the attention of the
plasma community is whether the plasma can penetrate inside the pores or not [64].
In a study by Zhang and Bogaerts [65], it is stated that the ignition of discharges
inside the pores depends on their size and that the Debye length*, usually higher
than 100 nm, is the key magnitude controlling the triggering of discharges in these
hollow zones.

Other effects of the catalyst on the plasma properties that are relevant for
this thesis work are summarized in Figure 1.11(a). These are the change in the
breakdown mechanism and, therefore, the discharge behavior (homogenous or
filamentary, depending on the value of the dielectric constant of the moderator
material, as discussed in section 1.3.3) or the adsorption of excited species on the
surface of the catalyst. This latter effect has resulted relevant for the study of
ammonia reactions in upcoming Chapters 5, 6, and 7.

On the other hand, plasmas can affect the physical and chemical properties
of the catalyst, as indicated in Figure 1.11(b). For example, depending on plasma
chemistry, the discharges can change the oxidation state of the catalyst surface.
Additionally, the topography of the surface can be modified by collisions with the
heavy particles of the plasma. Clusters of new materials can also be formed in the
plasma and be deposited onto the surface of the catalyst. A typical case is that of
the deposition of carbonaceous contamination when operating plasmas of CO; or
CH. [49], an issue that has been discussed for the CO, reactions studied in
Chapters 9 and 10. Meanwhile, from a mechanistic point of view, an important

4 The Debye length is the characteristic size of a plasma. In plasma physics it is accepted that, to have
a stable discharge, it should be ignited in distances higher than the Debye length. This distance
depends on different parameters like the electron density and temperature [65].
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effect promoted by the plasma is the reduction of the activation energy of the
catalytic processes. This effect has been widely studied for the ammonia synthesis
reaction, particularly with regard to the activation of the surface chemistry through
vibrationally excited states of the nitrogen molecule [66].

1.5. Ammonia: a Building Block in the Zero-
carbon Energy Scenario

Ammonia is a crucial feedstock for the manufacture of fertilizers. The
development of the first Haber-Bosch (H-B) industrial plant by the company BASF
in 1913 in Germany inaugurated the so-called first chemical revolution. This
artificial nitrogen fixation process was responsible for the massive production of
fertilizers from the last century up to our days. Consequently, the evolution of the
amount of ammonia produced in the last few decades follows the same tendency
than the evolution of the global population, as illustrated in Figure 1.12 (inspired

by [67]).
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Figure 1.12. Evolution of the global amount of ammonia produced and the human
population from 1950 to the present (inspired by M. Carreon [67]). Data obtained from
the U.S. Geological Survey [68] and the United Nations [69].

In addition to fertilizers, ammonia has other applications: for the dye &
textile industries — in fact, BASF was founded in 1865 focused on dye production
— or as antimicrobial and cleaning agent [67]. Nowadays, there are prospects
regarding the use of ammonia as a clean hydrogen vector. In fact, based on this
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possibility, different authors have proposed that ammonia can promote a second
chemical revolution [5].

The ammonia molecule is characterized by a high hydrogen content: one
mole of ammonia contains 1.5 moles of hydrogen. Furthermore, unlike
hydrocarbons, ammonia can produce hydrogen by direct decomposition without
CO, emission. In this context, L. Torrente-Murciano states that ammonia can be
considered a “portable long-term (days to months) energy storage vector,” contrary
to the “short-term storage (seconds to hours)” provided by batteries [5]. This
possibility justifies the use of ammonia as a crucial building block in the future
low-carbon energy global landscape.

Ammonia, already produced and handled at industrial level, fulfills the
storage and transportation requirements for an efficient use at large scale.
Additionally, its characteristic strong smell can be useful for leak identification
and prevention of accidents [70]. Although ammonia is corrosive to brass and
copper, this problem can be easily solved by using aluminum or stainless-steel
pieces in their storage and handling systems [71].

However, to integrate the ammonia production within the new energy
paradigm relying on an extensive use of renewable electricity, alternative
production methods are required. The current H-B plants mainly use natural gas,
oil, and coal as fuels [5], emitting more than 300 tons of CO, per year [72].
Moreover, even if over the last century the H-B process has been optimized, current
designs are still unsuitable to face the new energetic challenges [5,73].

In particular, a critical issue is the development of small-scale electrically
driven plants for ammonia production. These plants should work with renewable
power sources even in geographically isolated regions. Their implementation
should require low investments and their running processes should be simple and
easy to control [74]. Additionally, the innovation in the use of ammonia as
hydrogen vector is incomplete if there is no progress in the technologies of
hydrogen production by ammonia decomposition. Consequently, the research on
ammonia decomposition techniques is an active area of research, mainly focused
on their implementation coupled to fuel cells [4].

The nonthermal plasma technology is a suitable candidate to carry out both
the ammonia synthesis and the decomposition reactions. Specifically, the
confirmed scalability and feasibility of plasma reactors based on the DBD
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technology is pushing the research in this area towards the understanding of these
ammonia reactions. However, during the last decade the plasma community has
paid much attention to the study of the ammonia synthesis reaction, but very little
to the study of the ammonia decomposition process. This thesis work aims at
deepening our comprehension of both ammonia reactions, since these two
processes are intimately related. To analyze these two processes, an isotope
labeling methodology has been applied using D- instead of H, to track different
reaction pathways that take place in the reactor when producing and decomposing
ammonia.

The following two sections provide a summarized general overview of the
approaches implemented to study the ammonia synthesis and decomposition
processes. For brevity and to avoid reiterations, in the introduction sections of
Chapters 5 to 7 the reader can find a more specific contextualization of our work
related to current results obtained by other authors.

1.5.1. Ammonia Synthesis by Nonthermal Plasmas

In parallel to other routes for ammonia production (e.g., green H-B plants,
electrochemical, or photochemical), nonthermal plasma technology has emerged
as a clear alternative for the ammonia synthesis process. Ammonia (NHs;) can be
produced by igniting discharges of N2 and H; in different plasma reactors [67].
Theoretically, its maximum energy efficiency doubles that of the classical H-B
process, although the actual efficiencies determined at laboratory scale are still far
from this limit [5]. The application of plasma reactors to the synthesis of ammonia
is not novel. In the 19" century, different experiments studied the ammonia
synthesis reaction by using plasmas. For example, in 1873 W. Donkin reported the
first-known results regarding the production of ammonia with a DBD reactor [75].
A few decades later, in 1929, Brewer and Westhaver published the first systematic
study on ammonia using glow discharges at low pressure [76]. However, as
mentioned in section 1.4.1, the interest in the ammonia synthesis process launched
again in the 2000s, and at present is one of the most studied topics in plasma-
catalysis [77].

The ammonia synthesis reaction has been studied using different plasma
sources such as DBDs, plasma jets, or radiofrequency and microwave (MW)
reactors [67,77]. Although N2 and H; have been traditionally used as raw materials,
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there is an increasing interest in methods using water (H.O) as the source of
hydrogen atoms to produce ammonia. Different novel approaches include the
combination of a plasma jet and an electrolyzer [78], the direct application of a
plasma jet to water sources [79], or the ignition of discharges dosing air bubbles
into water [80].

In particular, DBD technology has been the most widely used procedure to
carry out the ammonia synthesis reaction, probably because the incorporation of
pellets instead of dielectric plates in packed-bed reactors enables the incorporation
of catalytic particles to increase the process efficiency. Ruthenium-based catalysts
are the most widely studied catalysts for this purpose, followed by nickel-
containing catalysts [67,77]. Different materials have been used to moderate the
ammonia synthesis reaction in packed-bed reactors. Alumina (Al,Os), MgO and
SiO; are the most common supports to incorporate Ru and Ni particles [67,77].
Additionally, these materials may contain Cs and K as promoters to increase the
catalyst activity [81]. Other plasma sources like radiofrequency reactors may also
incorporate catalytic materials (for example, the study of M. Carreon and
collaborators using metal meshes as catalysts in a RF reactor [60]). Additional
experimental parameters varied to study the reaction include the residence time of
the gases in the discharge, the electrical operating conditions (voltage, frequency,
power), or the N2:H- ratio [82,83]. This latter parameter is deemed to be one of the
most influential in the reaction performance and generally it is varied between 1:1
and 1:4, with the 1:3 as the most used ratio [67].

The use of ferroelectrics as moderators has further contributed to improving
the process performance in packed-bed reactors. For example, in 2017, Akay and
Zhang reported an interesting study where a silica-supported nickel catalyst was
incorporated into a packed-bed reactor filled with BaTiOs. Operating around 140°C
and at atmospheric pressure, the authors obtained reaction yields similar to those
of the conventional H-B process [84]. Furthermore, in the same year, a study of
our laboratory using a packed-bed reactor with Lead Zirconate Titanate (PZT) as
discharge moderator and without additional catalyst showed similar reaction yields
at ambient conditions of pressure and temperature [83]. These results confirm the
good prospects of the use of ferroelectrics to moderate the ammonia synthesis
reaction and constitute an important background of this thesis work. A more
detailed description of state-of-the-art procedures for the plasma-assisted ammonia
synthesis can be found in recent review publications [67,77,85].
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1.5.2. Ammonia Decomposition by Nonthermal Plasmas

Unlike the ammonia synthesis reaction, the ammonia decomposition — also
known as the ammonia to hydrogen process — has been scarcely studied using
nonthermal plasmas [4]. It is also noteworthy that, the dissociation of ammonia
into nitrogen and hydrogen is expected to occur when producing ammonia in
plasma reactors. In fact, this has usually been interpreted as an undesirable process
(a back reaction), because its occurrence decreases the global synthesis reaction
yield of ammonia production.

However, the second ammonia revolution requires efficient green ammonia
decomposition processes producing hydrogen to feed fuel cells, which
subsequently transform the chemical energy of hydrogen molecules into
electricity. With this coupled operation in mind, the US Department of Energy has
proposed that the working temperature of the decomposition processes should be
similar to that of Proton-exchange Membrane (PEM) fuel cells, usually in the range
of 150-180 °C [4,70]. This temperature range contrasts with recent thermocatalytic
ammonia decomposition results in the literature, imposing working temperatures
between 300 and 500°C [86]. In this regard, it is remarkable a recent study by
Torrente-Murciano and collaborators, working with Ru catalysts supported on
carbon nanotubes and reporting results at a much lower temperature of 180 °C [87].
In any case, within the perspective of coupling fuel cells to hydrogen-producing
reactors, plasma sources operated at ambient conditions of pressure and
temperature emerge at a promising technological solution for the decomposition
of ammonia.

The ammonia molecule can be decomposed in plasmas following different
reaction pathways. These include collisional and excitation processes in the gas
phase and reactions that take place on the surface of catalysts or moderator
materials. For example, in DBD reactors the decomposition of the molecule can be
initiated by electron-impact processes. Moreover, the incorporation of catalytic
materials in packed-bed reactors can promote the decomposition of the molecule
by dehydrogenation processes on the surface of the catalyst [4].

The most remarkable results achieved in the field of plasma-catalysis
regarding ammonia decomposition are those published by L. Wang et al. during
the last decade [4]. These authors studied the ammonia decomposition at
temperatures between 300 and 450 °C in a cylindrical packed-bed reactor filled
with different non-noble catalysts (Fe, Co, etc.) [88]. These initial results leave
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room for improvement regarding the need to decrease the operating temperature,
possibly up to ambient conditions. Additionally, although some authors have
studied the ignition of diluted-ammonia flows (for example, Akiyama et al.
reported a decomposition rate of ammonia of 50%, but in a N2/NHz; mixture
containing only a 5% of ammonia [89]), a real application of the technology
requires working with pure ammonia flows [90].

1.6. Greenhouse Gas Elimination & Revaluation
as Mitigation Strategies

The European Union has established a reduction target of 55% of
greenhouse gas emissions for 2030 and the goal of zero-emissions has been
proposed for 2050 [2]. Confronting these challenges requires not only a reduction
of emissions but also the incorporation of greenhouse gas removal procedures.
These latter mitigation strategies can avoid the dilution of carbon emissions into
the atmosphere and the hydrosphere [91].

Carbon dioxide (CO2) and methane (CH,) are the main greenhouse gases
affecting the atmosphere. Specifically, the US Environmental Protection Agency
published that in 2019, 80% of the total greenhouse emissions in the United States
corresponded to CO; emissions, followed by 10% of CH, [92]. Upon the capture
of these gases, they can be used as feedstock to produce valuable chemical
compounds. For example, the CO; splitting reaction produces carbon monoxide,
which is commonly used as a raw material in the chemical industry. In addition,
methane is also a good potential feedstock because of its high hydrogen content.
Moreover, the reaction of CO, with CH4 can produce interesting oxygenated
compounds, such as methanol or formaldehyde, which are of high interest in the
chemical industry [93]. In this context, nonthermal plasmas have been proposed as
feasible Carbon Capture Utilization (CCU) technologies for the revaluation of
these greenhouse gases. Regarding other approaches relying on thermochemical,
photochemical, or biochemical processes, nonthermal plasmas are characterized
by a high versatility and straightforward scaling-up capabilities [49]. A derived
advantage of plasma reactors is that they can be installed and operated close to the
emission sources, thus closing the carbon cycle.

This thesis work encompasses the study of two different CO- reactions: the
conversion of CO; into CO and O; by igniting different CO, plasmas and the
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revaluation of CO, and CH4 by treating mixtures of these two gases. A Carbon
Capture Utilization (CCU) perspective has been applied to carry out these plasma-
driven chemical processes, focusing on the production of valuable compounds
minimizing energy consumption. A more detailed appraisal of the two considered
CO; reactions by means of nonthermal plasmas is provided in the introduction
section of Chapters 8 and 9.

1.6.1. CO2 Conversion into CO and Oz by Nonthermal Plasmas

The direct conversion of CO; into CO and O using plasmas has gained
increasing attention in close connection with multiple evidence about climate
change. The simplicity of the so-called CO; splitting process (i.e., its direct
conversion into CO and O) has enabled a deep understanding of this reaction [94].
Secondary reaction pathways, including carbon deposition as well as ozone
formation, can take place with different probabilities depending on operating
conditions [49].

There is ample literature, mainly published during the second decade of the
2000s, regarding the CO- splitting by means of nonthermal plasmas. As a relevant
example, an up-to-date overview of the CO; conversion using plasmas can be
found in the review article of R. Snoeckx and A. Bogaerts [49]. A general
characteristic of the studied processes is that they are carried out at atmospheric
pressure and ambient temperature, even under a plasma-catalysis working
approximation [52]. As well as for other plasma-driven chemical processes, DBD
and packed-bed reactors are the most widely used procedures for CO; splitting,
although microwave (MW) and gliding arc (GA) reactors have been also reported
to present a high energy efficiency [49]. MW and GA discharges are usually
classified into a group of plasma sources known as warm plasmas, which operate
at the boundary between thermal and nonthermal plasmas. They are characterized
by a high ionization degree, rendering high electron plasma densities [8].

Depending on the electron energy distribution (i.e., the EEDF) in each type
of plasma reactor, different CO, dissociation mechanisms can be promoted. The
EEDF determines the fraction of electron energy transferred to either electronic
excitation, ionization, or dissociation channels of the CO, molecule [49]. Snoeckx
and Bogaerts studied the relative importance of these processes as a function of the
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reduced electric field (E/n)®> [95]. For example, in MW and GA reactors,
characterized by E/n values below 200 Td, the main channel of CO, decomposition
is the vibrational excitation of the molecule. Meanwhile, in DBD reactors E/n
values are usually higher than 200 Td and the splitting reaction mainly occurs
through electron impact [49,95].

Nevertheless, although MW and GA reactors can be operated at atmospheric
pressure, their scalability is less straightforward and more complex than for DBD
reactors. Therefore, the CO; splitting reaction has been widely studied using DBDs
in classic and packed-bed configurations. A broad range of moderator materials
have been used (Al.Os, ZrO,, BaTiOs, etc.) and many experimental parameters
have been varied, such as the gas flow rate or the inter-electrode distance [49].
Furthermore, the use of ferroelectrics instead of dielectrics in packed-bed reactors
[47], as well as the operation in burst mode (i.e., applying millisecond pulsed
electrical signals) [96] are some of the strategies applied to increase the efficiency
of the CO splitting process using this technology.

1.6.2. CO2 & CHg4 Valorization by Nonthermal Plasmas

The reaction of CO; and CHs may provide a wide range of products by
modifying the CO./CH, ratio [49,97]. A particular case is the Dry Reforming of
Methane (DRM) yielding H, and CO as main products. The ample set of possible
reaction products account for the difficulties to systematize this process and to
clearly define its efficiency [49,50].

The plasma-assisted DRM was widely studied during the first decade of the
2000s [50]. The main objective of the DRM is the formation of syngas, i.e., a
mixture of CO and H, that can be used both as a fuel or as chemical feedstock for
the Fischer-Tropsch process [98]. The reaction between CO; and CH. may also
render unsaturated hydrocarbons like acetylene (C.H), longer carbon chain
hydrocarbons, or value-added oxygenated compounds such as methanol, formic
acid, or formaldehyde [49,97].

Different plasma technologies have been essayed to carry out this reaction
including spark discharges, corona discharges, or DBD reactors [49] . Each type

5 The reduced electric field is defined as the ratio of the electric field intensity (E) to the concentration
of neutral particles in the gas. E/n is given in Townsend units (Td), where 1 Td = 10°¥ V-cm?.
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of discharge favors a certain selectivity resulting from the occurrence of particular
reaction pathways. Syngas formation is the most common reaction pathway,
although spark discharges are known to induce carbon deposition, while DBD
reactors to produce light hydrocarbons [49]. The incorporation of catalytic
materials in packed-bed reactors may promote certain chemical pathways at mild
pressure and temperature conditions. An ample spectrum of catalysts has been
studied, with nickel-based catalysts as the primarily utilized materials for this
purpose [97].

Mixtures of CO,+CH, have also been studied in DBD reactors from a
fundamental perspective using different computational methods [36,99,100].
However, the complex chemistry of this type of plasmas complicates the modeling
because of computational limits [49]. In this regard, different experimental
methodologies can help to unravel the relative importance of chemical pathways
involved, as the isotope labeling methodology used in this thesis working with
1BCO; instead of 12COy, discussed in detail in Chapter 9.
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Chapter 2

Objectives and Thesis Structure

1.1. Objectives of the Thesis

The general objective of this thesis is to increase the reaction yield and the
energy efficiency of several plasma-driven chemical processes in packed-bed
plasma reactors, as well as to gain knowledge about the reaction mechanisms
involved in these processes. The chemical processes studied are the ammonia
synthesis & decomposition reactions (designated with the general term ammonia
reactions) and the carbon dioxide elimination & valorization (designated with the
general term CO; reactions). The achievement of this general goal will require to
comply with the following specific objectives (SO):

SO.1. Characterize the electrical behavior of the packed-bed plasma reactor using
dielectric and ferroelectric materials as barriers under equivalent operating
conditions and at different temperatures. Correlate this analysis with the reactor
performance for the ammonia synthesis reaction.

SO.2. Determine the reaction mechanisms in plasma-assisted ammonia reactions
and identify inefficient processes through the application of an isotope labeling
methodology. Unravel the effect of plasma bulk and surface processes on the
reaction yield and energy efficiency of the reactions.

SO3. Incorporate a ruthenium-based catalyst on the surface of the ferroelectric
pellets that form the packed-bed barrier. Electrically characterize the barrier
containing the catalyst and study the ammonia reactions. Correlate the yield and
efficiency with the presence/absence of the catalyst at different temperatures.

SO.4. Optimize the ammonia to hydrogen process (i.e., ammonia decomposition
reaction) in the packed-bed reactor using a ferroelectric as moderator and a Ru-
based catalyst. Analysis of the reaction mechanisms.
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Objectives and Thesis Structure

SO.5. Determine the reaction rate and energy efficiency of the CO. splitting
process using ferroelectrics as discharge moderators, as well as for gas mixtures
containing small amounts of dry air and oxygen, similar to those existing in real
facilities. Identification of the involved reaction mechanisms in each case.

SO.6. Study of the valorization of CO, and CH4 mixtures using PZT as moderator
in the packed-bed reactor. Analyze the reaction mechanisms applying the isotope
labeling methodology.

1.2. Thesis Structure

Figure 2.1 shows the structure of the thesis work. The discussion of the
obtained results responding to the aforementioned objectives proceeds through
different Chapters. Chapter 4 is related to SO.1 (i.e., the electrical characterization
of packed-bed reactors), Chapters 5-7 to SO.2 and SO.3 (study of ammonia
reactions), and Chapters 8-9 to SO.4 and SO.5 (study of CO; reactions). Finally,
the General Conclusions are provided in Chapter 10, followed by a summary of
the scientific production of the Ph.D. candidate.

Atmospheric Plasma Sources for More Sustainable Chemical Processes and
Environmental Applications

’ Resumen / Abstract ‘

Introduction, Objectives and Thesis Structure, Materials and
Methods. Chapters 1-3

Results and discussion about SO.1. Chapter 4.
Electrical Characterization of Packed-bed Reactors

Results and discussion Results and discussion
about SO.2-SO.3 about SO.4-SO.5
Chapters 5-7. Chapters 8-9.
NH; reactions CO, reactions

General Conclusions. Chapter 10.
Scientific Production

Figure 2.1. Structure of the thesis, divided into the following parts: Abstract (Spanish
and English language), Chapters 1-3: Introduction, Objectives and Thesis Structure,
Materials and Methods, Chapter 4: Electrical Characterization of Packed-bed
Reactors, Chapters 5-7: Study of ammonia reactions, Chapters 8 and 9: Study of CO»
reactions, Chapter 10: General Conclusions, and Scientific Production.
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Chapter 3

Materials and Methods

The experiments of this thesis were performed at the laboratories of the
Nanotechnology on Surfaces and Plasma Research Group, at the Materials
Science Institute of Seville. Regarding the experimental setup, the core features
are the packed-bed plasma reactor, its connections for gas inlet and outlet supplies,
and the power supply to ignite the plasma.

Plasma diagnosis techniques were applied in-situ, i.e., while performing the
experiments. They include electrical characterization, Optical Emission
Spectroscopy (OES), and Quadrupole Mass Spectrometry (QMS). Occasionally,
mass spectrometry analysis was complemented by results obtained with Fourier-
Transform Infrared (FTIR) Spectroscopy. In addition, as mentioned in the previous
chapter, an isotope labeling method has been applied to analyze reaction
mechanisms. This methodology is explained in detail below.

Different material characterization techniques were also used to analyze
the surface of the pellets of the packed-bed reactor. These techniques were X-Ray
Photoelectron Spectroscopy (XPS), Secondary Electron Microscopy (SEM),
Energy Dispersive X-Ray Spectroscopy (EDX), Transmission Electron
Microscopy (TEM), and N2 desorption isotherms (BET method). All of them are
briefly discussed in the upcoming pages.

3.1. Packed-bed Plasma Reactor

The packed-bed plasma reactor consisted of a stainless-steel cylindrical
vessel, which features four windows. The chamber volume was 310 cm?® and its
inner diameter 10.3 cm. An aluminum electrode of 7.5 cm in diameter is grounded
at the bottom of the chamber. It is embedded in an insulating polymer (PEEK) to
prevent sparks to the reactor chamber, which is also grounded for safer handling.
An analogous upper electrode is connected to the high voltage power supply
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attached to the lid in a parallel-plate arrangement. Figure 3.1 shows photographs
of the reactor and its components.

Figure 3.1. (a) Packed-bed plasma reactor. (b) Top view of the opened reactor showing
the pellet barrier. (c) Upper electrode connected to the reactor top part. (d) Bottom
electrode embedded in PEEK.

The reactor was filled with pellets separating the two electrodes. To vary the
inter-electrode distance the controlled parameter was the volume of pellets
introduced into the reactor, assuming a homogeneous packing distribution. In this
thesis, the inter-electrode distance has been adjusted between 3 and 10 mm. The
dielectric and ferroelectric materials utilized to fill the inter-electrode gap are
shown in Figure 3.2, and their main properties (dielectric constant, geometry, etc.)
are indicated in Table 3.1

The following materials were used in their final geometry and supplied as:
glass spheres (Assistant, Germany); alumina spheres (RGPBALL S.r.l., Italy);
BaTiO; pellets (Catal International Ltd., UK); and LiNbOs; disks (Roditi
International Corporation Ltd., UK).

Nevertheless, the principal material used, Lead Zirconate Titanate (PZT),
was supplied as powder by APC International Ltd. (US). The PZT pellets were
sintered in the laboratories of the Ceramic and Glass Institute (CSIC) following a
procedure described in detail in the Thesis Dissertation of Antonio Méndez [1].
PZT pellets in two granulometries have been used, with diameters ranging between
0.5-2 mm and 2-3 mm.
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Table 3.1. Main properties of the materials used as discharge moderators in the
packed-bed plasma reactor.

BET
. &r (room T .
Material ¢ r ture)* Geometry | surface (OC(;* Size
emperature) (m2lgry*
Glass 3.8 Spheres (smooth) - 3mm
T11=T2=9.34;
Al h h -
203 T,=11.54 Spheres (smooth) 3mm
BaTiOs 1250 Pellets 0.71 120 2-3mm
0.5-2 mm;
PZT 1900 Pellets 0.74 332
2-3 mm
T1=T»=85.2; 10.em
LiNbO3 HoEmEes Disk (smooth) | 1210 | (thickness: 0.5
T33:28.7 mm)

Note that the Curie Temperature is given only for ferroelectrics. * Information provided
by the supplier; ** Measured in our laboratories.

Figure 3.2. Photographs of the different materials utilized as moderators.

In some experiments (Chapters 4 and 6), impedance measurements were
performed to analyze the electric response of the reactor to the dielectric properties
of the materials in Table 3.1. These measurements were carried out with the
reactor filled with the packed barrier but without operating the plasma. For this
purpose, an AUTOLAB 302N potentiostat/galvanostat combined with a FRA32M
module was used. The device was operated in a frequency range from 1 MHz to
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100 Hz and applying sinusoidal AC signals. In this way, the so-called Nyquist plots
[2] were obtained. They consist of plots of the imaginary part of the impedance
(2°°) versus the real part (2’), with the standard criterion that moving from high to
low frequencies in the diagram means moving from left to right in the X-axis. The
shape of this curve (curvature) provides information about the electrical properties
(impedance) of solids. The impedance measurements were repeated three times to
confirm the reproducibility of the results.

3.2. Experimental Setup: Reactor Operation &
Diagnosis in Situ

Reactant gas mixtures were dosed into the reactor through an access port
located in the center of the bottom electrode, while the products and the unreacted
gas mixture left the reactor chamber through two exhaust tubes connected to its
upper part. Figure 3.3 below illustrates a scheme of the packed-bed reactor
highlighting the way how the gases diffuse through the packed bed.

‘ Function generator ‘

| Power supply

HV probe Feedthrough

- |
Gas _l Packed bei L Gas
outlet <mmm I'—‘—. ) oytlet
ol !
fiber | = 1 - | 3-10
S

mm

L
(=N
Q
Q
172}
=
5
172}
o

LA

|
CorR \ Current

monitor

Gas inlet

PEEK insulator

Figure 3.3. Scheme of the parallel plate packed-bed reactor and the electrical
excitation/diagnosis system.
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The inter-electrode distance, the size of the pellets, and the gas flow rate are
used as parameters to control the residence time of the gases in the plasma. Gas
flow rates are controlled with mass flow controllers (Bronkhorst, Nederland) or
with a rotameter (Aalborg, USA) when using NHas. Different pure gases and
mixtures were used. In all the cases, the total flow rate was varied from 3 to 25
sccm. For the ammonia reactions we used Nz, Hz, and NHs as inlet gases, as well
as D instead of H; for isotope labeling studies. For the case of CO, reactions, we
used CO2, CH4, N2, O, and dry air, as well as *3CO as an isotope-labeled molecule.
All gases were supplied by Air Liquide (Alphagaz, Spain), except for 23CO,, which
was supplied by Eurisotop (Cambridge Isotope Laboratories, Inc., UK).

Most experiments were performed at atmospheric pressure and room
temperature, except for some electrical characterization experiments in Chapter 4
and the ammonia synthesis experiments in the presence of a metal catalyst
(Chapter 6), which required heating the reactor walls using a glass fiber heating
tape. The temperature was measured at the reactor walls with a thermocouple (K-
type, RS Components). This stabilized temperature measured by the thermocouple
is designated as nominal temperature. While performing the experiments at room
temperature, a small thermal drift in temperature up to 40 °C at the reactor walls
can occur after long operating periods. To prevent this phenomenon in CO;
reactions, a fan was used to cool down the metal walls of the reactor.

To ignite the plasma, a high voltage signal was applied between the
electrodes (see Figure 3.3 above). The upper electrode was connected to a high
voltage amplifier (Trek Inc. Model PD05034) coupled to an AC sinusoidal
function generator (Stanford Research Systems, Model DS345). In this thesis,
frequencies between 1 and 10 kHz and voltage amplitudes between 0.25 and 7 kV
have been applied. The operating conditions of each study are indicated in the
respective Chapters. Figure 3.4 depicts a scheme of the experimental setup
indicating the links between the reactor and analytical techniques utilized. All
measurements were repeated at least twice to increase the confidence in the results.
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Figure 3.4. Scheme of the experimental setup indicating the links between the reactor
and analytical techniques utilized to follow up the plasma-driven chemical processes.
MFC refers to mass flow controllers.

3.2.1. Electrical Characterization

The applied voltage was measured using a high voltage probe connected to
the active electrode, while the current was determined with a current transformer
(Pearson, Current Monitor Model 6585) and/or a resistance (100 and 223 Q)
connected to the ground. To directly quantify the charge transferred through the
circuit, a grounded capacitor (2.5 puF) was used in some experiments. All electrical
signals were recorded with an oscilloscope (Agilent Tech., Model DSO-X 3024A).

Figure 3.5(a) depicts typical current (I(t)) and voltage (V(t)) curves
measured under plasma ignition conditions. The current intensity shows a
filamentary behaviour, characterized by microdischarges. Additionally Figure
3.5(b) displays the plot of the transferred charge, Q(t), versus the applied voltage.
This plot, referred to as Lissajous figure, illustrates the typical Q-V dependence
obtained when operating with sinusoidal signals.
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Figure 3.5. Electrical measurements for the following operation conditions: voltage

amplitude of 2 kV, frequency of 5 kHz, 6 sccm N, and a 5 mm barrier of PZT (pellets

of 0.5-2 mm). (a) Voltage and current curves. (b) Lissajous figure for the conditions in
(a) with the consumed power indicated.

The power consumed by the reactor was determined from the area of the
Lissajous curves, as it is illustrated by the following equation:

1 T
P=?~fV~1-dt=f[HZ]-AreaQ_V (E3.1)
0

The transferred charge was calculated by integrating the current measured
through the resistance when the capacitor was not used. To calculate the average
power consumed by the reactor, the area of the Q-V plot is multiplied by the
frequency. For all experiments, the electrical measurements were done at least
twice —at the beginning and the end of each experiment — to account for an increase
in the current because of the heating of the reactor. The average power is used to
calculate the energy efficiency of the plasma-driven chemical processes, as
explained below.

3.2.2. Optical Emission Spectroscopy (OES)

Nonthermal plasmas can emit electromagnetic radiation over a wavelength
range going from ultraviolet to infrared, which can be used for their
characterization. Elementary reactions in plasmas lead to a large number of atoms,
molecules, ions, and radicals in many different excited states. These excited
species emit photons in their de-excitation processes. Taking into account that self-
absorption inside the plasma can be considered negligible, the detection of emitted
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photons should provide reliable information about the plasma [3]. This technique
is known as Optical Emission Spectroscopy (OES).

In this work, the emission spectra were collected with a collimator that was
placed at one of the lateral windows of the reactor and connected through an optical
fiber to a spectrometer (Horiba Ltd, Jobin-Yvon FHR640). The measurements
were taken using two diffraction gratings: one with a density of 1201 lines/cm and
centered at 330 nm and another with a density of 900 lines/cm and centered at 600
nm. The integration time was selected between 0.5 or 1 s and the resolution
between 0.2 and 1 nm. Since the light emission intensity in packed-bed reactors
was low (note that only the light coming from the free space between the pellets
contributes to the spectrum), OES is used as a semi-quantitative analysis of the
excited species in the plasma. With this assertion, it is meant that, although the
main excited species in the plasma could be identified with OES, the low peak to
background ratio of some spectral peaks would make the corresponding species
hardly quantifiable for the analysis.

Figure 3.6 shows an example of an OES spectrum acquired for a N, plasma
at atmospheric pressure (voltage amplitude of 2 kV, frequency of 5 kHz and power
of 5.3 W). Bands of the second positive system of nitrogen are clearly observed in
the spectra. They correspond to the molecular transition [¢311 - B311], with the main
bands appearing at 337.0 and 357.9 nm.

10000

Second Positive System N,

311 - B3
8000 - [C°TT - BTI]

6000

4000

Intensity (CPS)

2000

200 250 300 350 400 450
A (nm)
Figure 3.6. OES spectrum acquired for a pure nitrogen plasma (6 sccm Nz) under the

same conditions than in Figure 3.5 (voltage amplitude of 2 kV, frequency of 5 kHz,
consumed power of 5.3 W; PZT barrier).
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3.2.3. Mass Spectrometry (MS)

The main characterization technique used in this thesis is Mass
Spectrometry (MS), utilized to determine the composition of the reactor gas outlet.
A quadrupole mass spectrometer (QMS; Pfeiffer Vacuum, QMG 220 Prisma Plus)
has been used for this purpose”.

Mass Spectrometry and nonthermal plasmas are linked since the beginnings
of this characterization technique: the first mass spectrometer was built by
Thomson in 1913 — the parabola spectrograph — using a DC discharge as ion
source [3]. A mass spectrometer consists of three components: the ionization
chamber, the mass analyzer, and the detector. In this thesis, the mass analyzer is a
quadrupole, and the detector is a Faraday collector.

In the ionization chamber, atoms and molecules become ionized by
interaction with electrons. These electrons are emitted by a heated filament and
accelerated by an electric field and have energies usually comprised between 5 and
100 eV [3]. The produced ion beam enters the quadrupole (analyzer), which is
composed of four metal cylinders supplied with a high-frequency RF signal
defining the quadrupole structure. The time-varying magnetic field generated
during the activation of the quadrupole acts as an ion filter. In this way, only the
species with a certain mass-charge ratio (m/z) may reach the detector. In this thesis,
a Faraday cup collector (i.e., the detector) is used for the detection of ions at
pressures around 1.0-10° mbar. The Quadera software was used to control the
equipment.

When molecules are introduced into the ionization chamber, characteristic
fragmentation patterns are obtained. These patterns stem from both the ionization
and dissociation of the analyzed species, induced by the electron impact during the
ionization stage. Figure 3.7 shows the fragmentation pattern of NHs; and CO>
molecules as detected in the mass spectrometer used in this thesis. Regarding the
ammonia spectrum, NHs™ (m/z=17) and NH." (m/z=16) species give rise to the
main signals, but contributions of No* (m/z=28) and H," (m/z=2) are also detected.
On the other hand, for the carbon dioxide pattern the CO;* (m/z=44) is the main
signal, but also contributions of CO* (m/z=28), O (m/z=16), and C* (m/z=12) are
obtained.

" In this thesis, MS and QMS are indistinctly used to refer to the Quadrupole Mass
Spectrometry utilized to analyze the gas composition of the reactor outlet.
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Figure 3.7. Fragmentation patterns obtained in the mass spectrometer for the ammonia
molecule (a) and the carbon dioxide molecule (b) with the attribution of the different
m/z peaks to the corresponding ionized species.

The NIST dataset provides an extensive collection of molecular patterns for
mass spectrometry [4]. Nevertheless, in this thesis, the patterns of the main
reactants and products have been obtained by analyzing a known stream of the
gases of interest. A similar procedure has been applied to determine the sensitivity
factor of the main species, in this case analysing the QMS spectra of gas mixtures
containing the corresponding gas and different proportions of N». This factor
relates the intensity of the signal provided by the detector to the amount of the
detected species. For a given species, the sensitivity factor is considered constant
under fixed operating conditions.

3.2.4. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-Transform Infrared (FTIR) Spectroscopy provides information
about the composition of the gas outlet. This technique detects the vibrations of
the bonds of a given molecule. In a simplified way, it can be assumed that the
characteristic vibration energy of a given bond depends on the mass of the bonded
atoms. A simple way of using this technique for the identification of species
consists of a fingerprint mode, i.e., associating the energy of a given spectral band
to the presence of a given molecule. In this thesis, absorption FTIR spectroscopy
is used to complement isotope-labeling studies carried out for the analysis of
ammonia reactions. A more detailed explanation about this topic will be presented
in the next section. For this purpose, an Agilent Cary 630 FTIR Spectrometer is
placed in series with the outlet flow of the gases, before the mass spectrometer, as
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indicated in Figure 3.4. The IR spectra were recorded in the region between 4000
and 500 cm™ with a resolution of 1 cm™. Figure 3.8 provides a characteristic
spectrum for the ammonia molecule, with its three groups of main
vibrational/rotational band systems in the regions 3600-3100, 1800-1300 and
1250-700 cm,
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0

4000 3500 3000 2500 2000 1500 1000 500
A (nm)

Figure 3.8. FTIR spectrum of the ammonia molecule.

3.3. Isotope Labeling Method

Isotope labeling is a technique conventionally used in thermal catalysis.
This experimental method relies on the use of molecules marked with less common
isotopes as reactants by the studied chemical reactions. Following the partition of
these isotopes among the product molecules may provide interesting information
regarding reaction mechanisms. There are different strategies to track isotope
marked molecules, for example, by analyzing their mass or their vibrational mode
characteristics. In concrete, the evolution of isotope labeled molecules can be
followed by mass spectrometry and FTIR spectroscopy.

In this thesis, isotope labeling has been used to analyze chemical reactions
in a packed-bed reactor from a plasma-catalysis perspective. This means that
reactions are the result of both plasma (gas) phase and surface-mediated processes.
Two different isotope labeled molecules have been used. They are D, for ammonia
reactions and *CO; for CO; reactions. Specific applications and objectives of the
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use of each isotope are explained in the respective Chapters: Chapter 5 for
ammonia reactions and Chapter 9 for CO; reactions.

Figure 3.9 shows an example of the use of the isotope labeling technique to
analyze reaction mechanisms in ammonia reactions. The plots consist of mass
spectra taken before and after the plasma ignition of a NHs + D, mixture. It can be
observed that before igniting the plasma the main peaks are due to D, (m/z=4) and
NHs (m/z=17 and 16). Nevertheless, when the plasma is ignited, several atom
exchange processes can be identified: hydrogen atoms from NH3z and deuterium
atoms from D,. Therefore, labeled molecules such as HD (m/z=3), NH.D (m/z=18)
and NHD- (m/z=19) can be recognized in the spectrum.

D.* — Plasma off
HD* / 2 —— Plasma on

NH,*

NDH,*

o
N QED;+

0 2 4 6 8 10 12 14 16 18 20 22 24 26
m/z

Intensity (a.u.)
—

Figure 3.9. QMS spectra of a NH3+D, mixture before (dark gray line) and after (red
line) plasma ignition. The assignment of peaks to the different labeled (or not)
molecules present in the mixture is included. Spectra were acquired for a total flow
rate of 9 sccm with a 2:3 NHs: Dy, ratio.

Regarding CO; reactions, *CO, has been used as reactant for isotope-
labeling experiments that are explained in detail in Chapter 9. Figure 3.10
provides a comparison between similar flow rates of 2CO; and **CO,. On the one
hand, ?CO," (m/z=44), 2CO (m/z=28), and 2C* (m/z=12) ions are detected for
the 2CO; flow rate. On the other hand, *CO,* (m/z=45), *CO (m/z=29) and *C*
(m/z=13) ions are detected for the *CO, flow rate. The O* specie (m/z=16) is
common for both spectra.
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Figure 3.10. QMS normalized spectra for 15 sccm of 12CO; (dark gray line) and *CO,
(red line). The attribution of the different m/z peaks to the ionized species is included.

Two parallel assumptions are made for ammonia and CO; reactions when
applying the isotope labeling. These approximations allow us to determine the
contribution of each labeled molecule to each particular mass/charge (m/z) peak,
and hence, to obtain the relative distribution of labeled molecules in the total flow:

1.

The sensitivity factor (see section 3.2.3) for similar molecules —
isotope-labeled or not — is the same. It means that for ammonia
reactions the MS sensitivity of NHs, NH2D, NHD_, and ND3; molecules
is equivalent. Moreover, the sensitivity of 1*CO; is assumed to be the
same than for ?CO,. A similar assumption is made for hydrogen (H.,
HD, or D) or 2CO/**CO (mass 28 and 29).

The fragmentation pattern of each molecule in the mass spectrometer
is proportionally the same. For example, ammonia and hydrogen
molecules containing deuterium atoms fragment equally than NHz and
H> do, but they give rise to different m/z peaks. Therefore, the pattern
of CO, (molecular mass 44) is approximately similar to the pattern of
13CO, (molecular mass 45) (this was experimentally proved in the
mass spectrometer).

The isotope labeling methodology has been scarcely utilized in plasma-
catalysis before. To our knowledge, only a few studies were reported during the
last decades. For example, in 2007 Mizushima et al. reported the use of °N in the
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ammonia synthesis reaction to verify the dissociative adsorption of nitrogen on a
catalyst surface [5]. The same procedure was applied by L. Wang et al. in 2013 to
analyze the ammonia decomposition process [6]. In addition, in 2011 H-H Kim et
al. reported the use of ‘20 to analyze the role of oxygen in the oxidation of VOCs
utilizing different catalysts in a packed-bed reactor.

3.3.1. Study of Inefficient Reaction Events by Isotope Labeling

The concept of inefficient Reaction Events (RES) designates the occurrence
of intermediate processes that are ineffective in producing a valuable “product”
molecule. Typical examples are the exchange reactions between hydrogen atoms
of ammonia molecules and hydrogen atoms of hydrogen molecules in the ammonia
synthesis process. Figure 3.11 shows a scheme to illustrate an inefficient RE
between NHs and D, molecules:

Figure 3.11. Scheme of an exchange reaction between deuterium atoms (of a D>
molecule) and hydrogen atoms (of a NHz molecule). This figure illustrates the potential
of isotope labeling to track inefficient plasma processes.

As shown in Figure 3.11, this exchange reaction is an example of such an
inefficient reaction event, which would be easily monitored by the isotopic
exchange techniqgue (NHs + D.>NDH; + HD). Accordingly, these isotope
exchanges can give rise to ammonia-deuterated molecules with one (NDH>), two
(NDzH), or even three (ND3) atoms of deuterium.

The minimum number of inefficient REs associated with the formation of a
given labeled molecule, such as NDH, is defined as:

M out) [sccm
REnpy, = (%NDH, - 1) - i, (Ou) [scem]

Total flow (out)[sccm] (E3.2)

68



Chapter 3

where %NDH refers to the molecule percentage in the outlet mixture determined
by mass spectrometry and Mnns (out) to the flow of NH3 in the outlet mixture. The
multiplying factor 1 takes into account that this molecule requires at least one
intermediate reaction event to be formed in a mixture of NHs; and D». This is
illustrated in Figure 3.11 above: one H atom in the ammonia molecule is removed
and substituted by a D atom from D,. Likewise, similar definitions can be made
for ND2H and NDs:

Myp, (out) [sccm]

REnp,n = (%ND,H - 2) - (E 3.3)

Total flow (out) [sccm]

Myp, (out) [sccm]

REyp, = (%ND3 - 3) - (E 3.4)

Total flow (out) [sccm]

where the multiplying factors 2 and 3 in expressions E 3.3 and E 3.4, respectively,
refer that a ND,H molecule involves at least two intermediate REs for its
formation, while ND3 requires at least three.

Although isotope labeling provides evidence regarding these inefficient
processes in plasma reactors, there can be many inefficient reactions that cannot
be tracked. For example, the hydrogen atoms exchange between two different NH3
molecules. Therefore, the minimum number of inefficient Reaction Events in the
production of a given total amount of ammonia molecules is defined as:

My, (out) [sccm]

REpmm. = (%NDH, - 1+ %ND,H - 2 + %ND; - 3) - (E 35)

Total flow (out) [sccm]

A similar definition can be made for the various forms of labeled hydrogen
(i.e., H2 and HD), when using D; as a reactant in the mixture, HD requiring at least
one exchange and H, two exchanges:

Mp, (out) [sccm]
Total flow (out) [sccm]

REnydrogen = (%HD - 1 + %H, - 2) - (E 3.6)

where Mp (out) refers to the flow of D; in the outlet mixture. Therefore, the
minimum total number of inefficient Reaction Events (TRE) is defined including
events affecting both hydrogen and ammonia:

TRE = REpgmmonia + REHydrogen (E3.7)
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3.4. Magnitude Definitions for Reaction Yield and
Energy Efficiency

The main magnitudes used in the discussion are defined in this section. The
Specific Input Energy (SIE) is defined for all studied plasma-driven chemical
processes, while the other expressions are specifically related to each reaction
under study.

The SIE, also known as SEI (Specific Energy Input) or SED (Specific
Energy Density), is the ratio between the power consumed by the reactor and the
gas flow rate:

Power [kW] Power [W]

1
171 = = —
SIE [l - L] Total flow rate [L - s™1]  Total flow rate [sccm] 60 (E3.8)

where the average power is determined by calculating the area of the Lissajous
plot, as explained above (see section 3.2.1). The SIE is often used in the literature
to describe the energy consumption in a plasma reactor. This parameter will enable
a direct comparison of the results obtained in this thesis with other results in
literature. At atmospheric pressure and room temperature, the SIE is also
commonly expressed in eV per molecule:

C, [eV-K™1]-Cy [L-mol™1]
N, [molec.- mol=1]

SIE [*V/ molec.| = SIE /L] (E3.9)

where C; is the kJ to eV equivalence (6.24:10% eV/kJ), C; is the L to mol
equivalence at ambient conditions — 25°C, 1 atm — considering the ideal gas molar
volume (245 L/mol), and Na is the Avogadro constant (6.022-10%
molecules/mol).

In the upcoming pages, different expressions are provided depending on the
process studied. Nevertheless, these magnitudes have similar connotations. On the
one hand, reaction yields (or chemical yields) are given. These yields are defined
in relation to the consumed amount of a key reactant: N, for ammonia synthesis,
NHs for ammonia decomposition, CO, for CO; splitting, and CO, & CHa in case
of the revaluation process. On the other hand, the energy efficiency of each process
is taken proportional to the ratio between the reaction yield and the consumed
power in the reactor.

In the discussion Chapters, the obtained results are discussed in terms of the
evolution of these magnitudes — yields and efficiencies — with the variation of
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operating parameters such as voltage amplitude, frequency, or gas flow rate.
Alternatively, also in relation to derived magnitudes like the power consumption
or the SIE.

3.4.1. Definitions for Ammonia Reactions

Expressions for the Ammonia Synthesis Reaction

For the ammonia synthesis reaction, the reaction yield is the percentage of
nitrogen converted into ammonia, Yz [%], defined as:

My, (out) [sccm]

. 00) = 5 N, i) [scem]

-100  (E 3.10)
where Mnws (out) and Mgz (in) refer to the flows of these gases in the product and
reactant mixtures, respectively.

The energy efficiency of ammonia production is provided in grams of
produced ammonia per consumed power. It is named EE-NH; [gNHs/kWh] and
defined as:

B myp. (out) [g- min~1] - 60 [min - h™1]
EE — NH, [gNH; - (kwh)™'] = 3 Power [kW]

(E 3.11)

where myws (out) is the rate of ammonia production expressed in grams per minute.
This magnitude accounts for small changes in the reactor temperature during
operation. Expression E 3.11 follows the most common convention to express the
energy efficiency in ammonia synthesis [7].

Expressions for the Ammonia Decomposition Reaction

For the ammonia decomposition reaction, the decomposition yield, DY nhs3
[%] is defined as:

DY, [%] = My, (in) [sccm] — Myy, (out) [scem]

Moer, () fscem] <100 (E3.12)
where Mnws (in) and Mnws (out) refer to the inlet and outlet ammonia flows,
respectively. The energy efficiency for H, production, EE-H, [LH./kWh] is
defined as:

_ Vy,(out) [sccm] - 60 [min - h™1]

EE — H, [LH, - (kWh)™1] Power kW]

(E 3.13)
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where Vi, (out) refers to the volume (in liters) of H, that is produced by the
decomposition of ammonia.

3.4.2. Definitions for CO; Reactions

Expressions for the CO; splitting reaction

The CO: conversion rate, y [%], is defined as the percentage of CO:
molecules that is split in the reactor:
_ (Mco, (in) — Mco, (out)) [sccm]

CO, Conversion Rate, x [%] = Mcg (i) [sccm] -100 (E 3.14)
o,

where Mcoz (in) and (out) refer to the CO- flow rate in the reactant and product
mixtures respectively. The CO; splitting reaction provides CO (m/z=28) and O
(m/z=32) as main reaction products. Therefore, the conversion rate can be directly
determined following the intensity of the m/z=44 signal (note that CO; is the only
molecule that contributes to this peak).

For the gas mixtures (i.e., CO2 plus O; or dry air), the conversion rate has to
be corrected by multiplying the absolute CO; conversion rate, y [%], by the dilution
factor:

CO,, flow rate (sccm)

Effective CO, Conversion Rate, xcfr [%] = X (%) - (E 3.15)

Total flow rate (sccm)

The efficiency of the CO; splitting process is defined in relation to the
standard reaction enthalpy. In this thesis, the energy efficiency term,  [%],
(equation E 3.16) is defined following the same criteria that were applied by
Snoeckx and Bogaerts in a recent review [8]. To determine { [%], we relate the
CO;, conversion rate (absolute or effective, this latter utilized for CO, mixtures
with other gases) with the SIE and the standard enthalpy of the CO, dissociation
reaction into CO and O, AHp (283 kJ/mol):

x [%] - AHy (K] - mol™1)
SIE (K] - mol~1)

Energy Efficiency, { [%] = (E 3.16)

Although the dissociation of CO; into CO and O; has been supposed to be
the main reaction pathway, other reactions might also take place. In particular,
carbon deposition on the packing material and/or on the electrode surfaces. To
quantify the amount of deposited carbon, a Carbon Balance parameter, Cg [%], has

72



Chapter 3

been defined as the ratio between the outlet flows of the formed CO and unreacted
CO- and the inlet flow of CO; initially fed into the reactor:

(€O (out) + €O, (out)) [mol]
€O, (in)[mol]

Carbon Balance, Cg [%] = * 100 (E 3.17)

Expressions for the valorization of CO, & CH4

It will be further explained in Chapter 9 that several types of
hydrocarbons can be formed in the revalouation process of CO, and CHo..
Therefore, using expressions E 3.14 and E 3.15 to determine the absolute and
effective CO; conversion rate, respectively, the contributions to the m/z=44 signal
of these hydrocarbons should be removed to estimate the intensity associated with
CO..

The absolute and effective conversion rate of methane is determined in the
same manner, with Mcna (in) and (out) as the CH, flow rate in the inlet and outlet

mixture respectively:
_ (Mg, (in) — Mcy, (out)) [sccm]

Absolute CH, Conversion Rate [%] = Mor (i) [scem] -100 (E 3.18)
CH,

CH, flow rate (sccm)

Effective CH, Con. Rate [%] = Abs.CH, Conv. Rate - (E 3.19)

Total flow rate (sccm)

3.5. Ru/Al;Os Catalyst Incorporation onto the
Surface of PZT Pellets

This section describes the experimental procedure followed to cover the
PZT pellets with a Ru/Al,O3 catalyst (Chapters 7 and 8). To assess the specific
effects of Ru particles incorporation, a series of pellets coated only with the
alumina support (without metal added) were also prepared. The state of the pellet
coating in this series of pellets is further referred to as pristine.

Ru was incorporated into the alumina powder (Sigma Aldrich, y-Al,O3, BET
surface area of 120 m?%g) using an incipient wet impregnation technique. For the
pristine coating, the powder was impregnated with Milli-Q water. On the other
hand, to incorporate Ru the impregnation was carried out using a solution of
Ruthenium (I11) chloride hydrate (Sigma Aldrich) instead of water.
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The volume needed to acquire the incipient impregnation stage of 7 g of
Al,O3 was experimentally determined (5 mL). Reaching this point, to incorporate
a 2 wt% loading of ruthenium, a solution with a concentration of Ruthenium (I11)
of 63mg/mL was prepared. After the incorporation of the 5 mL into the alumina
powder to acquire a wet impregnation state, the PZT pellets were covered with the
impregnated powder spreading them in the slurry. Photographs of the different
steps of the impregnation process are indicated in Figure 3.12.

Figure 3.12. Photographs of the wet impregnation process showing the solution
containing Ruthenium (lI1) (a) and the progressive impregnation of the alumina
powder (b-d) until obtaining the incipient impregnation state (e).

The impregnated pellets were dried for approximately 12h at room
temperature. Then, the covered pellets were dried in air at 120°C for 4h at a rate of
1°C/min and subsequently calcined in air at 450°C for 3 hours at a rate of 2°C/min,
i.e., following the same procedure described by B. Patil [9].

This method provides a way to incorporate a 2 wt% Ru into the powder. The
covered pellets and impregnated powders were examined by using the
characterization methods explained below, in order to analyze the incorporation of
Ru and the formation of metal particles. To avoid PZT contaminations, powder
samples — without mixing the pellets and the slurry — were synthesized
(impregnated and calcinated) and analyzed separately. Note that this procedure
was necessary for a straightforward detection of the Ru particles, avoiding artifacts
and interferences coming from signals due to PZT.
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Chapter 3

Techniques for Physicochemical

Characterization of Packed-bed Materials

The following techniques have been used to characterize the ferroelectric

pellets and catalytic powder samples in different conditions:

X-Ray Photoelectron Spectroscopy (XPS), used to analyze the surface
chemistry of the samples. For this purpose, the equipment (PHOIBOS 100,
Specs, Germany) was operated at normal incidence using the Ka line of
Magnesium as the excitation source.

Scanning Electron Microscopy (SEM), to acquire morphological
information about the microstructure of the surface. It was performed with
a S4800 field emission microscope (Hitachi High-Tech Corporation,
Japan), applying 2 kV in secondary and backscattered electron modes. The
powder samples were suspended in an ethanol drop, which was supported
into a grid composed of Cu-Co-Au.

Transmission Electron Microscopy (TEM), used to characterize the
microstructure of the alumina powder suspended in ethanol. For this
purpose, a JEOL 2100Plus (Jeol, Japan) microscope equipped with a LaB6
filament and a CCD camera (Gatan, US) was used. The microscope was
operated at 200 kV.

Energy Dispersive X-Ray Spectroscopy (EDX or EDXS), to analyze the
chemical composition of the microstructures. Both microscopes
previously mentioned are equipped with energy dispersive X-Ray
analyzers. Regarding the SEM, a Bruker-X Flash-4010 (Bruker, US)
equipment was used to obtain element composition maps with an
acceleration voltage set between 10-30 kV. Regarding the TEM, an X-
Max 80T (Oxford Instruments, UK) analyzer was used at 200 kV.

N adsorption, to study the Brunauer-Emmett-Teller (BET) surface area of
the samples. The nitrogen adsorption technique at 77 K was performed
with a TriStar 11 3020 analyzer (Micromeritics Instruments Corporation,
US). Prior to the analysis, samples were outgassed at 150°C for 2 hours.
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Chapter 4

Electrical Characterization of
Ferroelectric Packed-bed Reactors”

4.1. Introduction

Plasma reactors with a packed-bed configuration are efficiently and
increasingly utilized for different plasma-driven chemical processes. These
processes are, for example, the reforming of hydrocarbons [1-3], the abatement of
pollution [4,5], or the synthesis of ammonia [6-8], processes of enormous
environmental and energetic relevance for different industrial strategic sectors. As
discussed in Chapter 1, the characteristics of the barrier materials — i.e., the
discharge moderator — constitute one of the most critical variables for the control
of the reactor electrical behavior and, therefore, its power consumption, a working
parameter that is strictly related with the energy efficiency. However, the large
variety of reported product selectivities, process efficiencies, reactor
configurations (geometry, size, distance between electrodes, size, and type of
pellet material, etc.) or operating conditions (voltage, frequency, temperature, etc.)
makes it difficult to account for the effect of discharge moderators reported in the
numerous studies carried out in this research area [9-11].

It has been empirically realized that the use of ferroelectrics (i.e.,
Ferroelectric Barrier Discharge reactors, FBD) instead of conventional dielectrics
(i.e., Dielectric Barrier Discharge reactors, DBD) as interelectrode material may
contribute to increasing the yield and energy efficiency of plasma processes in
packed-bed reactors [12-14]. In particular, previous results from our research
group have demonstrated that the energy efficiency for ammonia synthesis or
pollutant removal processes could be increased using a ferroelectric material like

* The content of this chapter has been published in: A. Gdmez-Ramirez, R. Alvarez, P.
Navascués, F. J. Garcia-Garcia, A. Palmero, J. Cotrino, A. R. Gonzalez-Elipe, Electrical
and reaction performances of packed-bed plasma reactors moderated with ferroelectric or
dielectric materials. Plasma Processes and Polymers. 18 (3) (2021) 2000193.
https://doi.org/10.1002/ppap.202000193
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PZT (lead zirconate titanate) as moderator in a packed-bed FBD plasma reactor
[5,8]. Other authors have proved similar effects, as Michielsen et al., who, for the
CO, dissociation, compared the effect of BaTiOs pellets with that of SiO,, Al,O3
and ZrO; beds [14]. Similarly, G. Akay and K. Zhang reported an increase in the
reaction yield for the ammonia synthesis reaction filling a packed-bed reactor with
BaTiOs instead of glass beds [12].

This chapter aims at clarifying the effect of the dielectric constant of the
moderator material on the reactor efficiency. Therefore, the electrical behavior of
the plasma reactor has been systematically studied as a function of voltage
amplitude and frequency, filling the reactor with either dielectric (alumina and
glass) or ferroelectric (BaTiOs; and PZT) pellets of similar size. Despite its
relatively low Curie temperature [15], BaTiOs is the ferroelectric material most
widely used in plasma-catalysis [16-18]. As a consequence, in this thesis the
electrical behavior of the reactor filled with this material has been studied as a
function of temperature, a variable that is usually varied in plasma-catalysis
processes to promote the efficiency and selectivity of many reactions [19].

The discussion of the results obtained in this chapter justifies the use of PZT
as moderator for the different plasma-catalysis processes studied in this thesis. The
phenomenological analysis has shown that ferroelectrics are more efficient than
dielectrics to operate packed-bed reactors. The reactor performance has been
discussed according to previous results of our research group regarding the
ammonia synthesis reaction.

4.2. Experimental Details

The packed-bed reactor was filled with a single packed layer of 3 mm of
dielectric (alumina and glass beads) and ferroelectric (PZT and BaTiOs) pellets of
similar size (see Table 3.1 in Chapter 3 for the material properties). The selection
of this configuration, where the electrodes are in direct contact with the single
packed layer, ensures that the electrical behavior of the set-up is exclusively
controlled by the dielectric properties of the pellets (note that in typical DBD
reactors the metal electrodes are generally covered by a dielectric plate [20]).

The voltage amplitude was varied between 0.5 and 7 kV and the frequency
between 0.5 and 10 kHz. A dry air flow of 25 sccm was passing through the reactor
during all electrical characterization experiments.
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Most experiments of this study have been carried out at room temperature.
Therefore, they were performed for very short periods of time to avoid that an
uncontrolled increase in temperature due to plasma operation could affect the
electrical characterization results. For completeness, some experiments were also
carried out controlling the temperature with an external heater (see Chapter 3).
The heater was positioned around the reactor until the temperature reached the
targeted steady state value (i.e., nominal temperature). V(t) and I(t) data were
acquired after reaching a stable steady state at each given nominal temperature. A
temperature gradient is expected between the inner parts and the external reactor
walls. The nominal temperature measured at the reactor wall is likely to be smaller
than the actual temperature inside the reactor where plasma is another source of
heat. This is due to that local hot points can develop at the contact points between
pellets and between pellets and electrodes where plasma intensity is maximum.

This study encompasses impedance measurements performed in the reactor
filled with the single packed layer of BaTiOs in the absence of plasma to acquire
Nyquist plots. The potentiostat/galvanostat was operated in a frequency range from
1 MHz to 1 Hz applying an alternating voltage of 0.2-Vms between the electrodes
of the reactor. The resolution of the measurements was twenty points per decade.
The measurements were taken at different imposed temperatures, from 25 °C up to
144 °C, respectively, lower and higher temperatures than the Curie point of BaTiOs
(120 °C) [15]. Impedance measurements were repeated three times to confirm the
reproducibility of the results.
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4.3. Results and Discussion
4.3.1. Current Dependence on Applied Voltage and Frequency

Common models to describe the electrical behavior of DBD reactors rely on
RC (resistor-capacitor) circuit models, where the reactor behavior is assumed to
be equivalent to that of a circuit composed of a variable resistor (plasma) and,
usually, two capacitances (one for the gap between the electrodes and another for
the dielectric material used as barrier). However, as recently pointed out by
Butterwoth and Allen [21], applying such kind of RC models to packed-bed
reactors can be misleading. For example, at low voltages plasma ignites in the
contact points between pellets and between pellets and electrodes, and only spreads
from there to fill the whole gap when voltage increases. In other words, the actual
volume of plasma is not constant and varies with the applied voltage. Moreover,
the evolution of dielectric properties of the barrier material with operating
variables such as voltage or frequency can be critical to properly describe these
models, but they are rarely included in the analysis [22—-24]. Therefore, a careful
electrical characterization of packed-bed reactors should take into account all these
facts.

The first issue in this study is to determine the evolution of the current in the
reactor at room temperature as a function of the applied voltage and frequency:
I(V) and I(f). Figure 4.1 shows plots of the root mean square (rms) current
measured as a function of the applied voltage at a frequency of 3 kHz (Figure
4.1(a)) and as a function of frequency at a fixed voltage of 2 kV (Figure 4.1(b)).
Figure 4.1(a) shows that, for Al,O; and glass, the current varies linearly with
voltage, the two materials showing similar curves. Unlike this behavior,
particularly at voltages higher than 1.5 kV, the current follows a polynomial
variation with the frequency, and it is more intense for the two ferroelectrics than
for the two dielectrics, with a higher intensity for BaTiO3 than for PZT in the
studied voltage range. It is also noteworthy that the direct observation of the
plasma shows that, even at the highest applied voltages, discharges are mainly
located at the contact points between pellets and electrodes, and do not extend
through the interpellet void space of the single pellet layer utilized in this study.
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Figure 4.1. Plots of the root mean square (rms) current measured as a function of the

applied voltage for f= 3kHz (with the average breakdown voltage indicated for each

configuration) (a) and as a function of the operating frequency for V=2kV (b). Plots

are presented for dielectric (Al.O3 and glass) and ferroelectric (PZT and BaTiOs)

materials. Experiments were performed at ambient temperature.

The plots in Figure 4.1, showing a different 1-V dependence for the four
moderator materials, confirm that the reactor efficiency depends on the dielectric
constant of the materials and, therefore, on the known dependence of this
parameter with applied voltage and frequency [25]. Whereas a direct (although not
lineal) frequency dependence is the typical expected behavior of this kind of
packed-bed systems as documented in electromagnetism books, [26] the voltage
dependence, which is related with the ferroelectric hysteresis loop of ferroelectric
materials (polarization vs. electric field representation), is currently under research
[27,28]. Since variations with frequency and voltage may affect the evolution of
the energy efficiency in a large variety of plasma-catalysis processes [4,29-34],
we deem it critical to carry out systematic comparative studies to obtain clear
evidence about the effect of the dielectric constant of moderator materials on the
reactor performance.

The vertical lines in Figure 4.1(a) highlight the average breakdown voltage
determined for each barrier configuration: 1.8 kV for glass, 1.4 kV for Al;Os, 0.5
kV for BaTiOs, and 0.3 kV for PZT. As illustrated in Figure 4.2, the procedure
used to determine the breakdown voltage entails the selection of the voltage at
which a first filament is observed. The values of the breakdown voltage were
determined at 3 kHz for each applied voltage, selecting the average value with its
standard deviation as indicated in Table 4.1. This table includes the value of the
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dielectric constant of each material, the average breakdown voltage at 3 kHz, and
the power consumed by the reactor under the indicated experimental conditions.

Table 4.1. Dielectric constant, average breakdown voltage, and consumed power

reated to the four moderator materials.

Moderator Dielectric Breakdown | Power
material constant, ¢ | voltage (kV) | (W)*
Glass 3.8 1.79+0.17 0.5
DBD
Al,Os 10 14+0.3 2.6
BaTiO3 1250-10000 0.5+0.13 47.6
FBD
PZT 1900 0.29 £ 0.07 12.6

*Consumed power calculated for an applied voltage of 2.75 kV (FBD-mode) and 5.2
kV (DBD-mode) (see Figure 4.4). The frequency was 3 kHz in all cases.
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Figure 4.2. I(t) and V/(t) curves with the procedure utilized to determine the breakdown
voltage indicated (in bracket the applied voltage amplitude in each case): (a) Glass
(V=5.5kV), (b) Al03 (V=4kV), (c) PZT (V=2kV), and (d) BaTiO3z (V=2kV). The
frequency was fixed at 3 kHz.
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It is apparent in the previous table that plasma ignites at lower voltages using
ferroelectrics. Owing to the higher dielectric constant and more efficient
polarization switching of these materials, this feature can be associated with an
enhancement of the electric field at the contact points between pellets, as well as
between pellets and electrodes [35]. Similarly, plots in Figure 4.1(b) show that
current increases with the operating frequency and reaches maximum values for
the ferroelectric materials. It is also apparent in this set of I(f) plots that BaTiO;
induces higher rms current values than PZT and, therefore, should produce an
enhancement of plasma intensity.

In general, the relative dielectric permittivity of typical dielectrics does not
vary significantly with the applied voltage. Nevertheless, the strong dependence of
reactor current on voltage in ferroelectrics must be attributed to a non-linear and
strong variation of the function ¢(¥) [36-38]. Figure 4.1(a) also shows that the
I(V) curve depicts higher values for BaTiOs than for PZT pellets, in agreement
with the higher dielectric constant of the former at temperatures lower than 120 °C
(Curie temperature of BaTiOs [15]). Similarly, the higher values in Figure 4.1(b)
depicted by the I(f) plots of the two ferroelectrics, particularly for BaTiOz, must be
attributed to the characteristic evolution of the g(f) functions of these two materials
[37,39].

A close look at the shape of the I(t) curves also reveals significant
differences between DBD-like and FBD-like modes of reactor operation. Figures
4.2 and 4.3 show that the current waveform with dielectrics depicts a sine-like
curve with superimposed filaments once the plasma ignites. However, for
ferroelectrics, the I(t) curves depict a narrower alternant behavior, with zero or
close to zero intensity periods of time between subsequent positive and negative
values. Moreover, Figure 4.3 shows that, at increasing values of the applied
voltage, the I(t) curves recorded for the four materials depict a progressive increase
of amplitude with this parameter. In addition to the differences in the shape of the
I(t) curves of dielectrics and ferroelectrics, the plasma intensity is much higher in
the FBD-mode of operation, as further demonstrated by the Lissajous curves
plotted in Figure 4.4.
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mode and 5.2 kV for the DBD-mode.
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The consumed power values deduced from these Lissajous curves and
gathered in Table 4.1 clearly evidence the operating differences between the
different packed bed barriers, with values that are one or two orders of magnitude
higher for PZT and BaTiOs than for glass or AlOs. Data shown in Table 4.1
indicates that operating the reactor with PZT requires a smaller average breakdown
voltage than BaTiOs. This fact can be related to the higher rugosity of the
laboratory sintered PZT pellets in comparison with that of the BaTiO3 ones, which
were supplied by the manufacturer in pellet form (see Figure 3.2 in Chapter 3).
A high surface rugosity will induce an intensification of the reduced electric field
at these points, reducing the relative distances and promoting the breakdown of the
gas at lower voltages. This feature is discussed using some modeling results in
Chapter 6.

4.3.2. Current Dependence on Temperature

Temperature is a typical running parameter to improve reaction selectivity
in plasma-catalysis [40—42]. To study the effect of this parameter on the electrical
behavior of packed-bed reactors, the rms current has been measured as a function
of the nominal temperature for a constant voltage of 2.5 kV and a frequency of 3
kHz. Figure 4.5 shows the results obtained as a function of the nominal
temperature measured on the reactor external wall for the packed-bed reactor filled
with Al,Os, PZT and BaTiO; pellets. It can be observed that the current did not
vary when operated with alumina. However, it increased constantly for PZT, while
for BaTiO; it reached a maximum at about 60°C of wall nominal temperature and
then decreased. These distinct variations with temperature can be related with the
different ¢(7) functions of the materials under study [25,36,37,39,43-47]. For
dielectrics, &(T) does not vary significantly in the interval explored in this study.
However, the value of the dielectric constant of PZT increases continuously with
the temperature, whereas for BaTiOs, there is a sharp drop in & due to the
ferroelectric-to-paraelectric phase transition occurring at the Curie Temperature
(120 °C) [37,45]. Regarding the BaTiOs curve in Figure 4.5, it is noteworthy that
the current does not depict a sharp variation as it should be expected for the
variation of the dielectric constant with the temperature of a perfect crystalline
material [48]. Therefore, we attribute the observed broad dependence on nominal
temperature depicted in Figure 4.5 (i.e., the appearance of a wider peak around 60
°C) to the polycrystalline character of the pellets. Additionally, the temperature

85



Electrical Characterization of Packed-bed Reactors

distribution inside the reactor might be inhomogeneous due to gas flow
disturbances and localized heat release processes. Therefore, the fact that the I(t)
maximum appears around a wall nominal temperature of 60-70 °C suggests the
existence of temperature gradients between the pellets inside and the reactor walls.
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Figure 4.5. Variation of the rms current as a function of the temperature measured on

the external wall of the reactor (i.e., nominal temperature) for a voltage of 2.5 kV and
a frequency of 3kHz.

The association of the maximum in Figure 4.5 with that the BaTiOs pellets
are progressively reaching their Curie point is further supported by the Nyquist
plots [49,50] in Figure 4.6, determined at different nominal temperatures with the
reactor filled with pellets of this material. As it has been mentioned in Chapter 3,
the shape of the curvature in a typical Nyquist plot provides information about the
electrical properties (i.e., impedance) of solids.
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Figure 4.6. Z”-Z’ (Nyquist) plot for the reactor moderated with BaTiOz at the indicated
nominal temperatures.

Clearly, the curves in Figure 4.6 can be grouped in two sets, for nominal
temperatures higher or lower than 55 °C. For nominal temperatures higher than
55°C, the curves are characterized by high slopes (i.e., as expected for a high radius
Z”-Z" ideal hemispherical curve), a characteristic of dielectric materials with a
constant value of the relative dielectric permittivity. This behavior suggests a
paraelectric state for BaTiOs. On the other hand, for nominal temperatures lower
than 55°C, the behavior is closer to that of ferroelectric materials (i.e., an ideal
hemisphere of small radius [51]). The different tendencies found analyzing the
electrical behavior indicate that temperature is a parameter that not only plays a
very important role to promote certain catalytic reaction mechanisms but also
introduces important variations in the current intensity when operating with
ferroelectrics. In relation to the previously mentioned RC-circuit modeling to
describe the electrical behavior of DBD reactors [23,52], the findings herein
support the need to incorporate the dependence with the temperature of the
capacitances that are used in these models.
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4.3.3. Curie Temperature and Packed-bed Reactor Efficiency

The observed dependence of electrical properties of the reactor filled with
BaTiOsz in comparison with Al;Oz pellets (FBD-like vs. DBD-like modes of
operation, Figure 4.1) correlates well with previous results from our research
group about pollutant removal experiments carried out with the same packed-bed
reactor configuration [5]. In that study, it was shown that using alumina as
moderator material rendered a negligible removal of pollutants as compared with
the results achieved with BaTiOs. According to the discussion in section 4.3.1, the
much lower efficiency found with Al,Os can be associated with the lower current
and power values obtained for this moderator material (Figures 4.1-4.4).

In principle, BaTiO; would perform better than PZT as a moderator of
plasma discharges in FBD packed-bed reactors. However, comparative ammonia
synthesis experiments carried out with the same packed-bed reactor using pellets
of either BaTiO3 or PZT showed that, above a certain voltage, the reaction yield
was inferior for the former [53]. The results of these experiments, reported in
Figure 4.7, show that the reaction yield was only higher for BaTiO3; when working
at voltages smaller than 2.5 kV and the maximum temperature measured at the
reactor wall, due solely to plasma heating, was 25°C. At higher voltages, wall
temperatures in the steady state due to plasma heating were higher, the yield for
the ammonia synthesis reversed, and PZT resulted in a much more efficient
moderator material for this reaction (e.g., when the external temperature of the
reactor wall reached 35° or higher temperatures). The difference between the two
configurations progressively increased for higher voltages and wall temperatures
up to 50-60°. Although the reaction yield increases for the two moderator materials,
there is a loss of efficiency for BaTiO3 with respect to PZT. These results can be
explained under the assumption that certain parts of the BaTiOs pellets have
reached the Curie Temperature at which the ferroelectric-to-paraelectric phase
transition occurs. Under these conditions, these pellets would be less efficient for
the generation of highly intense plasma discharges. In general terms, results in
Figure 4.7 also highlight the importance of carefully controlling reactor
temperature (and temperature drifts) during plasma-catalysis experiments, even at
relatively low temperatures. Specifically, when temperature control is an issue, this
investigation supports the use of ferroelectric materials with a high Curie
Temperature that would not be affected by uncontrolled phase transformation
phenomena at the reactor operating temperature.
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Figure 4.7. Reaction yield of the ammonia synthesis process (expressed in percentage
of reacted nitrogen) vs. the applied voltage in the ferroelectric packed-bed reactor. The
vertical lines indicate the nominal temperature determined at the walls of the reactor
after 1 h of operation in steady state conditions. Yield values taken from [53].

The explanation of these results exclusively in terms of a BaTiO3; phase
transition should be taken cautiously and as an object of debate. Effectively,
several studies carried out with BaTiOgz and glass as moderator materials revealed
that the former performs better, even at temperatures above its Curie point [54—
56]. Since ferroelectric materials may act as catalysts for the ammonia synthesis
and other plasma-catalysis processes [54,55,57,58], the higher reaction yield
obtained with PZT could also be due to a higher catalytic activity of this material
as compared with that of BaTiOs. In addition, the highest BaTiOs current values
in Figure 4.5 for the same temperature range than for the experiment in Figure
4.7 supports that, in certain situations, the high intensity of the plasma can have
detrimental effects on the reaction efficiency. Just a tentative possibility in this
particular case, we can claim that electron impact processes directly related with
the decomposition of ammonia [59] can be more probable for BaTiO; than for
PZT. These mechanisms, named back-reactions, might contribute to decreasing
the reaction efficiency. This and other types of reaction mechanisms are discussed
in detail in the upcoming Chapters of this thesis.

Finally, it should be mentioned that apart from the right choice of moderator
in terms of their dielectric properties, the incorporation of classic catalysts in
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packed-bed plasma reactors and the design of new reactor configurations are
current challenges that will enable increasing the energy efficiency and yield of
the processes [57,60]. In this regard, the incorporation of Ruthenium catalyst onto
PZT pellets to moderate plasma-assisted ammonia reactions has been proposed in
this thesis as a means to improve the reaction efficiency (see Chapters 6 and 7).

4.4. Conclusions

The previous results have provided empirical evidence that may contribute
to understand the distinct phenomenology reported in the literature regarding
packed-bed plasma reactors. It has been demonstrated that, for similar applied
voltages, the plasma current is much higher when operating the reactor with
ferroelectrics instead of dielectrics as discharge moderators. As a general
conclusion, we state that plasma-catalysis or, in general, gas processing with
packed-bed reactors, should be more effective with a ferroelectric barrier. The
selection of the specific ferroelectric material can be critical if the operating
temperature during the process reaches values higher than its Curie Temperature.
Hints of such a dependence have been found for the ammonia synthesis reaction
with BaTiOs; as moderator. The observed evolution of efficiency justifies the
choice of PZT as moderator to carry out plasma-catalysis processes, as it will be
illustrated in the upcoming Chapters of this thesis.
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Chapter 5

Discharge and Surface Mechanisms
In Plasma-assisted Ammonia
Reactions”

5.1. Introduction

The study presented in this chapter is primarily driven by the need of
improving the performance of the plasma-assisted ammonia synthesis in a scenario
where, as discussed in Chapter 1, the catalytic Haber-Bosch (H-B) process is
responsible for ca. 1.2% of the global CO, emissions [1]. The requisite of
combining the reduction of energy consumption with the production of ammonia
in a distributed way close to final users has called for an active investigation of
alternative reaction processes, including plasma-catalysis [1-26]. Another
motivation in this line is the use of ammonia as a suitable hydrogen storage vector
and the advantages, with respect to classical catalysis [27-29], of small plasma
reactors for its low-temperature decomposition into hydrogen, as required for
mobile device applications.

Although remarkable reaction yields have been obtained for ammonia
production during the last years (e.g., Akay and Zhang et al reported values of 12%
using a silica-supported nickel catalyst [13] and Gémez-Ramirez et al [12] values
of 7% in the absence of catalyst) the reported energy efficiencies are still far from
those required to outperform the H-B process. Trying to approach this problem
from a novel perspective, the present investigation proposes a first study at
fundamental level of the ammonia synthesis and decomposition reactions. In
particular, it has tried to determine the extent of intermediate plasma processes
that, consuming energy, do not contribute to increasing the reaction yield. A

" The content of this chapter has been published in: P. Navascués, J.M. Obrero-Pérez, J.
Cotrino, A.R. Gonzélez-Elipe, A. Gémez-Ramirez, Unraveling Discharge and Surface
Mechanisms in Plasma-Assisted Ammonia Reactions. ACS Sustainable Chemistry &
Engineering, 8, 39 (2020) 14855-14866. https://doi.org/10.1021/acssuschemeng.0c04461
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conceptual approach of determining the participation of these types of plasma
processes has not been systematically used in the field of atmospheric-pressure
plasmas, even if it could provide valuable information for improving the reactor
design and the operational conditions.

To analyze the reaction mechanisms, an isotope labeling methodology has
been applied in this study (see Chapter 3). This technique, although widely used
in conventional catalysis, has been scarcely utilized in plasma-catalysis. Herein,
the isotope labeling methodology has been applied to study mixtures of the type
NHs+D; and No+D,+NHs. From this analysis, it has been possible to detect the
extent of the ammonia decomposition reaction (i.e., 2NH; = N2z + 3H,), as well as
other inefficient hydrogen exchange processes occurring simultaneously to the
ammonia synthesis. These processes detract plasma energy and contribute to the
reduction of the energy efficiency of the synthesis process.

Additionally, it has been realized that the isotope labeling may provide
information about reaction mechanisms taking place on the surface of the pellets.
Processes of this type, accepted to occur in the plasma-catalytic synthesis of
ammonia [30-36], have been discussed in different modeling studies [9,37], but
scarcely analyzed experimentally (in this regard, it is noteworthy the study of Lea
Winter et al., who at the end of 2020 presented direct evidence of surface reactions
and reaction intermediates using FTIR spectroscopy [38]). In this chapter, through
the ignition of N2+D, and N2+H;, mixtures it has been proved the occurrence of
surface processes, for the latter mixture after prolonged exposure of the PZT
barrier to a D, plasma, and in both cases following the H/D isotope distribution in
the outlet gas mixture. The evolution of the isotope-labeled products, together with
the analysis of the emission spectra of intermediate species formed in the plasma,
have permitted to propose a series of reaction mechanisms, both in the plasma and
on the surface of the moderator material that take place during the ammonia
synthesis reaction.

In the curse of this investigation, it turned out that the interest in the
ammonia decomposition reaction, initially investigated from the perspective of its
impact on the efficiency of the ammonia-synthesis process, is of interest by itself
under the perspective of the hydrogen production. Therefore, pure NHz plasmas
have been ignited to analyze the hydrogen production rate and the energy
efficiency of this process.
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In the light of the conclusions reached in the present study, the ammonia
synthesis and decomposition reactions have been separately studied in Chapters
6 and 7 of this thesis, incorporating a Ru-based catalyst in the packed-bed reactor.

5.2. Experimental Details

In all the experiments discussed in this chapter, PZT has been used as
discharge moderator. The experiments have been performed with two different
barrier gaps of 3 and 10 mm filled with pellets with diameters between 0.5-2 mm
and 2-3 mm, respectively. Regarding the electrical operating conditions, the
voltage amplitude was varied between 2 and 4 kV, while the frequency was fixed
at 5 kHz, if not otherwise stated. The reactor was operated at atmospheric pressure
and ambient temperature, although a small thermal drift in temperature up to 40°C
was detected at the reactor walls after long operating periods.

In this study, Nz, Hz, D2, and NH; have been used as inlet gases. The
following mixtures have been studied: No+Hz, No+Dz, N2+D2+NHs, NH3+D-, and
NHs+N2. Pure discharges of NHs, N2 and D, have been also ignited. The gas flow
was varied between 2.9 and 8.2 sccm for Ny, between 1.5 and 25.8 sccm for D;
(H2), and between 1.2 and 9 sccm for NHs. The gas ratio was 1:3 and 2:3 for the
N2:H2 and NHs:D, mixtures, respectively. For the ternary mixture (NHs+N2+D5),
the N2:D- ratio was fixed at 1:3 and the NH; flow rate at 3.7 sccm. Therefore, to
evaluate the effect of the residence time on the reaction mechanisms, the total gas
flow rate of reactants was varied while keeping constant the mentioned proportion
between gas mixture components.

Hereafter, molecules, compounds, and molecular fragments are designated
with their formulas, considering the presence of either H or D atoms in their
structure (e.g., HD, ND2H, etc.). However, the terms hydrogen and ammonia in
cursive script are used when referring to the complete set of labeled molecules of
each specific compound. For more details about the fundamentals of the isotope
labeling methodology see Chapter 3.
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5.3. Results and Discussion

5.3.1. Ammonia Decomposition and Hydrogen Production

In previous studies from our research group it was demonstrated that
experimental parameters such as the electrical input or the residence time of the
gases affect the performance of the ammonia synthesis reaction in N+H; plasmas
[11,12]. For example, as the residence time increases, besides the ammonia
synthesis reaction, other plasma processes inefficient to produce ammonia may be
favored. One of these inefficient processes is the partial decomposition of the
previously formed ammonia into nitrogen and hydrogen. In terms of the classical
H-B catalytic synthesis of ammonia, which is controlled by thermodynamics,
ammonia decomposition implies the back-transformation of products into
reactants, a process that would occur up to redressing the equilibrium conditions if
these had been altered (e.g., by changing pressure or removing reactants).
However, in plasma-catalysis the processes do not reach equilibrium and it is better
to refer to them as reactions in two directions than as reversible reactions.
Nonetheless, if ammonia decomposes into N, and Ha, it will reduce the total
ammonia synthesis rate and the energy efficiency of the ammonia production
process. However, promoting the ammonia decomposition process would be
desirable if the interest resides in the hydrogen production.

Herein, pure ammonia plasmas have been ignited to investigate the
capability of our reactor for hydrogen production. The obtained results are shown
in Figure 5.1 and Table 5.1. Data in this figure show that more than 30% of the
pure ammonia fed into the reactor can be decomposed in this experiment. In
addition, the decomposition yield only decreased by 7-8% for a three times higher
flow. It is noteworthy that the energy efficiency for hydrogen production in this
experiment is similar or even higher than the yields previously reported by our
research group for the wet reforming of methane in the same reactor [39].
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Figure 5.1. (a) Scheme of the decomposition of ammonia indicating that three H, and
one N2 molecules are formed by the decomposition of two ammonia molecules due to
plasma processes triggered by the interaction with plasma electrons (see the square
inset for illustration). (b) Plots of NHs Decomposition Yield (DY-NH3) and Energy
Efficiency for H, production (EE-H2) versus NHz flow rate. The experiments were
carried out at a frequency of 5 kHz and a voltage amplitude of 2 kV (consumed power
10 £ 1 W) with a PZT barrier of 3 mm.

The relatively high energy efficiency of the decomposition reaction supports
that the process N2 + Hz < NHs, readily occurs in the two directions in the packed-
bed plasma reactor when igniting No+H, plasmas and that electron interactions
with either NHs, Ny, or H; is likely the main mechanistic factor controlling yields
and efficiencies. This assessment is also supported by the decomposition yield and
energy efficiency values found for NHs+N_ and NHs+H. mixtures as summarized
in Table 5.1. Since values of these two parameters were similar for pure NH; and
a mixture of NHz+N: (1:2 ratio), it can be concluded that plasma electrons
preferentially activate ammonia over nitrogen molecules. However, data in this
table for the NHs+H, (2:3 ratio) mixture reveal a net loss of energy efficiency,
suggesting that hydrogen competes more efficiently than nitrogen (and as
efficiently as ammonia) for the plasma electrons. This inference agrees with the
lower impact dissociation energy of H, vs. N> (4.5 eV [40] and 9.8 eV [41],
respectively) and its relatively lower ionization threshold energy (13.6 eV [40] and
15.6 eV [42], respectively]). This experiment with NHs+H; mixtures also suggests
that hydrogen radicals or excited di-hydrogen species may be very reactive. They
can recombine with hydrogen atoms in the ammonia molecules or fragments, i.e.,
leading to exchange processes that do not contribute to increasing the
decomposition yield and, therefore, reducing the energy efficiency for H,
production. This would occur through a series of inefficient reaction events that do
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not contribute to the net formation of hydrogen molecules. These events will be
studied in the next sections of this chapter using the isotope labeling technique
with mixtures of NH3+D; and N2+D,+NHs.

Table 5.1. Ammonia Decomposition Yield (DY-NHs) and Energy Efficiency
associated with H, production (EE-H,) for pure NH3 plasmas and mixtures of this
gas with N2 or H.. The current amplitude was kept constant at 25 mA.

Gas or mixture Tota(ISZI:r\;v) rate DY-NH3 (%) (LEIIZ:_/k:I/\ZIh)
3 32 8.0
NH:" 6 24 13
9 20 16
NH3 +N,O 9 (ratio 1:2) 19 16
NH3 + H,(™ 9 (ratio 2:3) 17 6.0

Experiments performed using a PZT barrier of ®) 3 mm and ¢ 10 mm

5.3.2. Inefficient Reaction Mechanisms: Ammonia Decomposition
vs. Hydrogen Atom Exchange (NHz+D2 Mixtures)

It has been mentioned in the previous section that hydrogen atom exchange
processes between NH; and Hz(D2) molecules are inefficient from the point of
view of ammonia synthesis and decomposition reactions. To assess in detail the
involved reaction events, a series of experiments have been carried out with
NHs+D; plasmas. A summary of the results obtained is reported in Figure 5.2.
Figure 5.2(a) indicates a clear evolution in the intensity of the recorded m/z peaks
as a function of power, showing a progressive decrease in the intensity of peaks
associated to D, and NH3 and an increase of those due to H,, HD, NDH, and
ND:H. As illustrated by the schemes in Figure 5.2(b), this evolution sustains that
isotopic exchange process of the type:

NHs + D2 2 NDxHy + HD (Hz) (E 51)
become more likely with the applied plasma power.

From the analysis of the intensity of the different m/z peaks, it is possible to
estimate the partition of the different labeled molecules in each compound (i.e.,
H2, HD, and D, for hydrogen and NHs, NDH_, ND-H, and ND; for ammonia). The
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histogram plots in Figures 5.2(c) and (d) represent the percentages of the different
labeled molecules as a function of plasma power for a fixed flow of reactants (9
sccm), or as a function of the total flow of reactants at constant power (9 + 1 W).
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Figure 5.2. (a) Series of mass spectra recorded for plasma-activated NHz+D, mixtures
at increasing powers from 9 to 23 W (total flow fixed at 9 sccm). (b) Scheme showing
plasma exchange processes leading to the formation of deuterium-labeled molecules
of ammonia and hydrogen. (c) Histogram from (a), showing the percentage of the
different molecules as a function of plasma power. (d) Idem as a function of total flow
(power fixed at 9 + 1 W). The experiments were carried out using a 10mm-PZT barrier
at a frequency of 5 kHz and varying the voltage amplitude between 2.5 and 4 kV.

It can be observed that the amount of NHs; and D, progressively decreases
in the outlet gas mixture because they progressively exchange their constituent
H/D atoms according to processes such as that represented in E 5.1. According to
Figures 5.2(c) and (d), these exchange reaction events are more frequent when
increasing power and decreasing the reactant flow (i.e., increasing the residence
time) and may produce up to 60% reduction of D, molecules in the total amount
of hydrogen in the outlet mixture.

Additionally, it has been found a little but progressive increase with power
in the m/z=28 peak intensity, directly related to the formation of N, as indicated
in the zoomed QMS spectra plotted in Figure 5.3. This evidence, as well as the
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observed decrease in the total amount of ammonia molecules in the outlet with
respect to the inlet flow, proves that a fraction of ammonia is effectively
decomposed into nitrogen and hydrogen. Table 5.2 summarizes the results for
various experimental conditions. Data include the NHs; decomposition yield and
the partition between the “reacted” NHs molecules that have led to N> (and
hydrogen) and the “reacted” NHs molecules that have exchanged H by D. It is
interesting that, under certain conditions, more NHs; molecules have undergone
exchange processes (fifth column) than decomposition into N, and hydrogen
(fourth column).

1.6+
14} —— Plasma off
—~1.2 — W
g 17 W
< 107 23W
= 0.8
[
206
£
0.4
0.2
0.0E PR . N~
27 28 29

Figure 5.3. (2) Evolution with the increasing power of the m/z=28 QMS signal for the
NHs+D, mixture (operating conditions similar to those in Figure 5.2(a)).

Moreover, Table 5.2 shows that the fraction of NHs molecules decomposed
into N, and hydrogen (HD can be formed through secondary processes) increases
with power and decreases with the reactant flow, while the fraction of ammonia
molecules that undergoes inefficient H-D exchange processes follows an opposite
trend. From a practical point of view, these opposed tendencies show that
operating packed-bed reactors at high input powers and low flow rates favor the
decomposition of ammonia into hydrogen and nitrogen with respect to the
occurrence of hydrogen exchange reaction events. This experimental evidence
supports the direct involvement of high-energy plasma electrons in the
decomposition of ammonia molecules, in agreement with the proposals of Hong et
al. [2] for back-reactions during the plasma-catalytic synthesis of ammonia.
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Table 5.2. Evolution of the ammonia decomposition yield and fractions of
ammonia decomposed molecules and H-D exchange processes. Experimental
conditions are similar to those in the experiments shown in Figure 5.2.

) Fractio’p of ) Fractio,p of
Neflow - Poner N | Tgiccues © | molecules hat
(%0) decomposed into have exchanged
N2 and hydrogen H by D
9 0.24 0.03 0.97
9 17 8.9 0.40 0.60
23 17 0.49 0.51
5 9 12 0.47 0.53
3 5 11 0.58 0.42

5.3.3. Hydrogen Isotopic Exchange Reactions under Steady State
Conditions (N2+D2+NH3 Mixtures)

Mixtures of nitrogen, hydrogen, and ammonia represent the typical
composition of outlet gases during both ammonia synthesis and decomposition
experiments. The ternary inlet mixture N»+D,+NHs; has been studied to
quantitatively estimate to which extent hydrogen exchange and similar
intermediate reaction events waste energy without contributing to the desired
processes. Molecular ratios have been adjusted to avoid any net nitrogen reaction,
i.e., adjusting the inlets in such a way that the inlet ratio N2/NHjs is the same as the
outlet ratio No/(NHs+NDH,+ND,H+ND3). Accordingly, for these conditions, the
yield of ammonia formation is equivalent to that of ammonia decomposition. Such
conditions were satisfied for inlet mixtures with a N.:D, constant ratio of 1:3, a
NH; flow of 3.7 sccm and total flows of 15, 27 and 38 sccm.

The bar diagrams in Figure 5.4 show the partitions of the different labeled
molecules in each compound (i.e., hydrogen or ammonia), either as a function of
power or the total flow of reactants. The diagrams indicate that the relative
concentrations of NDH» and ND,H, as well as some hints of NDs, increase with
the consumed power (Figure 5.4(a)) and for smaller flow rates (Figure 5.4(b)). A
similar tendency was found for the evolution of H, and HD molecules. These
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results confirm that, under the investigated conditions, H-D exchange reactions are
massively taking place with zero energy efficiency for the two plasma-assisted
ammonia reactions of interest (synthesis and decomposition).

(a) Hydrogen Ammonia (b) Hydrogen Ammonia
100} I 11 | 100} I 1T |
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Figure 5.4. Percentages of the different hydrogen and ammonia molecules detected
for the mixture N2+D>+NH3 as a function of (a) the applied power (for V=2.5 kV, flow
rate of 15 sccm, and frequencies between 1 and 5 kHz) and (b) the total input flow of
reactants (i.e., 38, 27 and 15 sccm) for a consumed power of 11 + 1 W (2.5 kV, 5 kHz).
Experiments were carried out for a PZT barrier of 3 mm.

To more precisely assess how plasma energy is consumed in promoting
plasma exchange reactions we apply the Reaction Events concept (RE, see
Chapter 3). Figure 5.5 shows the evolution of the different Reaction Events as a
function of the total flow rate for an applied power of 11 W (same conditions as
for the histogram in Figure 5.4(b)). In these plots, overall data are also provided
for hydrogen production (i.e., the sum of RE leading to the formation of HD and
Hy), for ammonia production (i.e., the sum of RE leading to the formation of
NDH;, ND-H, and NDs3) and for the sum of these two Reaction Events (Total
Reaction Events, TRE). Clearly, there is a progressive decrease in the number of
inefficient Reaction Events when the total flow rate increases (i.e., when the
residence time decreases).
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Figure 5.5. Representation of the number of Reaction Events for (a) ammonia and (b)
hydrogen molecules detected in the outlet mixture during the analysis of the stationary
mixture N2+D2+NHs as a function of the total flow rate. Experimental conditions were
similar to those in Figure 5.4(b).

Similarly, a progressive increase in the number of inefficient Reaction
Events was found when increasing the consumed power, as shown in Figure 5.6.
Interestingly, Figures 5.5 and 5.6 show that hydrogen is more likely to undergo
exchange RE than ammonia. This fact agrees with the results summarized in Table
5.1 and the discussion thereof about the influence of hydrogen in the ammonia
decomposition reaction. From a practical point of view, gathered evidence suggests
that a suitable strategy to increase the energy efficiency for the synthesis of
ammonia would consist of properly adjusting the hydrogen flow, while if the
objective is to decompose ammonia, produced hydrogen should be immediately
removed from reaction medium after its formation (e.g., using selective diffusion
membranes) [43]. These conclusions agree with those of an article published by
our research group in 2019 specifically focused on the use of the isotope labeling
method to analyze No+D.+NH3 mixtures [22].

107



Discharge and Surface Mechanisms in Plasma-assisted Ammonia Reactions

50 15scem 25+ 27 sccm 121 38 scem
S40t 320} 3 10r =8~ Ammonia
S S S == NDH,
8 8 g 8r
S30f S5 S ND.H
@ @ @ 6f ND;
S20} S10r S 4l == Hydrogen
g g g DM
S 1ol 8 sl S /
. . __,:4& w o H;
ol ol ol 2= -9~ TRE
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0246 81012 0246 81012 0246 81012
Power (W) Power (W) Power (W)

Figure 5.6. Representation of the number of Reaction Events for (left to right) 15, 27,
and 38 sccm total flows during the analysis of the stationary mixture No+D,+NH3 as a
function of applied power. Experimental conditions were similar to those in Figure
5.4(a).

5.3.4. Intermediate Plasma Species During the Synthesis &
Decomposition of Ammonia

Exchange Reaction Events taking place during the synthesis and the
decomposition of ammonia must involve plasma excited species. The role of
surface-adsorbed intermediates in these processes also forms part of the current
models proposed to account for the plasma-catalytic synthesis of ammonia
[9,37,44]. There is still much discussion in the literature about the relative
importance of pure plasma processes vs. mechanisms mediated by the adsorption
and surface reactions of gas species and plasma intermediates. Unlike conventional
heterogeneous catalysis, where in situ and in operando techniques for the
characterization of intermediate adsorbed species are well established, in plasma-
catalysis in situ analysis of these species has been scarcely developed and only
exceptionally applied [38]. Therefore, the analysis of intermediate species is
usually restricted to the plasma phase, most commonly using OES measurements.

Trying to shed some light on the reaction mechanisms for ammonia
reactions under our experimental conditions, we carried out a systematic analysis
by OES of the NHs+D-, mixture studied in section 5.3.2. Typical OES spectra of
this mixture as a function of power are shown in Figure 5.7(a), where the emission
bands can be attributed to excited states of N.* and NH*(ND") [45]. This
assignment relies on similar plasma investigations where signals between 290-385
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nm were attributed to the second positive system of N,* [C3I1 - B3II] and the
signal at 336.0 nm to NH" species [A311 - X327] [11,12]. The detection of these
bands confirms that these species are formed in the plasma, although other excited
species formed might not be detected by OES. Interestingly, unlike the spectra
recorded for No+H, mixtures [11,12], no hints at 391.4 nm and 427.8 nm can be
attributed to No* excited species [B*Z;} — X?%}].

<25 >
=~ 2BW
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Figure 5.7. (a) OES spectra recorded for the NH3+D- plasma mixture (same conditions
that in Figures 5.2(a) and (c)) as a function of the applied power. (b) Plot of the
percentage of ammonia molecules containing deuterium (data taken from Figure
5.2(c)) against the intensity of the 336.0 nm band (associated with NH") for the
indicated applied powers.

The slight increase in the spectral background at lower wavelengths
observed in the high-power (23 W) spectrum in Figure 5.7(a) can be related to the
presence of excited deuterium species (D;") in the plasma. This characteristic
emission of H, (or D) [46] is very common in No+H; (D2) plasmas, as illustrated
in Figure 5.8 for the OES spectra of a No+D; (1:3) mixture.
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Figure 5.8. Emission spectrum of a N>+D> (1:3) plasma for the following operating
conditions: PZT barrier of 10 mm, total flow rate of 12 sccm, 5 kHz, 4 kV, and 42 W.
The horizontal dashed line at y = 0 is drawn to highlight the spectrum background.

The progressive formation of NH*(ND”) species as the power increases and
its correlation with the detected percentage of labeled molecules NDH, and ND.H
(c.f., Figure 5.7(b)) suggests that deuterium exchange reactions are involved in
the formation of NH" (ND”) and NH," (ND," or NDH") intermediate radicals via
processes E 5.2 - E 5.6, implying the initial formation of NH" and NH,":

NH; + e > NH" + 2H" (E5.2)
NH; + e > NH, + H* (E5.3)

Then, once NH" and NH," radicals are formed, it is likely their interaction
with D; according to:

NH* + D, > NDH" + D" (E 5.4)

NH,* + D > NDHz + D* (E 5.5)
or, in a second step:

NDH* + D, > ND,H +D* (E 5.6)

The fact that OES detects the emission of NH*(ND™) but not of NH," (ND-",
NDH") suggests a higher reactivity and a shorter lifetime for NH," species; in other
words, that reactions E 5.5 and E 5.6 should be very fast, drastically contributing
to removing these intermediate species from the plasma. Previous investigations
in other types of plasmas as inductively coupled radiofrequency discharges [47] or
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plasma jets [48] also support a higher stability for NH" species with respect to
NH.".

In addition, D" radicals probably formed by electron-impact dissociation (E
5.7) are expected to react with NH; (NDH, ND-H) molecules and contribute to
isotopic exchange processes such as:

D;+e > 2D" (E5.7)
NH; + D" > NDH,; + H* (E5.8)

The drift in the spectral background in Figure 5.7(a) (and Figure 5.8) is an
indirect evidence of dideuterium (dihydrogen) radicals formation but does not
discard the occurrence of dissociation reactions [46]. In Figure 5.7(a), the absence
of spectral features due to N.* species is noteworthy. The formation of this
molecular ion has been reported in previous studies dedicated to the synthesis of
ammonia in nitrogen-rich conditions (i.e., feeding the reactor with N; and Hy)
[11,12]. The absence of this emission in NHs+D, plasmas must be due to the
relatively small concentration of nitrogen molecules formed in the mixture through
ammonia decomposition, as well as the high electron energy required for the
ionization of N2 molecules (15.6 eV) [2].

This OES experiment strongly supports the occurrence of processes E 5.2 -
E 5.6 in the plasma phase but does not provide any direct experimental evidence
about the involvement of the barrier material in the reaction mechanisms.
However, some inferences can be made based on the known reactivity of the
different species involved in the process. For example, excited species and
fragments of ammonia, such as NH", which are inferred by the OES analysis, can
be adsorbed on the surface of the PZT pellets and subsequently react with surface-
adsorbed hydrogen or deuterium atomic species. In this regard, it can be a
reasonable assumption that the cross-section of a NHxDvy+H(D) direct reaction is
higher if these species are adsorbed on a surface than if they collide in the plasma.
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5.3.5. Surface vs. Plasma Reaction Mechanisms (N2+H2(D>)
Mixtures)

A key feature in plasma and plasma-catalysis reactions is to determine the
involvement of surface-mediated processes. Although evidence of these processes
exist for the low-pressure plasma-catalytic synthesis of ammonia [49] and are a
common assumption in plasma-catalysis [50,51], there is little direct evidence
about surface mechanisms and/or intermediate species participating in the reaction
for a given experimental configuration, i.e., without varying the initial reactor
configuration (for example, adding a catalyst) [38]. Herein, using the isotope
labeling technique, it has been proved that, under the utilized experimental
conditions, surface processes actively participate in the ammonia synthesis
reaction.

In a first experiment, using a mixture N2+D- (ratio 1:3), it has been found
that besides the expected ND3; molecules, labeled molecules such as NH3;, NDHa,
and NDzH (together with HD) were detected in the outlet flow. The series of mass
spectra in Figure 5.9(a) taken before and after igniting the plasma clearly show
the formation of these labeled molecules upon plasma ignition. Analogously, the
FTIR spectra in Figure 5.9(b) shows the appearance of bands attributed to NHs
(3335 cm™), NDH; (2505 cm™), ND2H (2558 cm™), and NDs (2420 cm™) species
[52-54], whose intensity increases with the applied power [22].
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Figure 5.9. (a) QMS and (b) FTIR spectra taken at increasing consumed powers for
the No+D> mixture ignited under the following operating conditions: PZT barrier of 10
mm, total flow rate of 12 sccm, frequency of 5 kHz, and voltage amplitudes of 3.4 (28
W) and 4 kV (42 W).
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In this experiment, it has been found that the partition of labeled molecules
changed with the total flow of gases (see Table 5.3). For the lowest flow rate, the
concentration of H-containing molecules was higher, showing that H atoms —
apparently from an unknown source inside the reactor — intervene in the ammonia
synthesis reaction (these H atoms can proceed from the PZT barrier). On the one
hand, these hydrogen atoms can react with ND* or ND," excited species (or these
species in the ground state) of the plasma by direct interaction according to an
Eley-Rideal (E-R) mechanism. On the other hand, the plasma species can be
adsorbed on the surface where they may react with hydrogen atoms and lead to the
formation of partially deuterated ammonia according to a Langmuir-Hinshelwood
(L-H) mechanism:

ND" (s or plasma phase) + H(s) > NDH"(s) (E 5.9)
NDH" (s or plasma phase) + H(s) » NDH, (E 5.10)
ND;" (s or plasma phase) + H(s) > ND.H (E 5.11)

where (s) denotes adsorbed species and A" denotes that the species can be in
electronically excited states.

Reactions E 5.9 - E 5.11 take place on the surface and can occur
simultaneously as similar processes in the plasma phase. The evolution of NDxHy
concentration as a function of the flow rate (Table 5.3) permits one to assess
qualitatively the relative importance of surface-mediated versus direct plasma
interactions as responsible for each process. For example, the fact that the NDH;
relative concentration was higher for a lower reactant flow rate (i.e., for longer
residence times) suggests that reaction steps E 5.9 and E 5.10 at the surface are
more likely to occur under these conditions. This possibility agrees with the
common assumption in plasma-catalysis about the longer time-scale of surface
reactions with respect to other processes in the plasma phase [55]. Accordingly,
the relatively higher concentration of ND,H with respect to NDH, found at higher
flow rates (i.e., shorter residence times) seems to indicate that surface processes
are less probable for these conditions. Therefore, the formation of ammonia
through the intervention of ND, intermediate species is more likely to occur for
shorter residence times, either directly in the plasma phase or through a one-step
E-R mechanism (E 5.11).
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Table 5.3. Percentages of the different ammonia molecules detected one hour after
igniting the plasma for two input flow rates of N>+D (ratio 1:3). Experiments were
carried out using a PZT barrier of 10 mm, at 5 kHz and 4 kV (42 W).

Total flow rate of

Ny+D, 12 sccm 34 sccm
Molecular specie Relative (%) Relative (%)
ND3 7 60
ND.H 22 28
NDH, 42 1
NH; 29 11

A complementary experiment to check the previous hypothesis about
surface processes was carried out as follows. First, a 10mm-PZT barrier was
exposed for 3 hours to a plasma of pure deuterium. During the treatment, as
reported in Figure 5.10, the QMS spectrum showed the formation of HD
molecules, indicating the existence of H-D exchange processes. Reaching this
point, the experiment suggested that, before plasma ignition, there were H atoms
and —OH groups incorporated in the bulk and on the surface of the pellets,
respectively.

10

—— Plasma off
——Plasma on

Intensity (a.u.)

Figure 5.10. QMS spectra recorded before and during the D, plasma activation of the
PZT barrier. Operating conditions: PZT barrier of 10 mm, D flow rate of 1.5 sccm, 4
kHz, 3.7 kV, and average consumed power of 23 W.
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The experiment continued with the verification that, upon subsequently
igniting a plasma of pure N, no traces of ammonia molecules could be detected
(Figure 5.11(a)). However, when shortly thereafter a No+H» plasma was ignited,
NDH, and ND,H molecules were detected by mass spectrometry (see Figure
5.11(b)). These findings confirm the involvement of deuterium, probably
incorporated in the ferroelectric pellets, in the generation of D-labeled ammonia
molecules. Therefore, the three following hypotheses can be proposed: (1) a source
of hydrogen exists in the PZT pellets utilized to moderate ammonia reactions, (2)
this hydrogen can be mobilized when the pellets are exposed to a plasma
containing either H, or D2, and (3) H/D exchange reactions between the plasma
gas and the surface may take place for N2+H3z(D.) plasmas.

A condition enabling these three working hypotheses is the incorporation of
hydrogen or deuterium atoms into the PZT pellets when they are exposed to a
hydrogen plasma. Under these conditions, the direct interaction of PZT with H(D)
radicals and, possibly, molecular hydrogen and excited states of the molecule,
seems to promote the incorporation of H(D) onto the surface (e.g., in the form of
—OH/D groups), and likely also in the interior of the PZT pellets. Although the
mechanisms for such a hydrogen plasma-driven incorporation process are still
unknown, it is noteworthy that atomic hydrogen can be incorporated in PZT by
thermal or electrochemical treatments [56,57]. According to the literature, the
capacity of PZT to incorporate hydrogen is very high and can amount to one atom
per lattice octahedral unit of its structure (i.e., a maximum 1H:1Pb ratio) [58,59].
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Figure 5.11. (a) QMS spectra for N, plasma (3 sccm of Np; 5 kHz, 4.3 kV, 43 W)
taken at different times after the ignition of the D,-plasma during 3h. Note that signals
m/z=2 and m/z=3 decrease with time because they are residual species present in the
QMS chamber from the previous activation experiment. (b) Idem for No+H; plasma
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(total flow of 34 sccm; 5 kHz, and voltage amplitudes between 3.3 and 4.1 kV) after
the subsequent ignition of the D, and the N plasmas.

Therefore, considering the absence of ammonia after the ignition of the
pure-N2 plasma over deuterium-saturated PZT, we propose that nitrogen
dissociation and excitation, as well as the formation of NH" and NH," species,
which are reaction intermediates for the synthesis of ammonia, occur mainly in the
plasma phase according to processes such as:

N2+e >N +e (E5.12)
No"+N;" > N+N+N, (E5.13)
N2+e >N +N" +e (E5.14)
Ho+e > H,"+e  (E5.15)
N*+H," > NH +H (E5.16)
NH+H," > NH; +H (E5.17)
where A" species indicate that they can be electronically excited.

Although processes E 5.12- E 5.17 are proposed to occur in the plasma
phase, the discussed experiment proves that alternative processes can also take
place on the surface. For example, the dissociative surface adsorption of hydrogen
or other molecular excited species [37], as well as the hydrogenation of reaction
intermediates (NH and NH>) [51]. It is accepted that the formation of NH or NH>
intermediates may also involve N* species, which are usually detected by OES in
N2+H. plasmas [11], and could interact with H," in the plasma according to:

N2*“+ H," > 2NH® (E5.18)

The direct interaction of N,™ with the surface might also lead to the
generation of activated adsorbed species of nitrogen (i.e., N"(s)). Nevertheless,
since no ammonia was detected when PZT pellets containing hydrogen/deuterium
were exposed to a plasma of pure N2 (Figure 5.11(a)), dissociative adsorption of
nitrogen molecules must be discarded under these experimental conditions.
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5.4. Overview of the Reaction Mechanisms for the
Ammonia Synthesis in a PZT-moderated Packed-
bed Reactor

The scheme in Figure 5.12 systematizes the most probable surface reaction
pathways involved in the ammonia synthesis reaction under our experimental
conditions. They have been proposed based on the previous results and
considerations. However, it should be mentioned that the processes in this scheme
do not disregard the occurrence of pure plasma reactions with the same results.
Therefore, according to reactions E 5.12 - E 5.17, the NH" and NH;" intermediates
formed in the plasma become adsorbed or directly interact with atomic hydrogen
species attached onto the surface of PZT.
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Figure 5.12. Scheme of reaction mechanism leading to the ammonia synthesis in the
PZT-moderated packed-bed reactor. Orange arrows indicate Eley-Rideal mechanisms
while green ones Langmuir-Hinshelwood mechanisms.

According to Figure 5.12 both E-R and L-H type surface mechanisms may
be involved in the ammonia synthesis, whereby NH* and NH." intermediates from
the plasma can react with hydrogen atoms on the surface leading to the formation
of ammonia (the former in a two-step hydrogenation process). This surface
reaction model assumes that the rate-limiting step under our experimental
conditions are: (1) the dissociation of nitrogen in the plasma (E 5.12 - E 5.14) and
(2) the subsequent formation of NH* and NH." intermediates also in the plasma
phase. This assumption is different than that of Aihara et al. [35]; these authors,
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utilizing a completely different experimental configuration (therefore, a distinct
electron energy distribution function) propose the dissociative surface adsorption
of N2 or N2" as the key process for ammonia synthesis. The dissociative adsorption
of vibrationally excited states of the nitrogen molecule is also the mechanism
proposed by Metha et al. [9,44,60], who studied the plasma-catalysis synthesis of
ammonia at different temperatures. On the other hand, Akay and Zhang [13]
proposed that both paths are possible (i.e., the nitrogen dissociation by electron
impact in the plasma and the dissociative adsorption), working with Ni-based
catalyst incorporated in a packed-bed reactor operated at 140°C.

Although the results discussed in this chapter and summarized in Figure
5.12, corresponding to bare PZT, support that NH species are formed in the plasma
as proposed by Hong et al. [37], the occurrence of other mechanisms cannot be
discarded. For example, Metha et al. [9,60] have proved that the use of metal
catalysts in the reactor can enhance ammonia production through the activation of
surface mechanisms different from those proposed in the scheme of Figure 5.12
(e.g., involving the dissociative adsorption of N2). Therefore, in Chapters 6 and
7 the ammonia synthesis and decomposition reactions have been studied
introducing a metal catalyst into the ferroelectric packed-bed barrier.

5.5. Conclusions

The experiments discussed in this chapter have provided valuable
information regarding both the ammonia synthesis and decomposition reactions in
a PZT-moderated packed-bed reactor. On the one hand, the ignition of pure NH;
plasmas has proved that the decomposition of ammonia can be a suitable and an
energetically efficient process for hydrogen production. However, the isotope
labeling method has shown that, besides the main reaction pathways, in NHs+D;
plasmas hydrogen exchange reactions consume energy but do not contribute to the
hydrogen formation. These inefficient Reaction Events have also been detected
when igniting No+D.+NHs plasmas, simulating steady state conditions for the
ammonia synthesis reaction. Therefore, the decomposition of an ammonia
molecule previously formed is also interpreted as a back-reaction that contributes
to reducing both the yield and the efficiency of the process. Valuable information
regarding the power consumption or the residence time of the gases in the
discharge has been deduced from isotope exchange experiments. Accordingly,
proposals such as the selective separation of given reactants or products or the

118



Chapter 5

control of the electrical and flow operating conditions have been suggested as
possibilities to improve reaction yields and energy efficiencies of ammonia
reactions.

In addition, we have shown that the combined use of plasma diagnosis and
the isotope labeling methodology constitutes a powerful approach to analyze
reaction mechanisms. In this line, it has been verified that, in addition to plasma
reactions, plasma-surface interaction processes directly intervene in the ammonia
synthesis reaction. In concrete, it has been verified that hydrogen atoms
incorporated in the PZT pellets can appear in the outlet gases as resulting from
surface exchange processes involving intermediate plasma species.

Finally, a scheme of reaction mechanisms has been proposed for the
ammonia synthesis in the PZT-moderated packed-bed reactor. The dissociation of
nitrogen molecules, as well as the formation of NH and NH- species in the plasma
phase, have been proposed as rate-limiting steps of the synthesis process.
According to the discussion of surface processes, it has been proposed that NH"
and NH;" intermediates formed in the plasma can be hydrogenated at the surface
of the pellets following Eley-Rideal and Langmuir-Hinshelwood mechanisms to
render NHs molecules.
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Chapter 6

Ammonia Synthesis by Plasma-
Catalysis. Role of a Metal Catalyst™

6.1. Introduction

The incorporation of catalysts into plasma reactors (mainly in a packed-bed
configuration) has been demonstrated to be a useful strategy to increase the
performance of different plasma-driven chemical processes [1-3]. In this chapter,
we analyze the effect of a Ru-catalyst on the plasma-assisted ammonia synthesis,
with the intention of proving possible effects of this incorporation into the overall
reaction process. Determining the role of pure catalytic or plasma interactions in
the reaction mechanisms of ammonia synthesis has become a key issue to
overcome the current energy efficiency limitations of this reaction [4—6]. Many
authors have tried to select an appropriated catalysts for its incorporation in
packed-bed plasma reactors for the synthesis of ammonia. For example, G. Akay
and K. Zhang studied the incorporation of a porous Ni-based catalyst into a
packed-bed reactor moderated by glass and BaTiOs pellets, obtaining reaction
yield values (i.e., molecular percentage of converted nitrogen) as high as 12% [7].
Similarly, M. Carreon and coworkers have reported that porous materials such as
zeolites seem to favor the ammonia synthesis into their pores [8,9]. They have also
demonstrated that perovskites with electronegative alkaline-earth cations (e.g.,
MgTiOs) contribute to weaken the nitrogen bond (N=N) and thereby favor the
ammonia synthesis reaction [10]. However, there are not yet clear criteria for the
choice of the best catalyst, mainly because its function under plasma interaction
conditions may be different than its typical activity at high pressures and
temperatures.

" The content of this chapter will be sent for publication as an invited article: P. Navascués,
J. Garrido-Garcia, J. Cotrino, A. R. Gonzalez-Elipe, A. GoOmez-Ramirez, Energy
Efficiency and Reaction Mechanisms by the Ammonia Synthesis in a Ferroelectric Packed-
bed Plasma Reactor Adding Ruthenium Catalyst. Journal ACS Sustainable Chemistry &
Engineering.
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Focusing on the reaction mechanisms, Rouwenhorst et al. made a clear
distinction between the different processes that could take place in a packed-bed
plasma reactor either in the plasma bulk or at the surface of an embedded catalyst
[5]. They distinguish four types of interactions: (1) plasma-phase ammonia
synthesis, with all processes taking place in the plasma phase; (2) surface-
enhanced plasma-driven ammonia synthesis, characterized by the dissociation of
N2 and Hz in the plasma phase, followed by surface reactions; (3) plasma-enhanced
semicatalytic ammonia synthesis, with the dissociation of N, taking place in the
plasma phase and the dissociation of H, happening in the catalyst, followed by
surface reactions; and (4) plasma-enhanced catalytic ammonia synthesis,
involving an initial step of N> vibrational excitation by interaction with the
electrons of the plasma, followed by the dissociation of the excited molecule onto
the surface of the catalyst (where also hydrogen may become dissociated), the
occurrence of surface reactions to produce ammonia and, finally, the ammonia
desorption.

Trying to shed some light into the reaction mechanisms and the relative
importance of these interactions, Bogaerts and coworkers have recently combined
a catalytic reaction microkinetic model with a plasma chemical Kinetics description
[11]. Thanks to the incorporation of these two perspectives, these authors have
concluded that the NHs turnover frequency (TOF)T does not depend on the catalytic
material for plasmas with a high concentration of radical species and that E-R type
elemental reactions are then favored. This idea differs from other studies proposing
that the NH; TOF depends on the type of catalyst [12,13], thus stressing the
importance of selecting the catalyst in terms of cost and stability. A confirmation
of this view has been experimentally provided by Gorbanev et al. using Al,Os-
supported Fe, Ru, Co, and Cu catalysts, reporting increases up to four times in the
amount of produced ammonia when comparing the metal catalyst results with
those obtained using Al,O3 beds as barrier [14]. However, these results and their
interpretation are controversial since these authors obtained NHs concentrations
around 8000 ppm upon the incorporation of 10 wt% metal loaded catalysts, a
meager result corresponding to small reaction yields around 1%. In a similar way,
Gorky et al., studying the effect of adding Ni nanoparticles of different sizes into
a packed-bed reactor filled by SiO; and feeding the reactor with a 1:3 N2:H, gas

T The turnover frequency (TOF) is defined as the number of moles of substrate that a mole
of catalyst can convert per unit time before becoming inactivated. Accordingly, an ideal
catalyst would have an infinite TOF.
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flow ratio, found an increase in the energy efficiency of ammonia production from
0.8 to 3.1 g NHa/kWh, but in a range of reaction yields around 0.5% [15]. It is
noteworthy for these two studies that the incorporation of metal catalysts produces
and increase in reaction yield as compared with the use of classic dielectrics as
moderators: Al,O3 (Gorbanev et al.) and SiO, (Gorky et al.). All the same, these
are low reaction rates when compared to previous results of our research group
working at ambient temperature with PZT as moderator (i.e., 7% of nitrogen
conversion) [16] or the aforementioned results of Akay and Zhang for reactions
carried out at 140°C (i.e., 12% of nitrogen conversion) [7].

Despite the considerable efforts illustrated by these works in literature
aiming at understanding the links between surface reactions and bulk plasma
processes involved in the synthesis of ammonia, various unexplored questions still
require a critical assessment. For example, a missing aspect is to determine the
extent and mechanisms by which the metal catalytic particles are involved in the
reaction process and/or how they may affect the plasma properties and behavior
[3]. In this chapter we analyze these aspects, using the reaction yield and the energy
efficiency of the plasma process as parameters to discuss the possible effects of
the incorporation of a metallic phase on the packed-bed plasma reactor and,
eventually, on the overall synthesis process. Based on previous studies of our
research group about the ammonia synthesis reaction [16,17], experiments have
been designed to easily study possible differences appearing when adding the
metal catalyst. In this regard, it is important to remark that the selected operating
conditions are not those optimized to obtain the aforementioned reaction yield of
7% [16], but others properly designed to address the main objective of this study:
the analysis of the effects of the metal catalyst on the plasma and on the reactor
performance.

For this purpose, we study the effect of incorporating a metal catalyst into a
ferroelectric PZT barrier, a reactor configuration that, already provides reaction
yield values higher than those obtained with classic dielectrics even without the
incorporation of a metal catalyst [16,17]. In concrete, the ammonia synthesis
reaction has been carried out in a packed-bed reactor using three configurations of
the packed bed: i) using pure PZT pellets as discharge moderator (designed as PZT
configuration); ii) with these pellets covered by an Al,Os coating (AlOs/PZT
configuration), and iii) with this coating containing Ruthenium (Ru) nanoparticles
(Ru-AlOs/PZT configuration). Ruthenium is the most widely used metal catalyst
for the plasma-catalytic synthesis of ammonia [6,11,12,14,18,19], as well as very
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common in thermal catalysis [20]. A similar design strategy of the pellet’s
characteristics using core-shell structures as catalyst was applied by
Uytdenhouwen et al. for the plasma-based CO; splitting process [21]. Furthermore,
a similar configuration was also used in the previously mentioned study of
Gorbanev et al., where Ru nanoparticles were directly incorporated by a wet
impregnation method onto y-Al,Os dielectric pellets [14].

As discussed in Chapter 4, the use of ferroelectrics instead of dielectrics
results in higher current densities and generally provides a better trade-off between
reaction yield and energy efficiency. In this chapter, a systematic study has been
carried out for the three selected barrier configurations (PZT, Al.Os/PZT, and Ru-
Al,O3/PZT) and two different temperatures: ambient temperature and 190°C,
considering that for this latter value certain catalytic effects may take place in the
plasma reactor [6]. The study has primarily disclosed the effect of the alumina
support and the metal catalyst phase on the plasma discharge. Thus, we show that
alumina, with a dielectric constant smaller than that of the PZT (see Chapter 4)
tends to cool down the plasma. In addition, we also prove that the incorporation of
Ru contributes to compensate this cooling effect in the line proposed by Kushner
and collaborators for catalytic moieties dispersed onto dielectric pellets [22].
However, our experiments demonstrate that the incorporation of a ruthenium
catalyst when using ferroelectrics as moderators does not provide a significant
enhancement (or this is negligible) either in reaction yield or in energy efficiency
with respect to the PZT ferroelectric barrier. This assessment is confirmed by a
critical evaluation of reaction mechanisms involved in the ammonia synthesis
reaction, its back decomposition into H, and N, and/or additional processes that,
occurring to a different extent at ambient temperature or 190°C, may be detrimental
for the overall reaction performance in the presence of a metal catalyst.

130



Chapter 6

6.2. Experimental Details

All the experiments have been performed using PZT pellets (with diameters
between 0.5-2 mm) and a barrier length of 5 mm. Seeking for plasma-catalysis
synergies and taking into account the possible benefits of operating the reactor
with ferroelectric pellets incorporating metal particles, a Al.Osz-supported Ru
catalyst powder was coated onto the PZT pellets (Ru-Al.Os/PZT configuration)
using an incipient wetting impregnation technique (for more details see section 3.5
in Chapter 3). For comparative purposes, the PZT pellets were also coated with
Al,O3 powders (Al,Os/PZT configuration). Non-coated pellets have been also used
as barrier (PZT configuration). The coatings (in powder and/or once deposited onto
the pellets) were characterized by Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), Energy Dispersive X-Ray
Spectroscopy (EDX), X-ray Photoelectron Spectrometry (XPS), and the nitrogen
adsorption BET technique (for more details about these characterization
techniques, see section 3.6 in Chapter 3). It should be mentioned that powders
and coated pellets have been analyzed before plasma exposure, with the ruthenium
particles in an oxidized state due to a precursor pretreatment consisting of
calcination in air at elevated temperatures (see the preparation procedure in section
3.5 in Chapter 3). However, it is expected that interactions with the hydrogen-rich
plasma produced by ignition of the N2:H» reaction mixture will reduce these
ruthenium oxide particles to a metallic state [23].

The coated pellets were introduced in the packed-bed as a middle layer of
the barrier, where they were sandwiched by two layers of PZT pellets. This
configuration permits avoiding the short-circuits that often occur due to direct
contacts between Ru particles and the metal electrodes. Therefore, the packed-bed
consisted of three layers of pellets (38.5 cm?®) arranged as illustrated in Figure 6.1.
The central layer occupies 11.5 cm? of coated pellets, while the top and bottom
layers of PZT pellets have a total volume of 27 cm®. The sketches in Figure 6.1
also represent the expected differences between the external surface of the three
kinds of pellets due to their coating with the Ru-Al,Os catalyst and Al.Os support.
The three different barrier configurations have been analyzed via impedance
measurements. For this analysis, the required potentiostat/galvanostat was
operated in a frequency range from 1 MHz to 100 Hz applying an alternating
voltage of 5 Vims between the electrodes of the reactor.
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Figure 6.1. (a) Schematic of the PZT, Al,O3/PZT, and Ru-Al,Os/PZT pellets. (b)
Barrier configurations when using coated pellets.

According to Kruszelnicki et al., [3] when metal particles are added to
dielectric beds in packed-bed reactors operated at atmospheric pressure, there is an
enhancement in plasma density in the proximity of the metallic catalysts. This
description relies on a computational model and has been experimentally
confirmed by iCCD imaging analysis by the authors. Therefore, it is expected that
the intensity of plasma generated with the Ru-Al,Os/PZT configuration is higher
than that for the other two configurations at the same operating voltage. However,
the situation is less clear for the Al.Os/PZT against the PZT configuration, the
former including pellets formed by a PZT core coated by an irregular layer of
Al,O3. The effect in the electric field distribution of covering the PZT pellets with
an alumina coating has been analyzed with the AC/DC module of Comsol
Multiphysics [24]. Simulations have been carried out for an inter-electrode
distance of 3.695 mm, assuming that the PZT pellets are irregular and have a mean
diameter of 0.6 mm. For the calculations, to disregard any tip effect, the external
shape profile of the Al,O3/PZT is taken identical to that of the PZT pellets, but
incorporating an irregular alumina coating with a mean thickness of 0.05 mm. The
applied voltage between the electrodes was 2.5 kV at a frequency of 5 kHz. An
extremely fine mesh was used for the calculations, rendering a computing time of
approximately 90 seconds. The color maps in Figure 6.2(a) depict the electrical
field distribution between two PZT pellets (i.e., PZT configuration) and between
adjacent PZT and Al,Os/PZT pellets (note that in the Al,O3/PZT and Ru-
Al,O3/PZT configurations, only the middle layer in the packed-bed is filled with
coated pellets, see Figure 6.1(b)). These color maps evidence that, for similar
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outer topographies and distances, the electric field in the inter-pellet space is higher
between two PZT pellets than between two adjacent PZT and Al,Os/PZT pellets.
Figure 6.2(b) provides a detailed evaluation of the electric field along a line “r”
connecting two pellets.

%107
@) 2.0 (b) —PZT
* 118 — ALOPZT
1 — 2}
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Figure 6.2. Analysis of the electric field distribution in the packed-bed barrier by
means of Comsol Multiphysics simulations [24]. (a) Distribution of the electric field
between two equally separated pellets of PZT (top) and a PZT and a Al,O3/PZT pellet
(bottom). The “r” line indicates the pathway selected to evaluate the electric field. (b)
Electric field distribution along the line “r” for the PZT and Al,O3/PZT configurations.

The difference in electric field distribution between the PZT and PZT-
Al,O3/PZT configurations responds to the distinct dielectric constants of the
ferroelectric PZT and dielectric Al,O; materials (1900 and 10, respectively, see
Chapter 4). It is also noteworthy that the electric field intensity appears enhanced
at locations where either the Al,Os or the PZT surfaces present irregularities. This
behavior is usually overlooked in similar simulations reported in the literature,
where perfectly spherical inter-electrode pellets are considered for the calculations
[25,26]. These simulations of electrical field distribution forecast that the lower
electric field distribution in the inter-pellet space for the Al,O3/PZT configuration
may affect the electrical behavior of the reactor. In concrete, according to these
results, this configuration is expected to cool down the plasma, reducing both the
electron temperature and density.

Experiments in this chapter have been carried out at atmospheric pressure
and two different temperatures: ambient temperature (with a slightly drift in this
parameter during the experiments up to a maximum of 35°C, a value that has been
considered for the energy efficiency calculations) and at a nominal temperature of
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190°C measured at the reactor walls. At ambient temperature, experiments have
been performed in two ways: i) varying the voltage amplitude between 1.75 and 3
kV at a fixed frequency of 5 kHz, and ii) varying the frequency between 1 and 5
kHz at a fixed voltage of 2.5 kV. In this latter mode, plasma current varied with
the frequency of operation and was chosen as a method to vary systematically the
plasma power without modifying the electric field distribution in the packed-bed
reactor. At 190°C only mode i) was used applying a fixed voltage amplitude of 2.5
kV, while the frequency was varied between 1 and 3 kHz. The repetition of
measurements between two and three times showed that the experimental error
was in the order of 10%.

Since this study focuses on the ammonia synthesis reaction, a Nz+H;
mixture has been used as inlet gas. A total effective flow rate of 23 sccm (1:3 N2:H>
ratio) was kept constant during all the experiments. To ensure that the residence
time of reactant gases in the reactor was similar when increasing the temperature,
the inlet gas flow was adjusted considering the expected volume expansion of
gases due to their heating in the reactor (i.e., the effective residence time will be
affected by the reactor temperature). Therefore, N, and H; gas flows were set at
5.75 sccm and 17.25 sccm at room temperature and at 3.7 sccm and 11.1 sccm, at
190°C.

6.3. Results and Discussion
6.3.1. Characterization of Al.O3/PZT and Ru-Al.Os/PZT Pellets

Al,O3 and Ru-Al,O3 powders were characterized before coating. Figure 6.3
displays TEM micrographs and EDX spectra taken for the two types of powder
samples, showing that Ru containing nanoparticles have been effectively
incorporated onto the Al,Os phase. This effective incorporation was revealed by
the EDX spectrum and the dark spots that, with an average length of 120 nm, are
observed in the TEM micrograph of a grain of the Ru-Al,O3 catalyst powder (see
Figure 6.3(b)).
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Figure 6.3. TEM micrographs and EDX spectra of Al,O3 (a) and Ru-Al>O3 (b) powder
samples. The Cu signals in the EDX spectra are due to the sample holder.

The presence of Ru containing nanoparticles onto the Al.Os; support was
also demonstrated by XPS analysis. Figure 6.4 shows the XPS spectra of Al,Os;
and Ru-Al,O; powders. In both cases, signals associated to Al (Al2p, Al2s), O
(O1s) and C (C1s) can be observed. The signal marked with C1s in the spectrum
of the Ru-Al,O3 sample overlaps with that of Ru3d (c.f., Figure 6.4(b)), the most
intense photoelectron peak of this element. Despite the overlapping of the Ru3d
and C1s peaks, the concentration of this element can be estimated in 0.9% from
the analysis of the less intense Ru3p signal. This is a reasonable value considering
the agglomeration and partial distribution of the ruthenium (2% wt. added) in the
Al,O3 powder internal pores. According to the position of the Ru3p3/2 signal (462
eV), it is expected that Ru nanoparticles are in an oxidized form, as expected from
the calcination treatment in air of the Ru containing precursor powder (see
Chapter 3).
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Figure 6.4. XPS survey spectra of Al,Os3 (a) and Ru-Al,Os (b) powder samples.
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The surface area of the powders was determined by means of the BET
nitrogen adsorption technique. Similar values of 107.9 and 112.7 m?g were
obtained for the Al,O3 and the Ru-Al>O3 powder samples, respectively.

As evidenced in Figures 6.5(a) and (b), the SEM characterization of the Ru-
Al>O3 powder also demonstrated that Ru was enriched in certain zones of the Al;O3
support forming particles or patches with sizes ranging from 100 to 200 nm (see
also Figure 6.3(b)). The SEM micrograph in Figure 6.5(a), obtained in
backscattered electron mode at 2 kV, shows that Ru containing particles are
intermingled with the Al,Os grains, although some aggregation of these particles
occurs at certain regions, as indicated by arrows in the figure. This is clearly seen
in Figure 6.5(b) showing the EDX maps of the same powders demonstrating that,
in certain zones, Ru containing particles may form clusters onto the alumina
support.

Figure 6.5. SEM characterization of the Al,O3z-supported Ru catalyst powder. (a) SEM
micrograph (backscattered electrons). (b) EDX analysis (electron beam energy of 30
kV) of the sample region in (a).

After the impregnation and calcination of the PZT pellets, their
morphological characteristics were also determined. Figure 6.6(a) displays a
scheme of the Ru-Al,O3/PZT pellets showing its irregular coating and that the Ru
containing nanoparticles are not only located at the external zones of the coating,
but also distributed within the irregular alumina coating layer formed by the
agglomeration of the Al,Os support powder. The SEM micrographs in Figure
6.6(b) confirms that the coating is not entirely conformal and that the pellet may
expose areas of uncovered PZT. The topography and shape of the Ru-Al,Os/PZT
pellets was similar to that of Al,Os/PZT.
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Figure 6.6. () Sketch of the coating of a Ru-Al,O3 pellet. (b) SEM micrographs of a
pellet sample at 2 kV with secondary (left) and backscattered (right) electron modes.

The XPS analysis of the Al,Os/PZT pellets indicates that, although Al and
O are the most abundant elements, signals of PZT can be also detected (see Figure
6.7). The evaluation in the table in Figure 6.7 of the atomic percentage at the
surface of the examined samples renders a minority contribution of the PZT
elements (i.e., Pb, Zr, Ti), thus suggesting that although the coverage of the pellet
surface is almost complete very small zones of PZT are not fully covered by the
alumina (c.f., Figure 6.6(b)). Similar evidence could be inferred for to the Ru-
A|203/PZT pellets.
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Figure 6.7. XPS analysis of a set of Al,O3/PZT samples: survey spectrum (left) and
atomic concentration (right) of each element.
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6.3.2. Electrical Behavior of the Packed-bed Reactor

The electrical behavior of the packed-bed reactor operating in the PZT,
Al,Os/PZT and Ru-Al,Os/PZT configurations was firstly assessed by means of
impedance spectroscopy. The measurements were carried out in the absence of
plasma but after performing series of plasma experiments to reach steady state
operating conditions of the reactor.

The Nyquist curves depicted in Figure 6.8(a) determined by impedance
spectroscopy analysis can be interpreted considering that the curvature is related
to the electrical properties of the barrier. As discussed in Chapter 4, high resistive
materials are characterized by a high radius Z”-Z’ hemispherical plot, while the
radius becomes smaller for less insulating materials. The lines in Figure 6.8(a)
correspond to the first part of the Z”-Z’ hemispherical plots obtained for the three
configurations of the reactor. The evolution of the slopes of these lines indicates
that the curvature radius of the Nyquist plots, and therefore the resistance of the
reactor, follows the order PZT>AIl,03/PZT>Ru-Al,O3/PZT. This tendency agrees
with the lower dielectric constant of Al.O; in comparison with that of PZT (and
therefore of a barrier where some PZT pellets are coated by Al,O3). Meanwhile,
the incorporation of a metallic phase (ruthenium must have been reduced in the
steady state after exposure to a reducing plasma discharge), even if itis in the form
of dispersed particles, seems to substantially decrease the resistance of the barrier.

The previous impedance spectroscopy evaluation has been complemented
with the analysis of the characteristic V(t) and I(t) curves recorded under different
plasma operating conditions. The V(t) and I(t) curves recorded during plasma
operation (c.f., Figure 6.8(b)) show a clear evolution for the three analyzed
configurations (applied voltage of 2.5 kV and frequency of 5 kHz). Thus, although
the three I(t) curves show the microdischarge features typical of packed-bed
reactors (discussed in detail in Chapter 4), they depict a different overall intensity,
following the order Ru-Al,Os/PZT>PZT>Al,0s/PZT. These I(t) curves give rise
to the Lissajous curves in Figure 6.8(c), whose shape indicate that the discharge
power, taken as proportional to their areas, is maximum for the reactor containing
Ru-AlLOs/PZT pellets, followed by PZT and Al.Os/PZT pellets, as indicated in
Figure 6.8(d). The minimum current intensity and consumed power found for the
Al,O3/PZT configuration agrees with the Comsol analysis discussed in section 6.2:
the Al,O; coating tends to cool down the plasma, decreasing the electric field
intensity in the inter-pellet space.
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Figure 6.8. Electrical characterization of the reactor with the three barrier
configurations (PZT, Al,Os/PZT and Ru-Al,O3/PZT): (a) Nyquist plots measured for
the reactor applying 5V, (b) V(t) and I(t) curves during plasma ignition (2.5 kV, 5kHz),
(c) Lissajous figures determined from the curves in (b), and (d) consumed power from
the conditions in plots (b)-(c).

6.3.3. Ammonia Synthesis at Ambient Temperature

The synthesis of ammonia by igniting Np+H: plasmas was firstly
investigated at room temperature for the three barrier configurations of the reactor.
Figure 6.9 shows the evolution with applied voltage of reaction yield (i.e., N2
conversion) and energy efficiency. Figure 6.9(a) shows that, at low voltages,
reaction yields smaller than 0.5% were obtained for the different barriers. The
uncertainty in accurately determining these small values and the low power
consumed at these conditions make that the energy efficiency magnitude may be
subjected to large experimental errors (see Figure 6.9(b)). Therefore, these points
in the plots are represented with empty dots joined by dashed lines to clearly
distinguish these points from those that are meaningful for the analysis of the
reactor performance.
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According to the data in Figure 6(a), the reaction yield is higher for the reactor
filled with PZT pellets, particularly for voltages higher than 2.25 kV. Interestingly,
there is a similar high yield for the Ru-Al.Os/PZT configuration, except for the
highest accessible voltage at which the conversion yield tends to decrease. The
lowest yield values are obtained for the Al.O3/PZT reactor configuration, a result
that can be related to the lower current and electric field distribution characterizing
this barrier.

5.0 14
a5/ @ f £ [0
2F A
$ 4op —m—pzT <, P
< 35t —A— ALO/PZT Z 10l s
S 304 Ru-AlL,O,/PZT 2 ’, /+_%
‘D 208 \
25F o /
E 5 g A —A, / *
g 20r A S 06
O 15} = 4 -m=-pPZT
oN s / w 04l ’ —A— ALO,PZT
="' 10r e A 8" o RU-ALO,PZT
05} —n7 A 2 o, * Y Reference [15]
0.0 p= == 7 . . w . ‘ ‘ ‘ ‘ ‘
150 175 200 225 250 275 300 325 150 175 200 225 250 275 300 325
Voltage Amplitude (kV) Voltage Amplitude (kV)

Figure 6.9. Evolution of the reaction yield (a) and energy efficiency (b) for the
ammonia synthesis reaction as a function of the applied voltage. Data corresponding
to low reaction yields are plotted with empty dots and dash lines, while the other data
are plotted with solid markers and lines. Experiments were carried out at ambient
temperature and a frequency of 5 kHz. The star dot corresponds to data taken from ref.
[16].

From a practical point of view, the energy efficiency of a plasma-catalysis
process defines its actual capacity to compete with other established technologies
[27]. It is noteworthy in this regard that high conversion yields do not warrant high
energy efficiencies, and that an opposite evolution of these two magnitudes is a
common behavior for other plasma catalysis processes [2,21]. An example
illustrating this dysfunctional tendency is included in Figure 6.9(b). The star dot
in the diagram corresponds to operating conditions taken from a previous study of
our research group [16] (i.e., a PZT barrier of 3 mm, flow rate of 11.5 sccm,
frequency of 5 kHz and voltage amplitude of 2.5 kV), where a N, conversion yield
of 7% was obtained. We realize here that this high conversion rate occurs at
expenses of relatively small energy efficiency in comparison with the conditions
described in this chapter, where a barrier of 5 mm has been selected to including a
middle layer of pellets loaded with the metal catalyst and support, as explained in
section 6.2 (c.f., Figure 6.1).
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The evolution of the energy efficiency with the applied voltage shown in
Figure 6.9(b) reveals a different behavior depending on reactor configuration, also
suggesting some differences in reaction mechanisms. The Al,Os/PZT
configuration depicts an approximately constant value of the energy efficiency for
voltages higher than 2.25 kV, indicating that reaction mechanisms do not
significantly change with the applied voltage. Meanwhile, the PZT barrier depicts
an energy efficiency maximum at 2.5 kV, followed by a progressive small decrease
at higher voltages. We tentatively attribute this decrease to the occurrence of
inefficient processes as those discussed in Chapter 5, i.e., decomposition of
ammonia and hydrogen exchange reactions. The tendency is similar for the Ru-
Al>,Os/PZT configuration for voltages higher than 2.25 kV, but always with lower
efficiencies than for the PZT case. Since the reaction was carried out at ambient
temperature, pure catalytic mechanisms induced by the Ru particles can be
discarded. This systematic lower efficiency can be related to a higher probability
of ammonia decomposition reactions induced by the impact with high energy
electrons [26] that, generated in the microdischarges, are more abundant due to the
presence of the metal phase [22]. Meanwhile, for the Al,Os/PZT configuration, we
propose that ammonia decomposition and/or hydrogen exchange reactions
responsible to diminish the energy efficiency for the ammonia synthesis are less
probable because of the claimed cooling down of the plasma.

The previous considerations gain further credit examining the evolution of
reaction yield and energy efficiency as a function of operating frequency (c.f.,
Figure 6.10). The frequency was varied systematically (1-5 kHz) at constant
voltage (2.5 kV) as a way to modify the power consumed in the reactor as
illustrated in Figure 6.10(a). Figure 6.10(b) shows that, in the three cases, the
reaction yield progressively increases with frequency (i.e., power) and that the
actual values follow the order Ru-Al,Os/PZT>PZT>Al,03/PZT. Additionally, the
evolution of the energy efficiency shown in Figure 6.10(c) reveals that this
magnitude continuously increases for the PZT configuration, but it passes through
a maximum (at around 2.5 kV) for the Ru-Al,Os/PZT; more noticeably, for the
Al,O3/PZT configuration the energy efficiency reaches a maximum at a frequency
of 3 kHz. This behavior supports that, for these two latter configurations, inefficient
reaction mechanisms are favored at increasing frequencies (i.e., powers),
something that is less evident for the PZT configuration, where the energy
efficiency continuously increase with frequency. In this experiment, for the PZT
configuration the maximum efficiency of 1g NHa/kWh was found at 5 kHz.
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According to previous considerations, the maximum energy efficiency found for
the Al,Os/PZT configuration at 3 kHz (1.3 g NHs/kWh) can be linked with a
relatively lower probability of decomposition reactions under these conditions.
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Figure 6.10. Evolution of power consumption (a), reaction yield (b), and energy
efficiency (c) for the ammonia synthesis reaction as a function of frequency. For the
experiments at 1 kHz, results are plotted with empty dots and dash lines indicating a
possible inaccuracy in the determination of these values. Experiments were carried out
at ambient temperature, a voltage amplitude of 2.5 kV and a variable frequency
between 1 and 5 kHz.
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6.3.4. Ammonia Synthesis at Elevated Temperature

Within a plasma-catalysis perspective, a catalytic effect of the Ru particles
might be expected at elevated temperatures [6]. Therefore, similar experiments
than those described in the previous section were carried out at a nominal
temperature of 190°C. According to Rouwenhorst et al., this temperature is a kind
of threshold for the catalytic promotion of the ammonia synthesis in plasma
reactors incorporating a Ru-based catalyst [6]. Owing to the special conditions of
our experiment it is expected that the temperature inside the packed-bed zone may
be higher that this nominal value at the reactor wall (see similar considerations in
Chapter 4).

Since an applied voltage of 2.5 kV provided the highest energy efficiencies
at ambient temperature (c.f., Figure 6.9(b)), the 190°C-experiments were carried
out varying the frequency between 1 and 3 kHz at this voltage and the three reactor
configurations. This frequency range was chosen because of experimental
limitations: at high temperatures the appearance of sparks and short-circuits affect
the stability of the discharges at higher frequencies (>3kHz).

Figure 6.11(a) shows the I(t) curves recorded for the three barrier
configurations at 190°C. Unlike the relatively large differences observed at room
temperature (see Figure 6.8(b)), the I(t) curves for the three configurations have a
relatively higher amplitude and, with the exception of the curve for the Al,O3/PZT
configuration, they tend to overlap (note that the curves are plotted for a frequency
of 2 kHz and not 5 kHz as for the experiments at ambient temperature). As
discussed in Chapter 4, we attribute this behavior to the progressive non-linear
increase with temperature of the dielectric constant of PZT. In other words, the
significantly higher value of the PZT dielectric constant at 190°C would be the
predominant factor controlling the discharge. Accordingly, Figure 6.11(b) shows
that at a fixed frequency, the Lissajous plots for the three configurations are rather
similar, though the curve for the Al,O3/PZT configuration has a slightly lower area.
Consequently, Figure 6.11(c) shows that the increasing evolution of discharge
power with frequency is rather similar for the PZT and Ru-Al,Os/PZT
configurations, but slightly smaller for the Al,O3/PZT case.
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Figure 6.11. Electrical characterization of the three reactor configurations at 190°C
and 2.5 kV. (a) I(t) curves measured at 2 kHz, (b) Lissajous figures of the discharge
for the same conditions than in (a), and (c) consumed power for frequencies between
1 and 3 kHz.

Figure 6.12 shows the evolution with frequency of the reaction yield and
energy efficiency at 190 °C (values obtained at ambient temperature are also
plotted for comparative purposes). It can be observed in Figure 6.12(a)) that
reaction yields significantly increase with respect to the results at ambient
temperature for the three configurations, with values five times higher at 3 kHz
and practically no differences between the three configurations. Meanwhile,
energy efficiency (see Figure 6.12(b)) presents larger differences following the
order Ru-Al,Os/PZT<PZT<Al,Os/PZT, particularly for frequencies smaller than 3
kHz. For the PZT and Al.Os/PZT configurations, there is a decrease in the energy
efficiency at this frequency. However, for the Ru-Al,Os/PZT configuration the
energy efficiency, though smaller at low frequencies than in the other two cases,
progressively and continuously increases with frequency. For PZT the observed
decrease in energy efficiency at 3 kHz is likely due to a progressive increase in the
occurrence of inefficient reactions (i.e., hydrogen atom exchanges and ammonia
decomposition) at high temperature. A similar small decrease is obtained at this
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frequency for the Al,Os/PZT configuration. On the other hand, the different
evolution consisting of a continuous increase in energy efficiency found for Ru-
Al>,Os/PZT configuration suggests a certain difference in reaction mechanism with
respect to the other two cases. However, the small differences found in reaction
yield with respect to the other two cases (c.f., Figure 6.12(a)) suggests that
possible catalytic effects should be considered second-order or negligible. This
behavior differs from that of typical catalytic processes involving the dissociation
of nitrogen and/or hydrogen on metal surfaces claimed as critical steps by the
thermal catalytic synthesis of ammonia [5,6,19,20,29].
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Figure 6.12. Evolution of reaction yield (a) and energy efficiency (b) for the ammonia
synthesis reaction as a function of frequency. Experiments were carried out at 190°C
for a voltage amplitude of 2.5 kV and variable frequencies between 1 and 3 kHz.

To further analyze the differences between the three configurations at
ambient and high temperatures, we have completed the study with optical emission
measurements.

6.3.5. OES Analysis: Intermediate Plasma Species at Ambient and
Elevated Temperature

Figure 6.13 shows a series of OES spectra recorded for the three
investigated configurations at ambient (a) and high temperatures (b). The detected
bands can be attributed to: NH" (transition [A3I1 —» X3%~] at 336 nm), the first
negative system of No* (transition [B*%;} — X?%}], with main bands at 391.4 and
427.8 nm), and the second positive system of N, (transition [C3IT1 — B3], with
main bands at 337 and 357.9 nm.
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Although at first glance the spectra look similar, there are appreciable
differences in the ratio between bands, a fact that can be related to the relative
concentration of each species in the plasma phase. With this purpose, intensity
ratios between N,** (391.4 nm) and N," (357.9 nm) bands have been evaluated *.
This normalization criterion is justified because the electronic excitation of N to
render N2" species is a common elementary plasma-process occurring in the three
configurations. The calculated ratios are presented in Table 6.1.
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Figure 6.13. OES spectra recorded at ambient temperature (2.5 kV, 5 kHz) (a) and
190°C (2.5 kV, 2 kHz) (b).

Table 6.1. N>*/N," intensity ratios calculated from the OES spectra acquired at
ambient temperature (5 kHz) and 190°C (2 kHz). Data taken from spectra plotted
in Figure 6.13.

Configuration Teﬁnr](te)li’g?ttj re 190°C
PZT 0.90 0.98
AlLOs/PZT 0.49 0.75
Ru-Al,Os/PZT 0.82 0.87

£ The 357.9 nm band of the Second Positive System of N" is usually chosen to calculate
the emission ratio of the species of interest because it does not overlap with bands of other
species. Since this occurs for the main band of the Second Positive System of N (337 nm),
partially overlapping with the NH" band (336 nm), this ratio has not been considered for
evaluation.
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The most significant result from the data in Table 6.1 is that, at ambient
temperature, the N* relative emission intensity is significantly smaller for the
Al,O3/PZT configuration. Since, as discussed in Chapter 5, the formation of N»*
species requires electrons with energies equal or higher than 15.6 eV [30], the
relatively lower intensity of N, species found for the Al,Os/PZT configuration
agrees with the claimed cooling down effect of plasma due to the alumina coating
(c.f., Figure 6.2). Another consequence of this cooling effect is the decrease in
reaction yield obtained at 5 kHz and ambient temperature for the Al.Os/PZT
(0.5%) with respect to the other configurations (around 1.3%) (c.f., Figure 6.9).
The reduction in the electron energy due to the lower electric field obtained when
using the alumina coating might also contribute to decrease the importance of the
back-reactions (i.e., ammonia decomposition), and therefore contribute to increase
the generally higher energy efficiency for the Al.Os/PZT configuration for all
studied operating conditions.

As discussed in Chapter 5, the formation of N>* and NH species by electron
impact in the plasma phase has been interpreted as rate-limiting steps when using
a PZT barrier. In this regard, the results obtained here for the three barriers suggest
that, at the essayed operating conditions, new catalytic reaction pathways do not
significantly contribute to the reaction, even at high temperature and with
ruthenium particles. According to these inferences, the incorporation of metal
catalyst particles does not seem to provide any significant enhancement in reaction
yield. Therefore, rather than to a catalytic effect of the metal particles (not
discarded, but comparatively negligible), the rather high reaction yield and energy
efficient values obtained with the three configurations, generally higher than
recently reported values from literature (see, for example, review publications
[31,32]), should be primarily attributed to the enhancement of plasma intensity by
the PZT ferroelectric barrier.

6.5. Conclusions

In the study carried out in this chapter, three different barrier configurations
(PZT, Al,O3/PZT, and Ru-Al,O3/PZT) have been systematically essayed to study
the effect of the incorporation of a ruthenium metal catalyst in a ferroelectric
packed-bed reactor for the synthesis of ammonia. Ferroelectric packed-bed
reactors are characterized by high plasma intensities due to the high dielectric
constant of these materials. The operation of plasma reactors moderated with
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ferroelectric materials, both at ambient and high temperatures, has allowed us to
conclude that catalyst metal nanoparticles are not particularly beneficial for the
ammonia synthesis under the experimental conditions herein analyzed, even at
high temperatures at which a certain catalytic activity is expected to contribute to
the formation of ammonia. We relate the apparent lack of catalytic activity to that
the NHz decomposition reaction is also promoted by interactions with high-energy
electrons formed in the high-intense plasma microdischarges induced as an effect
of metal particles. We should remark that this enhancement of detrimental plasma
reactions does not discard that the ammonia synthesis reaction may be favored by
pure catalytically-driven processes occurring at the surface of the metal catalyst.
However, the overall consequence is that the final production of ammonia is
similar for the three configurations, that the energy efficiency is always smaller for
the Ru-Al,Os/PZT than for the Al.Os/PZT configuration and, for certain values of
frequency, also for the PZT configuration.

It has been also demonstrated that a pristine alumina coating on the PZT
pellets tends to cool down the plasma due to the decrease in the electric field
intensity in the inter-pellet space. Additionally, we propose that the alumina
coating can decrease the occurrence of inefficient reactions taking place at the PZT
surface at elevated temperatures. As a general conclusion, unlike different studies
reported in the literature using dielectrics as moderators [6,11,12,14,18,19], the
incorporation of metal catalysts — even activated at high temperatures — in
ferroelectric packed-bed reactors does not seem to be the best strategy to improve
the plasma-catalytic performance towards the ammonia synthesis reaction.
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Chapter 7

Ammonia Decomposition by
Plasma-Catalysis. Role of a Metal
Catalyst”

7.1. Introduction

As mentioned in Chapter 1, the so-called second ammonia revolution is
concerned with the use of ammonia as a hydrogen vector for its use in fuel cells
[1]. The easier handling and transportation of ammonia with respect to that
hydrogen itself offers advantages for the use of this compound as a source of
hydrogen. Therefore, the envisaged back-transformation of ammonia justifies the
interest in ammonia for hydrogen production, a decomposition process also known
as the ammonia to hydrogen process. This reaction is characterized by a standard
molar enthalpy of 54.4 kJ/mol, much lower than that of the water splitting reaction
(285.8 kJ/mol) [2].

The ammonia decomposition process has been traditionally done at high
temperatures, particularly when carrying out this process at atmospheric pressure.
For example, S.-F. Yin et al. reported in 2004 that 99.9% decomposition of
ammonia is induced by a Ru-based catalyst working at around 1000 °C [3]. Novel
catalysts based on metals such as ruthenium (Ru), iron (Fe), or nickel (Ni) have
been proposed to reduce the operating temperature [4]. For example, Ru-based
catalysts with potassium (K) as promoter have been reported to reduce the
operating temperature up to 300 °C [5]. However, these thermocatalytic strategies
are not suitable to work at temperatures close to the operation temperature of PEM
fuel cells (below 180°C) [4] or ambient temperature. In addition, these catalytic
processes require long stabilization times to reach steady-state conditions while
the reactors should be large enough to be competitive from an energetic point of

" The content of this chapter is in preparation to be published as: P. Navascués, J. Cotrino,
A. R. Gonzalez-Elipe, A. Gomez-Ramirez, Ammonia to Hydrogen by Plasma-Catalysis in
a Ferroelectric Packed-Bed Reactor at Ambient Conditions.
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view. These restrictions do not apply to plasma-catalysis processes that can operate
at small scales, have a practically zero induction time, and operate at ambient or,
if required, mild temperatures.

The first studies about the ammonia decomposition using plasmas were
reported in the second half of the previous century, using glow [6] and
radiofrequency (RF) discharges [7,8] at low pressures. However, the interest of
these investigations was mainly academic, focusing on the study of reaction
mechanisms and/or the formation of hydrazine (N:Hs), and not on the
implementation of a reliable hydrogen production procedure. Due to the increasing
interest in hydrogen applications, the last few years have witnessed the appearance
of new plasma studies about ammonia decomposition [2], in parallel to more
classical ones related to ammonia synthesis [9-11]. Thus, the ammonia to
hydrogen process has been studied at atmospheric pressure using different plasma
sources such as microwave (MW) [12,13], arc torch (GA) [14-17], and Dielectric
Barrier Discharge (DBD) reactors [9,10,18-24]. Related to the latter technology,
remarkable results have been obtained by L. Wang and collaborators working with
cylindrical packed-bed reactors and different catalysts. However, to obtain
meaningful results in terms of total decomposition yields (i.e., higher than 15%),
these authors had to operate the DBD reactors at temperatures higher than 300 °C
[20-22]. To overcome this restrictive requirement, other studies have proposed the
use of DBD reactors at ambient conditions of temperature and pressure but
incorporating Pd-Cu membranes to separate hydrogen and unreacted ammonia
[23,25]. In another approach, the addition of carrier gases to the reactant mixture
has been reported to enhance the plasma activation in cylindrical DBD reactors [9—
11]. However, most of these studies have an academic focus since they do not deal
with pure-ammonia flows but proceed through the ignition of mixtures of ammonia
and nitrogen [9,24] or helium [10] as carrier gases.

In this chapter, we study the ammonia decomposition reaction in a packed-
bed reactor moderated with PZT pellets. Similarly to the study of the ammonia
synthesis reaction in Chapter 6, the same Ru-based catalyst has been incorporated
on the surface of the PZT pellets to perform the ammonia to hydrogen process.
The ammonia decomposition yield and the energy efficiency of hydrogen
production have been studied for the three experimental configurations previously
discussed in Chapter 6. To make compatible the ammonia decomposition
technology for fuel cells operation, the decomposition process has been carried out
igniting pure-ammonia flows at ambient conditions of pressure and temperature.
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Optical emission spectroscopy has been also used to unravel possible differences
in the reaction mechanisms when a Ru-Al,O3 catalyst is incorporated into the
barrier. Finally, the process performance of the three studied configurations has
been compared with other state-of-the-art results obtained with plasma reactors. It
has been concluded that the PZT-moderated packed-bed reactor can efficiently
decompose ammonia at ambient conditions and that the reaction yield can be
improved by adding a Ru-based catalyst to the barrier. Therefore, it is concluded
that ferroelectric plasma reactors are a promising technology for hydrogen
production, although further improvements in reactor performance and in the
coupling of plasma discharge with hydrogen diffusion membranes will be still
required to make feasible the practical use of this technology [26].

7.2. Experimental Details

The experiments have been performed with 5mm-barriers similar to those
utilized in the previous chapter. The utilized barrier configurations have been
designated as PZT, Al,Os/PZT, and Ru-Al:O3/PZT. The reader is referred to
section 6.3.1 in Chapter 6 for a thorough description of the experimental details
of the barriers and the physicochemical characterization of the modified pellets.

This study has been carried out at atmospheric pressure and ambient
temperature (note that a slight drift in temperature up to 30° was detected during
operation). The experiments were carried out at a fixed frequency of 5 kHz,
varying the voltage amplitude between 1 and 2.5 kV to analyze the ammonia
decomposition process as a function of the effective distribution of electric field in
the packed-bed barrier. Repeated measurements showed that the experimental
error was in the order of 10%. Pure-ammonia discharges have been ignited for a
flow rate of 9 sccm.
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7.3. Results and Discussion
7.3.1. Electrical Behavior of the Packed-bed Reactor

In sections 6.2 and 6.3.2 of the previous chapter, the electrical behavior and
electric field distribution within the barrier have been assessed based on impedance
measurements and Comsol Multiphysics simulations. We concluded the
following: (1) the incorporation of Ru particles seems to decrease the equivalent
resistance through the barrier and (2) the alumina coating in the Al,Os/PZT
configuration reduces the effective electric field intensity in the inter-pellet space.
In addition to this electrical characterization in the absence of plasma, in this
chapter, we analyze the electrical response (i.e., V(t) and I(t) curves) of the reactor
for pure-ammonia plasma discharges. Figure 7.1(a) shows the I(t) plots acquired
for the three reactor configurations at the maximum applied voltage of 2.5 kV. The
evolution of the current intensity of these curves follows the same trend that for
N2+H, mixtures: Ru-AlOs/PZT>PZT>Al,03s/PZT. This tendency was also
obtained for all the applied voltages, as shown in the bar-plots of Figure 7.1(b)
representing the average power as a function of applied voltage. It is noteworthy
in this plot that no data are provided for the PZT and Al,Os/PZT configurations for
the lowest essayed voltages (equal or lower than 1.25 kV), simply because plasma
was not ignited under these operating conditions. This means that the addition of
Ru particles, likely in metallic form, promotes the ignition of plasma discharges at
lower applied voltages.
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Figure 7.1. Electrical characterization of pure-ammonia discharges at ambient
temperature for the three barrier configurations: (a) V(t) and I(t) curves during plasma
ignition at 2.5 kV. (b) Power values obtained for the entire range of voltage amplitudes
applied in this study (power values are not provided when no ignition was detected).
Operating conditions: 9 sccm NH3 and frequency fixed at 5kHz.
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7.3.2. Ammonia Decomposition at Ambient Temperature

Pure-ammonia discharges have been ignited for the electrical operating
conditions described in the previous section. N> and H> are obtained as unique
reaction products, as can be observed in the QMS spectra in Figure 7.2. In
comparison with the spectrum of ammonia flow before the plasma ignition, the
mass spectrum acquired after plasma ignition shows an increase in the intensity of
the peaks associated to H, (m/z=2) and N, (m/z=28), as well as a decrease in the
peaks associated to NHs (m/z=17 and 16). Figure 7.2 also shows that no signals
due to hydrazine (N2Ha4, m/z=32) are detected, indicating that this is not a reaction
product under our operating conditions. This result agrees with those obtained at
atmospheric pressure by Wang et al. [15,16] or M. Akiyama et al. [9] and stresses
the interest and potential of the plasma technology to produce pure hydrogen to
feed fuel cells.
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Figure 7.2. QMS spectra recorded at ambient temperature before and after igniting a
discharge of pure ammonia. Spectra show the increase in the signals associated to H»
(m/z=2) and N2 (m/z=28) and the decrease in the bands associated to NHz (m/z=17
and 16). Operating conditions: Ru-Al,Os/PZT configuration, 5 kHz, and 2.5 kV (12.5
W).

The ammonia to hydrogen reaction has been studied in this thesis for the
three selected barrier configurations. Figure 7.3 shows the evolution with the
applied voltage of the ammonia decomposition yield and the energy efficiency for
hydrogen production. It is apparent in these plots that, for the three packed-beds,
the decomposition rate clearly increases with voltage (see Figure 7.3(a)), while
the energy efficiency decreases slightly (see Figure 7.3(b)). These tendencies are
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similar to those obtained for other plasma-assisted decomposition reactions such
as the CO; splitting reaction [27], a process that is also studied in this thesis
(Chapter 8). The Ru-Al,Os/PZT configuration renders the highest decomposition
rate, reaching 40% of ammonia decomposition at the maximum applied voltage
(see Figure 7.3(a)). Under similar conditions, the PZT and Al,Os/PZT
configurations render lower decomposition rate values, reaching maxima of 34%
and 26% at the highest voltage, respectively. Meanwhile, curves in Figure 7.3(b)
show that for the three configurations the process is characterized by similar
energy efficiencies ranging between 30 and 40 LH»/kWh for operation voltages
higher than 1.5 kV. This is highlighted by a yellow band in the figure (i.e.,
corresponding to reaction yields higher than 5%; for lower decomposition yields,
small errors in this parameter highly affect the EE values).
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Figure 7.3. Evolution of the ammonia decomposition yield (a) and the energy
efficiency for hydrogen production (b) as a function of the applied voltage amplitude.
Data corresponding to low reaction yields are plotted with empty dots and dash lines,
while the other data are plotted with solid markers and lines. The yellow band in this
plot highlights the energy yield range obtained for the three configurations for voltages
higher than 1.5 kV. Experiments were carried out at ambient temperature, a 9 sccm
NHs flow rate, and a frequency of 5 kHz.

Interestingly, when decomposition yield and energy efficiency are plotted
as a function of the applied power, overlapped curves were obtained (see Figure
7.4). The overlapping of the three curves observed in Figure 7.4(a) suggests that,
in first instance, the percentage of ammonia decomposition depends on the
intensity of the discharge, i.e., it is mainly affected by the differences in the electric
field distribution from a configuration to another, as discussed in Chapter 6.
Accordingly, it can be suggested that the involved mechanistic processes do not
require very high electron energies to induce the decomposition of the ammonia
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molecule. Several facts support this assessment. For example, the dissociation
energy of the first H-NH, bond of the ammonia molecule is 4.7 eV, followed by
4.0 and 3.4 for the H-NH and N-H bonds in the NH> and NH intermediates,
respectively [2]. These energy barriers are low in comparison with the dissociation
of the N-N bond in the N, molecule (i.e., 9.8 eV) [28], which was considered a
limiting step for the synthesis of ammonia (c.f., Chapters 5 and 6). This
hypothesis also agrees with the fact that electrons promoting intermediate reactions
(E 7.1 - E 7.3) require relatively low threshold energies of 4, 5.6, and 8.6 eV,
respectively [29]:

e+NHs > NH+H,+e  (E7.1)
e+NH: > NH, +H+e  (E7.2)
e+NHs > NH+2H+e (E7.3)

It is noteworthy in this regard that the EEDFs for the three studied
configurations should be characterized by average values equal or higher than the
threshold energies of these reactions and that, therefore, some of the secondary
electrons appearing at the right hand of reactions E 7.1 - E 7.3 may effectively
intervene in new N-H breaking processes.
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Figure 7.4. Evolution of the ammonia decomposition yield (a) and the energy
efficiency for hydrogen production (b) as a function of the consumed power. Data
corresponding to low reaction yields are plotted with empty dots and dash lines, while
data at higher power are plotted with solid markers and lines. The yellow band in the
energy efficiency plot highlights the energy yield range obtained for the three
configurations for powers higher than 2 W. Experiments were carried out at ambient
temperature, a 9 sccm NHs3 flow rate, a frequency of 5 kHz, and voltage amplitudes
between 1 and 2.5 kV.
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The previous assessment only considers electron-impact pathways
occurring in the plasma phase. However, plasma reactions do not disregard the
possibility of other processes taking place at the surface of pellets. To shed some
light on this possibility, NH3 discharges for the PZT and the Ru-Al,Os/PZT
configurations have been examined by OES. The Al.Os/PZT configuration —
which rendered the lowest decomposition rate values — has been discarded for this
analysis to simplify the discussion.

7.3.3. Intermediate Species Involved in the Decomposition of
Ammonia at Ambient Temperature

Figures 7.5(a) and (c) show a series of emission spectra obtained in pure-
ammonia discharges for the PZT and Ru-Al,O3/PZT configurations at increasingly
higher voltages. Similarly than in the ammonia synthesis reaction (see Chapter 6),
these spectra are characterized by bands due to NH ([431T - X327]), N (second
positive system), and N.* (first negative system) excited species, likely formed by
the excitation of intermediates resulting from the NH3 decomposition (i.e., NH
species) and reaction products (i.e., N2). Note that for the lower voltage amplitudes
employed in this study, i.e.,, 1.0 kV and 1.25 kV, the emission intensity was
negligible. Figures 7.5(b) and 7.5(d) show the evolution of the emission intensity
of the NH-band (336 nm) and the ammaonia decomposition yield as a function of
consumed power. It is apparent in these plots that the NH-band emission intensity
increases with the consumed power, following in both configurations a tendency
similar to that found for the ammonia decomposition yield (c.f., Figures 7.5(b)
and 7.5(d)).
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Figure 7.5. OES analysis of the 200-450 nm spectral zone for the (a-b) PZT and (c-d)
Ru-AlLOs/PZT configurations: (a-c) Spectrum acquired at different voltage
amplitudes and (b-d) evolution of the intensity of the NH-band (336.0 nm) and the
ammonia decomposition yield with the consumed power. Operating conditions: 9
sccm NHs, 5 kHz, voltage varied between 1.5 and 2.5 kV, ambient temperature.

In first instance, the similar evolution of the NH" emission intensity for the
two configurations supports that this species is a common reaction intermediate of
the ammonia decomposition reaction. However, to properly assess possible
differences between the two experimental conditions, i.e., PZT and Ru-Al,Os/PZT
configurations, relative intensity and not absolute intensity values should be
compared. With this purpose, we have analyzed the emission spectra in the 450-
800 nm range where signals stemming from NHs" species can be monitored [30].
Relying on these spectral lines and working with a Fe-based catalyst in a packed-
bed reactor at 400 °C, L. Wang et al. [20] found a first continuous increase with
power in the intensity of NHs" bands — an evolution that runs parallel to the NH;
decomposition rate — that then decreases at high powers. This evidence was
claimed by these authors as a hint of the involvement of the metal Fe catalyst in
the reaction process. For the two reactor configurations considered in our
experiment, Figures 7.6(a) and 7.6(c) show that NHs Schuster’s bands located

161



Ammonia Decomposition by Plasma-Catalysis. Role of a Metal Catalyst

between 564 and 567 nm [30] are also detected. Additionally, the H, line (656.3
nm [31]) is clearly detected for the PZT configuration, while hints of it are also
observed in the less-resolved spectra recorded for the Ru-AlLOs/PZT
configuration. The other bands between 560 and 900 nm in these spectra are
second order N»-bands. For the two configurations, the plots in Figures 7.6(b) and
7.6(d) of the evolution with the consumed power of the emission intensity of the
NH;" Schuster’s bands show an initial increase with power (as the NH3 production
increases) and a flattering at high power values, a tendency that is particularly clear
for the Ru-AlOs/PZT configuration, where these bands depict a practically
constant intensity for powers higher than 4 W. Regarding this intensity evolution,
it is also noteworthy that for the PZT configuration the NH3" intensity increases
from 500 CPS at 1 W to around 900 CPS at 8 W, while for the Ru-Al,O3/PZT
configuration it only increases by a meager amount from 410 CPS at 3 W to 480
CPSat12W.
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Figure 7.6. OES analysis of the 450-800 nm spectral zone for the (a-b) PZT and (c-
d) Ru-Al,Os/PZT configurations: (a-c) Spectrum acquired at different voltage
amplitudes and (b-d) evolution of the intensity of the NH3 Schuster’s bands (564-567
nm) and the ammonia decomposition yield with the consumed power. Operating
conditions: 9 sccm NHs, 5 kHz, voltage varied between 1.5 and 2.5 kV, ambient
temperature.

162



Chapter 7

*

The evolution of the intensities of the NH™ (Figures 7.5(b-d)) and NHs
(Figures 7.6(b-d)) bands with power, particularly the flattening of the intensity of
the latter for the Ru-Al.Os/PZT configuration, suggests that the probability for the
direct excitation of the NHz molecule is relatively higher at low power and for the
PZT configuration, while other processes should gain importance for other
operating conditions. Therefore, we propose that for low applied voltages (i.e., low
consumed power in our experiment), the ammonia to hydrogen process might also
involve reaction pathways such as:

e +NH; > NHy +e  (E7.4)
e +NHs* > NHx+Hy +e (E7.5)

However, at higher voltages (i.e., high power in our experiment), while the
energy of the plasma electrons increases, the ammonia decomposition mechanism
might also involve dehydrogenation reactions by electron impact suchas E 7.1 - E
7.3 discussed in the previous section. It is also likely that the relatively higher
energy of the electrons expected for the Ru-AlOs/PZT configuration would favor
processes E 7.1 - E 7.3 as the main responsible for the ammonia decomposition,
which would take place without requiring the previous formation of NHs". This
would agree with the practically constant intensity of the NH3" bands depicted in
Figure 7.6(d).

Furthermore, the analysis of the ratio between the intensities of the two
reaction intermediates, NH" and NHs", with the applied power provides additional
information about the reaction mechanisms. Figure 7.7 shows the plots of the
NH*/NH;" band intensity ratio against the power for the two studied
configurations. The plots indicate that for similar consumed powers, the band
intensity ratio for PZT doubles the value for the Ru-Al,O3/PZT configuration. It is
also apparent that, for the whole interval of considered powers, the ratio varies by
a factor of 3 for the PZT (interval from 1.5 to 8 W), but only by a factor of 2 or for
the Ru-Al,Os/PZT configuration (interval from 2.5 to 12 W). These differences
not only support the proposal above of a different involvement degree of
intermediate processes (E 7.1 - E 7.3 vs E 7.4 - E 7.5) but also the possibility that
specific surface reactions may take place for the Ru-Al.Os/PZT configuration. In
concrete, we propose that part of the plasma activated NH3" and, with a higher
probability, NH" species, would be removed from the plasma phase by adsorption
on the surface of the metal particles where they will decompose into N2 and H;
molecules, which would be subsequently desorbed.
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Figure 7.7. NH" to NH3" intensity ratio (i.e., NH"/NH3") for the PZT and the Ru-
Al,O3/PZT configurations versus the consumed power. Operating conditions: 9 sccm
NHs, 5 kHz, voltage varied between 1.5 and 2.5 kV, ambient temperature.

The involvement of the metal catalyst particles in the reaction mechanism
was indirectly proved by L. Wang et al. showing the formation of FesN and FesN
compounds by X-ray diffraction [2] and through desorption measurements using
the *N isotope [19]. Involvement of ruthenium particles in the reaction mechanism
was also suggested in our case by the XPS analysis of Ru-Al,Os/PZT used pellets.
Figure 7.8 shows the N1s spectral zones corresponding to pellets before and after
successive plasma ammonia-decomposition experiments. The pellets exposed to
the pure-ammonia plasma depict a small but not negligible contribution at around
397-398 eV, superimposed on a spurious common feature at around 400 eV. This
feature at 397-398 eV is compatible with a metal nitride [32] and supports the
formation of a ruthenium nitride upon exposure to an ammonia plasma.
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Figure 7.8. XPS analysis of the N1s signal of a set of Ru-Al.O3/PZT pellets acquired
before (gray line) and after (blue line) successive plasma exposures.

Therefore, although the involvement of surface reaction pathways cannot be
discarded for the PZT configuration as proposed in Chapter 5 of this thesis work,
a specific surface contribution would exist for the Ru-Al.O3/PZT configuration
due to the presence of metal particles. In practical terms, the involvement of metal
particles in the ammonia decomposition reactions would be responsible for the
observed increase in ammonia decomposition yield at 12 W for the Ru-Al,Os/PZT
configuration (c.f., Figure 7.4(a)). Additionally, this could be the main factor
making that the similar energy efficiency for H, production found for the PZT and
Ru-Al,Os/PZT configurations up to 8 W (c.f., Figure 7.4(b)) still decreases at 12
W for the latter configuration.
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7.4. State-of-the-art Assessment of Efficiency of
Plasma-assisted Ammonia to Hydrogen Processes

The efficiency of the ammonia to hydrogen conversion by means of thermal
catalysis is still limited by the temperature of operation. This restriction is clearly
evidenced in the recent review of I. Lucentini et al., who summarized the use of
different catalysts at temperatures around 300 and 500 °C [4]. Taking into account
the temperature requirements to make this technology compatible with the
operation of a PEM fuel cell [2] (working temperature lower than 180 °C [32]),
much work is being carried out trying to decrease the operating temperature and to
replace expensive noble metal catalysts by cheaper and more abundant elements
like iron (Fe), cobalt (Co), and nickel (Ni) [33]. Additional requirements are the
design of processes working with pure flows of ammonia (not with mixtures of
other gases), the increase of the NH3; decomposition yield and the decrease of the
operation temperature [34]. A summary of results by using different plasma
technologies is included in Table 7.1, indicating the operating temperature, the
catalyst utilized, the decomposition yield, and the consumed power in each case.

Table 7.1. Overview of some ammonia to hydrogen results reported in the
literature with different plasma technologies, including those of this study. Pure
flows of ammonia were treated at atmospheric pressure and different temperatures.

Plasma o DY-NHs | Power
technology T (°C) Catalyst (%) (W) Ref.
Ru- This
25 AlL,Os/PZT 40 13 chapter
25 PZT 34 8 This
chapter
Packed-bed 450 ColSiO; 99 30 [18]
reactors
Improved
400 Co/SiO, 98 34 [21]
Improved
350 Co/SiO, 40 27 [21]
Microwave - 100-
(MW) 350 Co/AC 98 120 [12]
25 .
Arc Torch (1400)** NiO/Al,05 26 700 [17]

* Amorphous carbon; ** The gas temperature increases up to this value.
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An outstanding result in this table corresponds to the studies of L. Wang and
collaborators, who using cylindrical packed-bed reactors at 350°C with a Co/SiO-
catalyst obtained a 40% of ammonia decomposition [21]. In comparison with this
series of results, it is remarkable the similar decomposition yield results obtained
in this thesis work at ambient temperature and much lower consumed power. The
results obtained in this chapter are also remarkable when compared with other
DBD and packed-bed reactors results, as shown in Table 7.2. The interest of our
approach is further highlighted by the fact that most papers in this table study non-
pure ammonia streams, which is a clear drawback from the point of view of
practical applications [9,10,24].

Table 7.2. Overview of selected ammonia to hydrogen results obtained with DBD
and packed-bed reactors during the last few years at ambient conditions of pressure
and temperature (pure-ammonia and mixtures).

. . DY-NH; | Power
Configuration Catalyst Gas (%) (W) Ref.
Ru-Al,Os/PZT This
pellets 100% 404 13 chapter
PZT pellets | N7 34.3 g | This
chapter
Wool-like 5% NHs,
Packed-bed wires 95 % N 99 S0 [l
reactor . 24 %
“ﬂ%ﬁi NHs, 97.6 |  44.4 20 [24]
P % N,
. 9% NHG,
';'\:ﬁé?j* 91% N, 42.0 11 [10]
P (+He)
DBD membrane 100%
reactor i NH; 24 400 [23]

The temperature of the reactor chamber can increase up to (*) 172°C and (**) 155 °C.

The efficiency of the ammonia to hydrogen process studied in this chapter
can be compared with other hydrogen-production plasma processes carried out
using DBD plasmas (for example, the reforming of methane, previously studied
by our research group using PZT as moderator in a packed-bed reactor [35]). Table
7.3 shows a comparison between the results in this chapter and others for wet,
oxidative, and dry reforming of methane. These data correspond to the maximum
rate of Hz produced (LH>/h) and include the required energy efficiency values for
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hydrogen production (LH2/kWh). Clearly, the ammonia to hydrogen process
outperforms the methane reforming reactions and positions this plasma reaction as
a promising zero-COx emission hydrogen production technology.

Table 7.3. Comparison between the results of this chapter and previous studies of
our research group regarding H production using PZT as discharge moderator in
packed-bed reactors. The “H; production rate” column shows the maximum values
obtained for each process.

Ha
Discharge production Energy
Process efficiency Ref.
moderator rate (LHo/kWh)
(LH2/h) ?
This
Ammonia Ru-Al,Os/PZT 0.33 27 chapter
decomposition P7T 0.8 34 This
chapter
Wet reforming of P7T 019 96 [35]
methane
Oxidative
reforming of PZT 0.36 20 [35]
methane
Dry reforming of P7T 017 6.8 [35]
methane ' '

We would like to conclude this comparative analysis indicating that to
envisage an improvement in process efficiency would imply the separation of
hydrogen molecules from the mixture of unreacted ammonia and nitrogen. This
would be possible incorporating a hydrogen selective membrane to the reactor, as
in studies of Hayakawa et al. using a DBD membrane reactor [23,25], or in other
studies in thermal catalysis [26].

7.5. Conclusions

The ammonia to hydrogen process (i.e., the decomposition of NH3 into N»
and Hy) has been studied in a ferroelectric-moderated packed-bed reactor at
ambient conditions of pressure and temperature. As in Chapter 6, three different
barriers (PZT, Al,Os/PZT, and Ru-Al.Os/PZT configurations) have been essayed
to properly study the effect of the incorporation of a metal catalyst onto the surface
of the ferroelectric pellets. The Ru-AlOs/PZT configuration provides the highest
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reaction yield, with 40% of ammonia decomposition, followed by decomposition
rates of 34% and 26% for the PZT and the Al,Os/PZT configurations, respectively.
Values of reaction yield have been correlated with the consumed power for each
experimental condition. Similar tendencies with the consumed power have been
obtained both for reaction yield and energy efficiency in the three studied barriers.
This fact suggests that the essayed experimental configurations are characterized
by EEDFs with energies high enough to efficiently promote the plasma
decomposition of the NHz; molecules by electron-impact processes. Maximum
energy efficiency values ranging from 30 and 40 LH2/kWh have been obtained for
the three studied configurations.

The plasma has been examined by OES to analyze possible differences in
the reaction mechanisms between a ferroelectric barrier (i.e., PZT configuration)
and the barrier with a catalyst added (i.e., Ru-Al.Os/PZT configuration). The
evolution of the emission intensity of NH* and NH3" intermediates with the
consumed power (and related to the decomposition yield) depicts a similar
behavior for the NH™ emission bands for both configurations, while the emission
of NHs" tends to a plateau for the Ru-Al,Os/PZT configuration. Additionally,
relying on the analysis of the NH"/NHs" emission intensity ratio as a function of
power, we suggest that the relatively smaller population of NH" species for the Ru-
Al,O3/PZT configuration is related to surface dehydrogenation processes taking
place on the surface of the metal catalyst.

Finally, the decomposition results obtained in this study have been
compared with those reported by other authors using the plasma technology for the
ammonia to hydrogen process, as well as with previous results of our research
group regarding the reforming of methane in a PZT-moderated packed-bed reactor.
It is concluded that the ammonia to hydrogen process working with pure ammonia
flows at ambient conditions of pressure and temperature is an efficient route to
produce H, at moderate power values without producing COy emissions.
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Chapter 8

Packed-bed Plasma Reactors as a
CCU Technology to Eliminate CO,"

8.1. Introduction

The concern about the continuous increase in carbon dioxide concentration
and other greenhouse gases in Earth’s atmosphere has fostered the development of
new remediation strategies and technologies. One possible way to reverse this
situation consists of applying Carbon Capture Storage (CCS) or Utilization (CCU)
systems to either hold back or transform carbon emissions into valuable products
before their release to the atmosphere [1]. Moreover, carbon dioxide conversion
processes have gained much attention for the oxygen production in the CO; rich
(95%) Mars atmosphere, where promising results have been recently obtained by
the Moxie experiment carried out in the red planet applying a high temperature
decomposition technique [2].

Current strategies for CO; elimination and revaluation face the problem of
the high stability of the molecule. From a thermodynamic point of view, either its
dissociation breaking or just its activation are highly demanding energetic
processes (e.g., C=0 doubled bound energy is 783 kJ/mol, while the Gibbs free
energy of CO, formation is 394 kJ/mol [3]). The energetic requirements imposed
by these internal energy parameters are particularly relevant if the intended process
is the splitting of CO; into CO and O induced by plasma. Plasma technologies
promote this splitting through the excitation of CO, molecules by different
elemental processes followed by a series of subsequent intermediate reactions
ending up in the production of the desired products. In particular, in Dielectric
Barrier Discharges (DBDs) at atmospheric pressure, electron temperatures
typically vary between 1 and 20 eV [4]. This wide range enables the direct

" The content of this chapter has been published in: P. Navascués, J. Cotrino, A. R.
Gonzélez-Elipe, A. Gomez-Ramirez, Plasma assisted CO- dissociation in pure and gas
mixture streams with a ferroelectric packed-bed reactor in ambient conditions. Chemical
Engineering Journal, 430 (2022) 133066, https://doi.org/10.1016/j.cej.2021.133066
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activation of the CO, molecule by different electron impact mechanisms through
electronic excitation, ionization, or dissociation processes [5].

Due to their operational advantages, DBD reactors and packed-bed systems
filled with different materials have been extensively utilized during the last decade
to induce various CO; conversion or decomposition processes [6-11]. Examples
of dielectric materials used to moderate the CO, plasma splitting reaction include
Al>,O3, ZrO,, or SiO; beds [3,12-14]. In general, energy efficiencies around 5%
have been obtained with these conventional dielectrics, with some exceptions like
the 12% obtained by Ozkan et al. operating in burst mode instead of a conventional
AC mode [15,16]. More recently, non-conventional materials such as polyurethane
foams or core-shell structures have been utilized to moderate the discharges.
However, their reported energy efficiencies only reach ca. 5% for meaningful
splitting rates [17-19].

To overcome such an apparent energy efficiency limit of packed-bed
reactors moderated with dielectric materials, ferroelectrics, particularly the most
common BaTiOs, and/or catalytically active beds, have been essayed as moderator
materials for the splitting of CO, [7,11,13,20-27]. Using some of these
approaches, the CO- plasma splitting mechanism has been analyzed seeking for
procedures favoring the most efficient processes. For example, Xin Tu and
collaborators have reported that catalyst surfaces with oxygen vacancies can
efficiently promote the dissociation of the CO, molecule. Based on additional
evidence, the authors proposed a decomposition mechanism triggered by the
breaking of the C=0 bond upon interaction with plasma electrons [20,25,26]. This
mechanism differs from that proposed for the CO, decomposition induced in
microwave (MW) and gliding arc (GA) reactors that, operating at boundary
conditions between thermal and nonthermal plasmas, seem to favor a CO;
decomposition mechanism mediated by the vibrational excitation of the molecule
[28-30]. Nevertheless, in DBD and packed-bed reactors the average electron
temperature is very high to efficiently induce the dissociation through vibrationally
excitations, a fact that partially explains the efficiency limitations of this
technology [5,31].
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In this thesis, according to the conclusions of Chapter 4 and in line with the
study of ammonia reactions (see Chapters 5-7), the decomposition of CO; into
CO and O has been carried out using a PZT-moderated packed-bed reactor. The
choice of this material has been guided by the intention to overcome the
aforementioned energetic limit.

The motivation of the study reported in this chapter is twofold. Firstly,
determining the efficiency of PZT-moderated packed-bed reactors for the splitting
of CO,. Secondly, to advance in the understanding of the basic mechanisms
involved in this reaction. With this aim, CO, + O, mixtures have been analyzed to
check the occurrence of back-reactions (i.e., the recombination of CO and O to
render CO2). Furthermore, considering that in real facilities a CCU technology will
deal with CO, combined with other gases, mixtures of CO, with dry air have also
been studied. The results obtained show that, in the mixture containing oxygen,
recombination reactions reduce the reaction yield, while an increasing energy
efficiency is obtained for a mixture with 15% air. Unlike previous results in
literature, where harmful NxOy compounds were found as by-product of a plasma
reaction of nitrogen and CO; [11,32], no traces of nitrogen oxides have been found
under our working conditions.

8.2. Experimental Details

This study was carried out in the already described packed-bed reactor with
three different barrier architectures (see Table 8.1). Although the main
experiments were performed with a PZT barrier, for comparison, pellets of BaTiOs
have been also used as discharge moderator for the CO, splitting reaction (BT
configuration). Additionally, for some experiments with PZT, the upper electrode
was covered with a ferroelectric LiNbO3 plate (PZT-D configuration). As is shown
in Figure 8.1(a), the incorporation of this extra ferroelectric plate reduces the
electric field intensity in the free space between pellets for a constant operating
voltage.
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Table 8.1. Experimental configurations and packed-bed characteristics utilized for
the experiments in this chapter.

Pellets Active electrode Inter-electrode
Configuration . covered by the (metal-metal)
diameter . .
ferroelectric plate distance
PZT 2-3mm No 5mm
PZT-D 2-3mm LiNbO; 5.5 mm*
BT 2mm No 5mm

*Note that when incorporating the LiNbOs ferroelectric plate, the inter-electrode (metal-
metal) distance is lengthened to compensate the incorporation of the plate in order to keep
constant the residence time of the gases in the reactor.

Figure 8.1 shows the electric field distribution calculated using the AC/DC
module of Comsol Multiphysics [33]. Electric field simulations have been done in
a simplified way, as they are intended for comparison purposes. The input
parameters/model design were an inter-electrode distance of 5 mm, spherical
pellets with a diameter of 2 mm (applying an extra-fine mesh), and a voltage of
3.25 kV applied between the electrodes. The calculation time was around 9
seconds. Both for the PZT-D and BT configurations it was found that the electric
field intensity in the inter-pellet space is smaller than in the PZT configuration.
This effect can be observed in Figure 8.1(b), showing anevaluation of the electric
field (V/m) along the line connecting two pellets (marked as ‘r’ in the colour maps
of Figure 8.1(a)). Differences in the electric field intensity in the PZT and BT
configurations are due to the different value of the dielectric constant of these
materials, i.e., 1900 and 1250 respectively for these two materials operating at
ambient temperature (see Chapter 4).

The different magnitudes used for the discussion of results are: the Specific
Input Energy (SIE [kJ/L]), the absolute (y[%]) and effective (yer[%]) CO:
conversion rates, the energy efficiency ({[%]), and the carbon balance (Cg[%]) (see
Chapter 3 for the definitions).
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Figure 8.1. (a) Electric field distribution for the PZT (left), BT (middle), and PZT-D
(right) configurations (the “r” line indicates the race points selected to evaluate the
electric field). (b) Electric field distribution along the “r” line for PZT, BT, and PZT-
D configurations.

All the experiments discussed in this chapter have been carried out at
atmospheric pressure and ambient temperature. A fan was used to cool down the
metal walls of the reactor. The voltage amplitude was varied between 2.5 and 4
kV. Most experiments were carried out for an operating frequency fixed at 1 kHz,
although frequencies between 1 and 3 kHz were also used for an applied voltage
of 3.25 kV. The CO, flow rate was fixed at 15, 25, and 40 sccm. Gas mixtures of
CO; with O, and dry air were analyzed for a total flow rate of 25 sccm; CO;
concentrations varied from 100 to 90% for O, mixtures and from 100% to 80% for
air mixtures.

Finally, OES measurements were taken with the diffraction grating centered
at 330 nm. The integration time was 0.5 s and the resolution 0.2 nm. Table 8.2
summarizes the characteristic emission bands recorded for typical CO, plasmas
and their association to the corresponding excited species and electronic transitions
[11,34-39].
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Table 8.2. Emission bands for pure CO; plasmas taken from [35-38].

System Transition A (nm)

CO;* (B) B2x* > X211 288.3 - 289.6

304.8, 324.6, 313.9, 337.0,
337.7, 355.1, 356.5, 362.1,
369.1, 383.8, 387.0, 396.0,

CO" (A): Fox, Duffendack
and Barker’s (FDB) System A2TT > X211
1

412.0, 413.7
Third Positive System of 3ot 3 283.3,297.7, 313.4, 330.5,
co b* X" > a*Il 349.3, 369.9

For the Fox, Duffendack and Barker’s System, only high intensity bands are shown (i.e.,
bands whose intensity is higher than 0.6 in a scale normalized to the most intense line)

8.3. Results and Discussion
8.3.1. Effect of PZT as Packing Material

In Chapter 4, it has been shown that operating packed-bed reactors with
PZT reduces the breakdown voltage and enhances the electric field distribution
with respect to the operation with BaTiOs. It was discussed that both features
contribute to reduce the power consumption and, therefore, PZT-moderated
packed-bed reactors provide higher yields and efficiencies for the ammonia
synthesis reaction. A first issue in the present investigation is to determine whether
similar effects intervene for the CO, splitting process. Figure 8.2 shows
comparative experiments carried out for the PZT and BT configurations. The
voltage amplitude was fixed at 3.25 kV and the frequency was varied between 1
and 3 kHz for a CO- flow rate of 25 sccm. As it can be observed in the plots, higher
values of the CO- conversion rate and energy efficiency were obtained with the
PZT configuration for all operating conditions. Although the PZT configuration is
characterized by a decrease in energy efficiency as frequency increases, the values
obtained for this magnitude were always higher than for the BT configuration.
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Figure 8.2. CO, conversion rate and energy efficiency represented versus the
operating frequency for the PZT (a) and BT (b) configurations. Experiments were
carried out for a CO; flow rate of 25 sccm, a voltage amplitude of 3.25 kV, and
frequencies between 1 and 3 kHz.

By the carried-out experiments, voltage amplitude and the CO, flow rate
were varied to study the performance of the PZT barrier. Figure 8.3 shows the
CO:; conversion rate and the energy efficiency for the CO- splitting process using
the PZT configuration. Conversion rate has been plotted as a function of the SIE
for three gas flow rates (15, 25, and 40 sccm). The SIE has been chosen as x-axis
variable to properly compare the effect of different flow rates and configurations.
The SIE was changed varying the power for a given flow rate while increasing the
applied voltage between 2.5 and 4 kV. The plots in Figure 8.3 clearly show an
increase in the conversion rate and a sharp drop in the energy efficiency for
increasing values of SIE. This behavior is common in plasma-driven CO;
decomposition processes operated in AC mode [19,20,40-44] and agrees with
results obtained by numerical modeling [45].

Another interesting finding evidenced by the plot in Figure 8.3(a) is that the
conversion rate increases with the gas flow (or analogously when the residence
time decreases). This behavior differs from that found by other authors that usually
report maximum conversion rates for lower CO; flows (i.e., for higher resident
times) [12,14,43]. We tentatively attribute this difference to the occurrence of
back-reactions taken place on the pellet’s surfaces and/or in the plasma bulk (e.g.,
CO + O = CO0Oy). Other authors have claimed similar back-reaction effects for the
CO; plasma splitting reaction [18,46]. From the plots in Figure 8.3(a) it is also
remarkable that conversion curves almost converge into a single trend for flow
rates higher than 25 sccm. Conversely, the fact that the energy efficiency decreases
with the SIE and for lower gas flow rates (higher resident time) (c.f. Figure 8.3(b))
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further supports that back-reactions may be involved and detrimentally affect the
process efficiency.
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Figure 8.3. CO; conversion rate (a) and energy efficiency (b) versus the SIE values

for the PZT configuration. Experiments were carried out for CO, flow rates of 15, 25,

and 40 sccm, a frequency of 1 kHz, and voltage amplitudes between 2.5-4.0 kV.

Results plotted in Figure 8.3 show that, for the PZT configuration, a
conversion rate of 11% and an energy efficiency of 10% were reached for a SIE of
17 kJ/L, a response representing a good trade-off between these two magnitudes.
Remarkably, these energy efficiencies were obtained with PZT as packing
material, in the absence of a carrier gas or another catalytic material. The
corresponding I(t) curves plotted in Figure 8.4(a) show that, in agreement with
other authors under similar working conditions [15,41], the CO, plasmas present a
significantly high amount of microdischarges.
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Figure 8.4. Measured current (a) and Lissajous curves (b) determined for the PZT and
PZT-D configurations for a CO; flow rate of 25 sccm, an applied voltage of 4.0 kV,
and a frequency of 1 kHz.
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8.3.2. Insights into the Reaction Mechanisms

Figure 8.5 shows the optical emission spectrum recorded for the reactor in
the PZT configuration, an applied voltage of 3.25 kV, a frequency of 3 kHz, and a
CO: flow rate of 25 sccm. The assignment of the recorded bands, gathered in Table
8.2, confirms the presence in the plasma of CO" and CO,"™ excited species.
Following this assignment, the third Positive System of CO and the FDB System
of CO;* (i.e., CO;"(A)) are marked with different solid lines in the figure (black
and blue respectively), while the double band located between 288 and 290 nm,
attributed to CO,"(B) emissions, is marked with a dashed line. Differentiating the
288.3 nm and 289.6 nm bands associated with CO,*(B) was not possible because
of their small intensity and the low spectral resolution available in the packed-bed
reactor, where only the light coming from the free space between the pellets
contributes to the spectrum.

_____

co”

CO,"(A)

Intensity (CPS)

280 300 320 340 360 380 400 420 440
A (nm)

Figure 8.5. Characteristic emission spectrum obtained for the PZT configuration, an

applied voltage of 3.25 kV, a frequency of 3 kHz, and a CO; flow rate of 25 sccm.

Bands are assigned according to Table 8.2.

According to Snoeckx and Bogaerts, the partition of the available electron
energy between electronic excitations, dissociation, ionization, and vibrational
excitations processes is 70-80%, 5%, 5%, and 10%, respectively, for the CO;
splitting reaction under DBD conditions (for a reduced electric field higher than
200 Td) [3]. Moreover, because of the high dielectric permittivity of ferroelectrics,
packed-bed plasmas filled with these materials are characterized by an EEDF that
extends to rather high energies. In these conditions, even if both surface reactions
involving excited species [47] and CO; vibrational excitation might contribute to
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the dissociation reaction (e.g., as in MW plasmas [28,30,48]), it is the most likely
that electron impact dissociation induced by electronic excitation is the dominant
mechanism for the CO; splitting reaction. The detection in the plasma of both the
CO.,*(B) and the CO;*(A) emission bands supports this assumption (CO.*
formation from CO; requires ionization energies around 18 eV [40]). Likewise, the
recording of the characteristic fingerprint bands of CO" species, characterized by
a relative intensity much higher than in spectra recorded by other authors
[11,34,39]), further supports the involvement of high-energy electrons in the
reaction process. In literature there is not agreement about the spectral
characteristics and formation routes of CO” species in CO. plasmas. For example,
Brehmer et al. proposed that the detection of CO™ emission bands is the result of
reactions directly leading to the formation of CO in this excited electronic state
[34]. Conversely, Du et al. proposed that CO is initially formed in its ground state
and becomes subsequentially excited through electron impact processes [49]. In
the PZT moderated packed-bed reactor, we assume that, in addition to other
processes, the interaction of CO, molecules and CO* species with high-energy
electrons efficiently contribute to the CO, decomposition through intermediate
reactions that lead to the formation of CO” species (i.e., reactions E 8.1i - 8.3,
where i stands for “intermediate reaction”):

CO; + e (high energy) > CO;* (CO;*™) + 2e~ (E 8.1i)
CO; + e (high energy) > CO*+ O +¢e (E 8.2i)
CO2* (COz™) + e (high energy) > CO*+ O (E 8.3i)

where CO,"™" refers to ionized carbon dioxide molecules in the A or B excited
states.

To further support the involvement of high-energy electrons in these
intermediate reactions, the results obtained with the PZT configuration was
compared with those of two additional barrier architectures: those in the PZT-D
and the BT configurations (see Table 8.1). For comparative purposes, and based
on the simulations plotted in Figure 8.1, the applied voltage was kept constant
(3.25 kV) while the frequency was varied. As can be observed in the Comsol
simulations plotted in Figure 8.1(a), for the investigated geometries, electric field
distributions are identified by channel of voids between the pellets, in agreement
with recent studies of Van Laer and Bogaerts [50,51]. These authors also
demonstrated that the electron temperature follows a spatial distribution similar to
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that of the electric field. In relation with the present study, simulations suggest that
for the PZT-D and BT configurations there is a reduction in the electron energy
with respect to the energy for the PZT configuration. The following two
comparative experiments also support such a conclusion.

The first experiment consisted of adding an extra ferroelectric barrier in the
form of a plate, i.e., PZT-D configuration. A previous study from our research
group dealing with the removal of air contaminants proved that the incorporation
of a ferroelectric disk served to modify the EEDF, keeping constant the current
and increasing the applied voltage [52]. Herein a different strategy has been
followed consisting of operating at constant voltage to decrease the electric field
intensity between the pellets. As a result (c.f., Figure 8.1) the electric field in the
channel of voids zone is reduced when the upper electrode was covered with a
ferroelectric plate of LiNbOs. Accordingly, measured I(t) and Lissajous curves
present lower intensities for the PZT-D configuration, as shown in Figure 8.4.

To illustrate that a decrease in the electric field intensity induces a decrease
in the mean electron energy, the EEDFs have been calculated using the BOLSIG+
code [53] (see Figure 8.6). For this purpose, the maximum values of the reduced
electric field plotted in Figure 8.1(b) have been introduced in the simulations: 360
and 300 Td for the PZT and PZT-D configurations, respectively. Other input
parameters for these computations were a gas temperature of 300 K and a gas
composition of 100% CO,. Electron-electron and electron-ion collisions were
explicitly considered, while the ratio between the electrical input frequency and
the gas density was very low and can be approximated to zero. Figure 8.6 shows
that the EEDF curves have a similar shape and that for the PZT configuration the
population of high energy electrons (Te>30/40 eV) should be higher. As a result,
a slightly higher mean electron energy has been obtained for this configuration,
8.2 eV, against an energy of 7.4 eV obtained for the PZT-D configuration.
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Figure 8.6. Electron Energy Distribution Function (EEDF) simulated using the

BOLSIG+ code [53] for the PZT and PZT-D configurations.

Table 8.3 shows the conversion rate and energy efficiency obtained for the
PZT, PZT-D and BT configurations working at 3.25 kV when varying the
frequency between 1 and 3 kHz. In addition, for the three barrier configurations,
Figure 8.7 shows a normalized representation of the OES spectra zoomed at the

280-300 nm zone.

Table 8.3. Conversion rate, energy efficiency, and SIE values for the PZT, PZT-
D, and BT reactor configurations at frequencies between 1-3 kHz, a constant

applied voltage of 3.25 kV, and a flow rate of 25 sccm CO..

PZT PZT-D BT
f (KH2) X ¢ SIE X 6 SIE X 4 SIE
) | () KIL) | %) (%) (KIL) | %) | (%) (kL)
1 6.6 | 15 5.1 27 | 11 2.9 1.9 3.6 6.2
2 11 | 9.7 13 38 | 65 3.2 5.8 4.8 14
3 13 | 6.8 20 4.7 | 93 6.9 9.1 4.5 23

According to this table, conversion rate and SIE values were smaller for the
PZT-D in comparison with the PZT configuration. Furthermore, the OES analysis
suggests the existence of considerable mechanistic differences for the splitting
reaction for these two configurations. Figure 8.7(a) shows that, for the PZT case,
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the higher the frequency (or SIE) the higher the intensity of the CO" band.
Nevertheless, this tendency is not observed for PZT-D (Figure 8.7(b)). We
attribute these differences to that a larger population of high-energy electrons in
the inter-pellet space for the PZT case will efficiently contribute to increase the
probability of reactions E 8.2i and E 8.3i. Conversely, for the PZT-D configuration,
the fact that the intensity of the CO” emission bands remains constant (c.f. Figure
8.7(b)) while the conversion rate increases supports that this emission intensity is
not only related to the CO concentration in the outlet flow (i.e., related to the CO,
conversion rate), as proposed in [49], but rather to the population of high-energy
electrons in the plasma. In other words, we attribute the lower and almost
invariable CO" population found for the PZT-D configuration to the lower
concentration of energetic electrons in this case.
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Figure 8.7. Optical emission spectra normalized to the intensity of the 288/290 nm
band recorded for the PZT (a), PZT-D (b), and BT (c) reactor configurations at
different frequencies, a constant applied voltage of 3.25 kV and 25 sccm of CO..

Figure 8.7(c) shows the OES spectra of the second complementary
experiment, consisting of the use of BaTiOs instead of PZT as packing material.
As indicated in Table 8.3, both conversion and energy efficiency were lower for
the BT than for the PZT reactor configuration. These findings support the
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hypothesis that a high dielectric constant contributes to intensify the electric field
strength in a packed-bed reactor and, consequently, to increase the mean electron
energy of plasma electrons [51]. As mentioned in Chapter 1, the discharge mode
may also depend on the dielectric constant of the pellets. By fluid modeling and
iCCD imaging, Wang et al. have demonstrated that the discharge mode may evolve
from surface discharges over the whole packing material to a local filamentary
mode as the dielectric constant of the material increases [54]. This evolution would
also favor the CO; splitting process in the PZT moderated packed-bed reactor due
to an increase in the average electron energy in the filamentary mode. The
existence of different EEDFs for the BT and PZT reactor configurations is
supported by the comparison of the OES spectra recorded in each case (c.f., Figure
8.7). The absence of high intensity bands of the Third Positive System of CO for
the BT case (i.e., a similar behavior than with the PZT-D configuration) agrees
with a lower electric field and, consequently, a lower concentration of high-energy
electrons in the plasma phase in this case.

8.3.3. Minority and Side-reaction Processes

In addition to the direct splitting of CO; into CO and O, other minority
global processes might also take place under our reaction conditions. Examples
include the direct transformation of CO; into carbon and oxygen:

CO;>C+0; (E8.4)
or the Boudouard reaction [55]:
2CO>C0O,+C (EB8.5)

It is noteworthy that chemical reactions E 8.4 and E 8.5 denote global
processes that may encompass intermediate reactions taking place in the plasma
bulk or on the surface of the pellets and, consequently, involving quite different
reactions pathways. As it is illustrated in Figure 8.8, direct evidence of such
minority processes was gained by the X-Ray Photoelectron Spectroscopy (XPS)
analysis of the packing material before and after plasma exposure. This surface
analysis revealed the formation of a carbon deposit, evidenced by a significant
increase of the Cls band at 284.6 eV attributed to graphite-like carbon, and a
considerable incorporation of carbonate like species, deduced by the deployment
of an intense C1s contribution at around 290 eV [56].
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Figure 8.8. (a) Normalized C1s signal (with respect to the Ti2p peak) for PZT pellets
before and after successive plasma exposures (left) and atomic composition table in
terms of atomic percentages of Ti and C (right). (b) Photographs of PZT pellets, before
(left)and after (right) plasma exposure.

The data included in the table in Figure 8.8(a) can provide a rough
estimation of the amount of carbon deposited on the pellet’s surfaces and the
volume of CO; that would be necessary for this process. For this estimate, we rely
on the atomic concentration of Ti determined through the assessment of the Ti2p
peak intensities (ltizp). In concrete, assuming that the attenuation of the Ti2p signal
is due to a carbon layer formed on the surface of pellets, the attenuation degree in
the intensity of Ti2p peak must be related to the thickness of the carbon deposited
layer. The simplest model would be that of a conformal homogenous layer (note,
however, that an inhomogeneous distribution is clearly suggested by the
photograph in Figure 8.8(b)). Under these assumptions it holds that:

I1izp (post plasma PZT)

-L/A (E 8.6
lrizp(fresh PZT)  ©© (E 8.6)

where L is the thickness of the carbonaceous layer and A the mean free path
of the Ti2p photoelectrons (we assume that A is approximately 2 nm). This
assessment of L renders a thickness of 2.3 nm. This thickness would correspond to
approximately 6 monolayers of carbon under the assumption of a graphitic thin
film and a homogeneous surface distribution. This thickness estimation can be
related to the volume of carbon dioxide that, upon decomposition, would be needed
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to coat the PZT surface with such a carbon deposit (i.e., assuming that one CO-
molecule will give rise to one deposited carbon atom). A rough estimation reveals
that, considering the specific surface of PZT pellets (0.74 m?/g) and the weight of
the PZT barrier, we would need a total volume of about 2 liters of CO; to saturate
the surface with this 2.3 nm graphitic layer. This value is within the order of
magnitude of the expected amount of graphite formed for more than 20 hours of
operation for a CO; flow rate between 15-40 sccm and a maximum of 15% of
reacted CO2 decomposed into C (see Figure 8.9 below).

Additionally, the analysis of the evolution of carbon balance for the CO-
splitting reaction indicates that not all the CO; entering the reactor gets out in the
form of CO or unreacted CO.. The results reported in Figure 8.9 show that carbon
balance is never 100% and decreases up to values around 85% at higher SIEs. We
propose that the occurrence of alternative reactions other than CO; splitting is
related with deposition of carbon deduced from the XPS analysis above.

95
)
A
Q \‘f‘ =m=15 sccm CO,
S A n =®=25 sccm CO,
§ 90 3.,.\ ‘I\ =A=40 sccm CO,
3 . e
@ \ R
c y N
\
8 85} AV, -
E ’ \A -~ ~n
O
80 | | 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40
SIE (KJ/L)

Figure 8.9. Carbon balance versus the SIE for the PZT configuration and the same
experimental conditions that those used for the experiments in Figure 8.3.

8.3.4. CO2+0O2 Mixtures

In real outlets, small percentages of oxygen usually appear mixed with CO,.
For example, in outlet gases from power plants it is common to find 5% of O, after
water removal [57]. Therefore, to analyze the CO, splitting process under more
realistic conditions (as those required for a realistic CCU technology), we studied
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the CO, decomposition reaction using mixtures of CO, and O.. Moreover, from a
mechanistic point of view, we must note that O; is a product of the CO; splitting
reaction. In the plasma, oxygen is also a potential source of O atoms and other
excited species of oxygen that might trigger reaction pathways leading to the
formation of CO.. Considering the C deposition mentioned in the previous section
and the main reaction products of CO; splitting (CO and O,), various reaction
pathways could be considered to intervene in the following chemical processes:

C+0,>CO, (ES8.7)
CO+0O+M—>CO+M (ES8.8)
0,+CO>C0;+0 (E8.9)

where E 8.7 refers to a global process that considers the interaction between
oxygen molecules and the carbon deposited on the pellet surfaces, while processes
E 8.8 and E 8.9 are the most important intermediate recombination reactions (at
high pressures) considered by Berthelot and Bogaerts for a zero-dimensional
chemical kinetics model [58]. The occurrence of these processes would contribute
to decrease the overall CO; conversion rate.

Figure 8.10 depicts the evolution of CO. conversion rate and energy
efficiency working with CO, + O, mixtures and the reactor in the PZT
configuration. Although the energy efficiency is determined by using the effective
conversion rate (see Chapter 3, section 3.4.2), the absolute conversion rate is also
plotted because results reported in the literature are sometimes discussed in terms
of this magnitude. The experiments were carried out varying the oxygen
percentage in the mixture (5 and 10%) at a constant flow rate (25 sccm). The
voltage amplitude and frequency were 3.25 kV and 3 kHz, conditions that ensured
a considerable conversion and a high intensity of the OES spectra. It is noteworthy
that, for the CO»+O, mixtures, it was not possible to work at constant SIE (constant
power) because the measured current through the reactor changed when oxygen
was added to the gas mixture. These changes in electrical measurements suggest
that the addition of oxygen may affect both the reaction mechanisms and the
physical (and consequently electrical) properties of the discharge.
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Figure 8.10. Evolution with the O, percentage of absolute and effective CO;
conversion rates (left), and energy efficiency (right). SIE values are indicated for each
0O, percentage (3 kHz, 3.25 kV, and total flow rate of 25 sccm).

Figure 8.10 shows that the effective CO conversion rate decreases from
13% to 8.5% upon addition of 10% O,. Absolute CO, conversion rate and energy
efficiency follow an analogous tendency, decreasing from 13% to 9.5% and from
6.8% to 3.8%, respectively. Zhang and Harvey obtained a similar decreasing
tendency in a cylindrical packed-bed reactor with BaTiOsz as packing material [21].
However, it is noteworthy that the efficiencies found here are higher (5% for 95/5
mixtures - SIE of 17 kJ/L - versus the 2% reported by these authors - SIE of 103.2
kJ/IL).

To wrap up this part of the study, Figure 8.11 shows the optical emission
spectra recorded for the O, containing mixtures. It is apparent that, as the
proportion of oxygen in the mixture increases, the relative intensity of the CO”
species decreases with respect to that of CO,*(B). This tendency agrees with the
lower CO; splitting yield obtained for the mixture and supports that reaction
pathways involving oxygen species could contribute to processes such as E 8.6 and
E 8.7, both contributing to decrease the global reaction yield.
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Figure 8.11. Emission spectra for the experimental conditions utilized for the
experiments in Figure 8.10 (3 kHz, 3.25 kV, and total flow rate of 25 sccm).

In the spectra of Figure 8.11 it is also noteworthy the detection of a band
around 308-309 nm that can be attributed to OH" species (common emission at
308.9 nm) [38]. This impurity presumably comes from the interaction between O,
and the pellets, in agreement with the known capacity of PZT to incorporate
hydrogen (e.g., as OH" or in other forms) onto their surface and in its bulk, as
discussed in Chapter 5 of this thesis.

8.3.5. CO, + Air Mixtures

The CO; plasma-splitting process has been widely studied using mixtures
of CO; with other gases usually referred to as "carrier gases". Data are available
for mixtures CO; + O, [21,59], CO. + N [11,32,60,61], CO, + Ar [11,19,60,62]
and CO; + He [60,62]. However, despite that the typical industrial and direct air
capture CO. outlets include air as a component, to our knowledge no previous
studies in DBD reactors have been carried out for mixtures of CO; and air. Herein,
we have studied the plasma reaction of mixtures of CO, with up to 20% dry air
(total flow rate of 25 sccm) at constant voltage amplitude of 3.25 kV and a
frequency of 3 kHz. Results are shown in Figure 8.12, where both the absolute
and effective conversion rates and the energy efficiency are plotted as a function
of air percentage. These plots show that the effective CO, conversion rate changes
from 13 to 9.9% when the air percentage varies from 0 to 20%. The energy
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efficiency increases from 6.8 to 8.1% for the 15% air mixture. Looking at the
absolute CO; conversion rate, values vary between 7 and 13%. It is important to
remark that, as in the case of mixtures with oxygen, SIE was not maintained
constant for the experiments (we kept constant the voltage and frequency and let
vary the current).
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Figure 8.12. Evolution with the air percentage of the absolute and effective CO»
conversion rates (left) and energy efficiency (right). SIE values are indicated for each
experiment (3 kHz, 3.25 kV, and total flow rate of 25 sccm).

It is reported the literature that adding small percentages of nitrogen to a
CO; plasma modifies the electrical response of a DBD discharge process. Snoeckx
et al. attributed this behavior upon N addition to a transition from a filamentary
discharge mode (pure CO,) to a more diffuse discharge [32]. Additionally, these
authors studied the effect of a larger range of N, contents and reported a good
agreement between simulation and experimental results. For low nitrogen
percentages, similar to those existing in the air mixtures used in this work, they
obtained a negligible variation in the energy efficiency of the reaction and
concluded that the presence of metastable nitrogen species could influence the
reaction mechanisms and compensate the lower CO; proportion in the mixture.
These authors obtained an energy efficiency of 4.5%, for a mixture of 15% N and
a SIE of about 12 kJ/L, while we have reached an efficiency of 8.1% for similar
operation conditions [32]. On the other hand, S. Xu et al. studied highly diluted N>
mixtures (from 30% up to 80% of N.) in a BaTiO3z packed-bed reactor, obtaining
that the absolute CO, conversion rate increased with the amount of nitrogen in the
mixture, though at the expense of a decrease in energy efficiency [11].
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Although the results in the previous section showed that the presence of
oxygen contributes to diminish conversion and energy efficiency, for the 15% air
mixture the combined effect of the air components results in a reduction of the CO;
conversion rate but in an increase in energy efficiency by more than 20% with
respect the initial value without air. This behavior can be attributed to the
occurrence of more efficient reaction pathways involving nitrogen species
(discussed in more detail below). For an air percentage of 20%, the conversion rate
still increases but at expenses of a drastic decrease in the energy efficiency that
drops to 4.3% (this reflects the drastic increase in the SIE to 26 kJ/L, due to an
increase in the current intensity for this gas mixture). A similar behavior has been
reported for CO. + N mixtures and attributed to the increase in the nitrogen
concentration in the mixture [32].

The addition of air significantly modifies the plasma emission spectrum
compared to pure CO; discharges. Figure 8.13 shows that the CO" signal
significantly decreased for a 10% mixture to disappear for a 15% percentage.
Meanwhile, no traces of CO,*(B) emissions could be detected for these mixtures.
These bands are replaced by those of the second positive system of N," (i.e.,
[c311 —» B3M]transition), characterized by a main band at 357.9 nm. Additionally,
the spectra did not provide any hint of the formation of the common N> species,
characteristically identified by its first negative system at 391.4 nm. These changes
in the OES spectra prove that N2 in air affects radically the plasma excitation
mechanisms and, as a result, the CO; splitting pathways. Since processes like the
excitation mechanisms to obtain CO;* species (evidenced by band systems (B) and
(A)) require a substantial energy cost (between 17-18 eV), we propose that their
occurrence might have been partially replaced by other lower-energy reaction
pathways. These can be, for example, the electron impact excitation of N, and the
formation of metastable states of nitrogen able to promote an efficient dissociation
of CO2 [32].
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Figure 8.13. Emission spectra for the experimental conditions utilized for the
experiments in Figure 8.12 (3 kHz, 3.25 kV, and total flow rate of 25 sccm).

An important feature by these experiments with CO- + air mixtures is that,
unlike other author’s reported results for CO, + N2 mixtures in similar reactors
[11,32], no NxOv species have been detected as reaction by-products, even if no
additional reactants are added to the gas mixture (e.g., Snoeckx et al. recently
published that CH. acts as chemical oxygen scavenger to diminish the NO and
NO; production in CO»+N2 mixtures [63]). The QMS spectra in Figure 8.14
correspond to the outlet gases of CO, + air mixtures recorded before and after
plasma ignition. These spectra show the m/q spectral zones related to the formation
of NxOy harmful compounds. Key m/q ratios are 30, 46, and 44, attributed to NO,
NO., and N:O, respectively. The intensity of these signals remains constant or
decrease in intensity (note that the 44 peak is directly related to the CO; species),
thus proving that no NxOy species are detected in the outlet gas flow after plasma
reaction. This outstanding finding can be attributed to the specific conditions of
the utilized PZT moderated packed-bed reactor. Although the reasons sustaining
this finding are still unclear, we claim several factors that might contribute to it
under our experimental conditions. As it is stated in the literature [32], the
formation of NO and NO- in CO; + N plasmas proceeds via oxygen interaction
with nitrogen atoms and electronically excited N> molecules. Threshold electron
energies required to dissociate or excite N> molecules are 18.5 eV [66] or 7.7 eV
[11], respectively. Taking into account these values and since the results in Figure
8.13 only show the emission bands of the N." system, we can hypothesize that
electron energy is not enough to induce the formation of N* and N,** species. This
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is another way of saying that plasma interaction with the air components
effectively decreases the electron temperature, making that neither CO,™ nor N*
species can be formed in our experiment. In addition to this proposal, we can also
hypothesize that oxygen molecules of air may prevent the required interaction
between oxygen and nitrogen atoms to produce NxOy species. In this regard,
Brandenburg et al. claimed that nitrogen metastable states can be efficiently
guenched by O2 molecules [65], a fact that can hamper the reaction between
excited nitrogen and oxygen species. Similarly, in a recent study by Slaets et al.,
no traces of NxOy species were detected in a gliding arc plasmatron working with
methane and carbon dioxide in mixtures containing nitrogen and oxygen [66].
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Figure 8.14. QMS spectra recorded before and after plasma discharges for the zones
characteristic of NO, m/q=30 (a), NO2, m/q=46 (b), and N.O, m/g=44 (c) (the same as
COz). CO/Air proportion: (1) 93/7, (2) 90/10, (3) 85/15, and (4) 80/20.
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8.4. Conclusions

The CO; dissociation process into CO and O, has been studied in a
ferroelectric packed-bed plasma reactor operated at atmospheric pressure and
ambient temperature. The obtained results have shown that PZT is an optimum
ferroelectric packing material to moderate the discharges in packed-bed reactors,
outperforming the more widely used BaTiOs. Its usefulness has been proved not
only for the activation of pure CO, plasmas, but also for mixtures with air. The
high reactor performance achieved with PZT has been attributed to its relatively
higher dielectric constant at the temperature of operation. It contributes to enhance
the electric field in the channel of voids between pellets, where high energetic
electrons will trigger a series of intermediate reactions contributing to the overall
reaction yield.

Analyzing the effect of the barrier architecture (PZT vs. PZT-D
configurations, see Table 8.1) and the CO, flow rate (15, 25, and 40 sccm), it is
found that the best results are obtained with the PZT configuration and high CO,
flow rates, i.e., for relatively short residence time of reactants. Moreover, the
thorough OES characterization of the plasma and the lower reaction performance
obtained when adding a ferroelectric plate to the barrier architecture have been
justified in terms of changes in the EEDF and a decrease in the average energy of
plasma electrons in this latter case. Therefore, it is concluded that the high-energy
electrons generated in the discharge moderated with PZT are decisive to produce
CO" species and to improve the overall reaction efficiency.

The incidence of back-reactions in diminishing the process efficiency has
been scarcely studied experimentally. Experiments with CO, + O, mixtures have
shown that reactions between excited species of oxygen and CO in the plasma bulk
may occur under the studied working conditions, contributing to the observed
decrease in the CO; conversion rate when using low flow rates. In this regard, the
higher energy efficiency obtained when igniting pure CO- plasma at higher flow
rates, i.e., for lower residence times, further supports the occurrence of back-
reactions. It is also possible that these back or recombination reactions take place
on the surface of the pellets, involving the carbonaceous residues proved by XPS
and suggested by a carbon balance analysis.

Finally, a remarkable result is that CO, decomposition was rather efficient
when using CO; + air mixtures, reproducing common conditions in real facilities
for CCU technologies. The good trade-off between conversion rate (9%) and
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energy efficiency (8.1%) obtained for a 15% air mixture has been accounted for
by the involvement of excited nitrogen species in alternative energetically
favorable CO, decomposition processes. The absence of any NxOv species as
reaction byproduct is a noteworthy result that proves the suitability of packed-bed
plasma reactors moderated with PZT for CO splitting at ambient conditions and
mixtures with air.
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Chapter 9

Reaction Mechanisms by the
Valorization of CO; and CHy4
Mixtures”

9.1. Introduction

Due to its high hydrogen content, methane (CH,) is frequently used as a
feedstock in the chemical industry as well as a fuel for energy production.
However, the high volatility of this gas dissolved in crude oils makes that around
8% of methane becomes released to the atmosphere — thereby contributing to the
global warning [1] —during shale gas extraction and distribution [2]. In this context,
the transformation of methane into less volatile compounds, such as liquid organic
oxygenates and C, hydrocarbons, is of paramount importance for the chemical
industry [3,4]. A very interesting process for this purpose is the reaction between
CH,4 and CO,, with the latter as an oxygen source and a wide range of possible
reaction products. A typical example is the so-called Dry Reforming of Methane
(DRM) to produce syngas (i.e., CO and H) as main reaction output [5] and with
high potential for the synthesis of various high added value chemicals.

The conversion of CH4 and CO; at high temperatures is characterized by
relatively low conversion rates and not always by a good selectivity for the
production of oxygenates, which may decompose or recombine at high
temperatures [6]. During the last few decades, the study of nonthermal plasmas of
CH4+CO; mixtures has been a subject of much interest [5,7-9]. In general, syngas
is the main reaction product in plasma reactors, although light and heavy
hydrocarbons and organic oxygenates can also be obtained. This large variety of
possible products precludes a proper definition of an energy efficiency parameter,
making that this parameter is not taken into account explicitly, or that energetics

* The content of this chapter is expected to be published as: P. Navascués, J. Cotrino, A.
R. Gonzalez-Elipe, A. Gémez-Ramirez, Isotope Labeling for Reaction Mechanisms
Analysis in CO; + CH4 Plasmas in a Ferroelectric Packed-Bed Reactor
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is only discussed in terms of syngas formation when this is the majority reaction
product [5].

In CH4+CO; plasmas, the compositional ratio of reactants is one of the most
important factors controlling the reaction. According to R. Snoeckx and A.
Bogaerts, this parameter affects both the CH4 and CO: conversion rates and the
product selectivity. Generally, the selectivity towards light hydrocarbons and H;
formation increases and that of CO decreases when the amount of CH4 increases.
Meanwhile, the deposition of carbon diminishes when the amount of CO;
increases. Another critical factor is the SIE, since it happens for the CO, splitting
process (see chapter 8), the higher the SIE values the higher the conversion rates
obtained [5].

Most studies about the plasma-assisted CH4+CO- reaction have been carried
out in DBD reactors with coaxial geometries. To improve conversion rates and
increase the desired selectivity, a wide range of operating parameters have been
varied, such as the power consumed, the flow rate, the feed ratio, the electrode
materials, the addition of inert gases like He or Ny, etc. Additionally, different
moderator materials have been essayed as barriers in packed-bed reactors [5]. In
general, authors have reported syngas as the main reaction product, while the
formation of little amounts of C, and Cs hydrocarbons (i.e.,
C2He>>C3Hg>C,H4>C,H,) has been also reported [5,10-12]. Occasionally, Cs-Cio
hydrocarbons and oxygenates in liquid form have also been obtained [10,13,14].
Catalysts are also utilized to increase the process selectivity [5]. The most common
formulation is that of Ni particles as active metallic phase and alumina as support
[15-17] (for more details, see the recent review of X. Gao et al. about the
incorporation of Ni-based catalysts in DBD reactors for the reforming of CH4+CO;
mixtures [18]).

Several modeling studies have been also carried out to elucidate plasma
reaction mechanisms in CH;+CO. mixtures [11,14,19-21], although the
complexity of the mixture and computational limitations preclude the development
of accurate models [5]. Bogaerts and coworkers concluded that, in DBD reactors,
CHs and CH radicals formed from CH, are the main intermediate species to render
C2Hes and CsHg molecules. Similarly, they concluded that the dissociation of CO»
into CO and O species is the dominant pathway involving this molecule and a
required step for the formation of product molecules such as formaldehyde
(CH20), or acetaldehyde (CHsCOH) [11,21]. However, to confirm the involved
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reaction mechanisms, more experimental evidence are needed about these plasma-
assisted processes. With this aim, as outlined in Chapter 3 and utilized in Chapter
5, herein we apply the isotope labeling methodology to study plasmas of CH4+CO>
mixtures.

In this study, different CH4+CO; mixtures have been ignited in the packed-
bed reactor using PZT as moderator material. The main reaction products obtained
have been H,, CO, C;, Cs, and H:O, in descending order of concentration. To
analyze the reaction mechanisms, the isotope labeling methodology has been
applied using BCO, instead of '2CO, as reactant. The application of this
methodology, to our knowledge for the first time in the literature for these plasma
processes, has allowed to experimentally demonstrate that, in CH4+CQO, mixtures,
CH, and CO; reactants follow parallel reaction pathways, such that the interactions
between radicals coming from each reactant scarcely happens. In other words, that
intermediates coming from CH4 and CO; do not interact extensively.

9.2. Experimental Details

Experiments have been carried out for a 5mm-PZT barrier (pellets with
diameters between 2-3 mm). The applied voltage amplitude was fixed at an
average value of 3.15 kV and the frequency at 5 kHz. The reactor was operated at
atmospheric pressure and ambient temperature. As in Chapter 8, a fan was applied
to cool down the reactor walls.

CH4 and CO- have been used as main reactants, with a total inlet flow rate
of 20 sccm. We used different CH4:CO: feed ratios: 1:1, 2:1, 3:1, and 4:1, varying
the CH4 and the CO; flow rate from 10 to 16 sccm and from 4 to 10 sccm,
respectively. These operating conditions (i.e., an equal or higher amount of CH4
with respect to CO;) were selected to promote the formation hydrocarbons [5].
Moreover, two additional experiments were designed to analyze the reaction
mechanisms. On the one hand, a mixture of 14 sccm CH4; and 1 sccm O, was
ignited to study the effect of adding oxygen to a CH, plasma. On the other, to get
a deeper insight into the reaction pathways, the 2:1 CH4:CO, mixture was studied
applying the isotope labeling methodology, using **CO- instead of *2CO..
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9.3. Results and Discussion
9.3.1. PZT-moderated CH4+CO> Discharges

The ignition of CH4+CO, plasmas in packed-bed reactors has been
investigated using a broad range of materials to moderate the discharges. These
studies include ferroelectrics such as BaTiO; [22,23], LaNiOs [24], Barium
Zirconate Titanate (BZT) and Barium Ferrite Niobate (BFN) as packing materials
[25]. W.-C. Chung et al. reported in 2014 that the use of BZT and BFN in a
cylindrical packed-bed reactor renders higher CH4 and CO, conversion rates than
for the reactor filled with glass beads [25]. Based on the fact that PZT and BFN
are characterized by similar dielectric constant values (1900 and 2025,
respectively), it is expected that use of PZT can provide high reaction yields.

Figure 9.1 shows the absolute and effective conversion rates obtained as a
function of the CH4:CO ratio. Although most studies in literature report absolute
values, a proper assessment of conversion rate requires taking into account the
dilution of each reactant in the inlet mixture and, therefore, to express the results
in terms of effective conversion rates [5]. According to this figure, absolute and
effective CH4 conversion rates are higher than those of CO, for all studied
conditions. The highest conversion rates, 34% and 25% for CH,, and 22% and
5.4% for CO,, absolute and relative magnitudes, respectively, were obtained for a
3:1 ratio. This difference between CH4 and CO- conversion rates suggests that the
probability of electron-impact reactions with CH4 is higher than with CO;
molecules, in agreement with reported results by Tu and Whitehead [16].
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Figure 9.1. Absolute (a) and effective (b) CH4 and CO2 conversion rates as a function
of the CH4:CO: ratio. Operating conditions: 5 mm-PZT barrier, total flow rate of 20
scem, voltage amplitude of 3.15 kV, frequency of 5 kHz, and CH4:CO- ratio varied
between 1:1 and 4:1.
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The SIE is one of the most influential parameters when igniting CH4+CO-
plasmas, independently on the type of plasma reactor [5]. As described in Chapter
3, this parameter takes into account both the power consumed in the reactor and
the flow rate (i.e., the residence time of the gases in the discharge). To rationalize
the operating conditions of the experiment, constant flow rates, voltage
amplitudes, and operating frequencies have been utilized. However, despite this
constant operating conditions, the electrical characterization of the reactor in
Figure 9.2 shows that current and power values vary for the studied CH4:CO;
mixtures. Figure 9.2(a) shows the I(t) curves measured in stationary state
conditions, and, in the form of bar plots, Figure 9.2(b) shows the power consumed
by the reactor. According to Figure 9.2(a), the discharges are characterized by a
filamentary behavior, which is more prominent for the 3:1 mixture, which is
characterized by current values higher than 100 mA and the highest power
consumption of all the series of experiments. These high values agree with the
conversion rate values reported in Figure 9.1.
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Figure 9.2. Electrical characterization of the plasma reactor fed with CH4+CO;
mixtures. Measured current curves (a) and consumed power values (b) as a function of
the CH4:CO- ratio. Operating conditions: 5 mm-PZT barrier, total flow rate of 20 sccm,
voltage amplitude of 3.15 kV, frequency of 5 kHz, and CH,:CO: ratio varied between
1:1and 4:1.

To determine the type of products formed upon plasma excitation of the
different mixtures, the outlet gases were analyzed by mass spectrometry. Plotted
in logarithmic scale, Figure 9.3 shows the mass spectra acquired for each mixture
at stationary state conditions. Mass peaks associated with the reactants, CHa
(m/z=16) and CO; (m/z=44), are indicated with gray dash lines, while mass peaks
associated with reaction products are signaled with solid black lines and arrows.
The outlet gases detected for the different mixtures consisted of unreacted CH, and
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CO; and the following products: H, (m/z=2), CO (m/z=28), H,O (m/z=18), and C,
and Cs hydrocarbons (fragmentation patterns between m/z=25 and m/z=44). In
agreement with other authors [12], the formed species have been identified by
comparison with the fragmentation patterns reported in the NIST Mass
Spectrometer Database [26] (see Chapter 3, section 3.2.3). For example, for C,
hydrocarbons, the main contributions due to the fragmentation pattern of acetylene
(C2Hy) are located in mass peaks m/z=25 and 26, while ethane (C;Hg) peaks are
located between m/z=25 and 30. On the other hand, for C3 hydrocarbons such as
propane (CsHg), main peaks are located between m/z=27 and 29, as well as for
m/z=39, 43, and 44. Additionally, traces of C4, Cs, and Ce¢ hydrocarbons can be
inferred in the plots, as revealed by the group of peaks around m/z=55, 70, and 80,
respectively. Apparently, no significant traces of oxygenated compounds, such as
formaldehyde and acetaldehyde, were detected in these experiments, although a
minority formation of these compounds cannot be discarded.
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Figure 9.3. QMS spectra (logarithmic scale) acquired after plasma ignition of the
indicated mixtures. Mass peaks associated with reactants (m/z=16 and m/z=44 for CH4
and COy, respectively) are indicated with dash gray lines, while those associated with
the main products are indicated with solid black lines and arrows (m/z=2 for Ho,
m/z=18 for H,O, m/z=28 for CO, and between m/z=25 and m/z=44 for C; and Cs
hydrocarbons). Traces of Cs, Cs, and Cs hydrocarbons can be also inferred in these
spectra. Operating conditions: 5 mm-PZT barrier, total flow rate of 20 sccm, voltage
amplitude of 3.15 kV, frequency of 5 kHz, and CH4:CO ratio varied between 1:1 and
4:1.

210



Chapter 9

A first qualitative analysis of the spectra plotted in Figure 9.3 suggests that
similar products are obtained for the different mixtures. The differences inferred
from the mass spectra are probably related to the different power values (i.e.,
plasma intensity) utilized at each operating condition (c.f., Figure 9.2(b)). For
example, the formation of minority products such as C., Cs and Cs hydrocarbons
appears to be negligible for the 1:1 mixture, but it is noticeable for the 3:1 and 4:1
mixtures. Therefore, it can be concluded that the formation of long chain
hydrocarbons is linked to a higher amount of CH4 in the discharge and a higher
power consumption.

Through the evaluation of the spectra plotted in Figure 9.3, it is possible to
estimate the composition of the outlet gases. Figure 9.4 shows this composition
expressed in terms of flows of each compound detected by QMS, namely H,O, Ha,
CO, and C; and C; hydrocarbons. Due to the overlapping of the different m/z
signals associated with hydrocarbons with the number of carbons C,, flow rates of
C. and Cs have been determined without differentiating between alkanes, alkenes,
or alkynes compounds. The formation of this type of products in the outlet mixture
agrees with the results obtained by other authors, such as Tu and Whitehead [16]
or M. Kraus et al. [19], working with cylindrical packed-bed reactors filled with
guartz wool.
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Figure 9.4. Flow rates of the different reaction products as a function of the CH4:CO>
ratio. Hx (green) and H>O (blue) flow rates are represented with dash lines, while C»
hydrocarbons (black), Cs hydrocarbons (red), and CO (gray) flow rates are represented
in solid lines. The reported values are obtained by the evaluation of QMS spectra in
Figure 9.3.
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Figure 9.4 shows that syngas components (i.e., H, and CO) are the main
reaction products [5], followed by C, and C; hydrocarbons whose production is
quite noticeable at the higher (i.e., 3:1 and 4:1) CH.:CO- ratios. The produced
amount of H> follows a similar tendency than the CH4 conversion rate (c.f. Figure
9.1) as expected from the fact that methane is the unique source of hydrogen atoms
available in the system [16]. Flow rates of C, and C3 hydrocarbons follow similar
tendencies, although the amount of C; slightly varies from the 3:1 to the 4:1
mixture. On the other hand, the evolution of the CO flow follows the effective CO;
conversion rate and the amount of CO; in the inlet mixture, i.e., it decreases with
the CH4:CO; reactant ratio. Meanwhile, the H,O flow rate remained approximately
constant at values around 0.12 sccm.

According to the literature, processes E 9.1 - E 9.3 are the main electron-
impact reaction pathways for the dissociation of the CHs molecule [16], with
threshold electron energies of 9, 10 and 12 eV, respectively [1]:

CHs+e>CHs;+H+e (E9.1)
CHs+e>CH;+Hx+e (E9.2)
CH;+e>CH+H;+H+e (E9.3)

Different authors have reported that the probability of reactions E 9.1 — E
9.3 strictly depends on the EEDF of the system [1]. Generally, simulations reveal
that, working with dielectrics as DBD moderators, E 9.1 means around 80% of the
electron impact dissociation of CH,4 [21,27]. Due to that, C;Hs (i.e., CH3-CH3) and
CsHs (i.e., CH3-CH»-CH3) are generally reported as the main hydrocarbons
produced in CO2+CH, plasmas in DBD reactors [5]. However, the shift to higher
energies of the characteristic EEDFs in our experimental configuration — due to
the use of PZT as discharge moderator — can justify the formation of a non-
negligible amount of acetylene (C;H,, CH=CH) in the outlet gas flow mixture, as
revealed by the m/z=25 peak in Figure 9.3, mainly due to C;H- [26].

Based on these considerations, we tentatively propose that reactions follow
similar reaction pathways for the different mixtures, and that product formation
mainly depends on CH4 and CO; conversion rates. To get deeper in the analysis of
reaction mechanisms, the different discharges have been characterized by optical
emission spectroscopy.
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9.3.2. Insights into the Reaction Mechanisms

Optical emission measurements can provide interesting insights into the
plasma-chemistry reaction mechanisms. Figure 9.5 shows the emission spectra
recorded for the studied CH4+CO; mixtures. For all the operating conditions, main
detected bands correspond to CH” excited species. The highest CH" band was
found at 314 nm, which is ascribed to the C2X — X211 system; in addition, around
430 nm a band corresponding to the A2A — X?I1 CH-system is also detected [28].
On the other hand, similarly to other authors [16,19], bands attributed to the C,
Swan system have been also detected at around 516 nm [28]. According to the
literature, C; excited species may be formed during hydrocarbons degradation [5]
and can contribute to the carbon deposition in the packed-bed pellets and on the
surface of the electrodes. No significant contributions of OH™ species (306 nm) can
be observed in the spectra, a feature that, in agreement with other authors as M.
Kraus et al. [19], agrees with the little amounts of water found in the outlet mixture.
Meanwhile, bands associated with the Third Positive System of CO are also
detected at 283.3, 297.7, and 313.4 nm, the latter overlapping by the emission of
CH" species at 314 nm. Finally, formation of CO,*(B) states can be inferred by the
detection of bands between 288.3 and 289.6 nm (for comparison, see results for
CO; mixtures in Chapter 8).
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Figure 9.5. Emission spectra acquired for the CH4+CO; plasmas. Main emission bands
are indicated. Operating conditions: 5 mm-PZT barrier, total flow rate of 20 sccm,
voltage amplitude of 3.15 kV, frequency of 5 kHz, and CH4:CO; ratio varied between
1:1and 4:1.
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It has been mentioned in Chapter 5 that high hydrogen-contain discharges
(in that case, N2+D- plasmas) depict a slight increase in the spectral background at
lower wavelengths and that this increase is related to the emission of H; excited
species. A similar increase can be observed in Figure 9.5, which is particularly
remarkable for the 3:1 mixture associated with the higher flow of hydrogen
produced under these conditions (c.f., Figure 9.4). It is also interesting that the
CO" bands present a negligible intensity for the 4:1 mixture, in agreement with the
lower flow of CO produced under these operating conditions.

In Figure 9.5, it is also apparent the detection of the C, Swan system, which
has been related to the carbon deposition onto material surfaces in contact with
filamentary discharges formed when operating carbon-containing plasmas [5,9].
According to Tu and Whitehead, the deposition of solid carbon can take place
through the direct decomposition of CH4 by reaction E 9.4:

CHs+e > C+2H,+e (E9.4)

which is characterized by a threshold energy of 14 eV [16], generally too high for
classic DBD configurations, but achievable when working with ferroelectrics in
packed-bed reactors as in our experimental system.

The formation of carbon residues is usually associated with instabilities in
the discharge or even the impossibility to sustain the plasma. It is noteworthy in
this regard that igniting pure-CH, plasmas was not possible in the PZT packed-bed
reactor, where the production of short-circuits did not enable the stable operation
of the reactor. Therefore, it can be proposed that, for CH4+CO; mixtures, oxygen
radicals formed in the plasma (gas) due to the splitting of the CO, molecules can
react with the carbon deposits formed on the surfaces of PZT pellets, according to
the E-R mechanisms indicated in E 9.5:

O (gas phase) + C(s) > CO (gas phase) (E 9.5)

To prove that this reaction may take place in the PZT-moderated packed-
bed reactor for CH4+CO, mixtures, a specific experiment with a CHs+O, mixture
was designed (1 sccm Oz and 16 sccm CHa). Unlike the pure-CHs4 flow, the
addition of oxygen enabled the stable ignition of the filamentary discharge. It is
remarkable that plasma reaction induced the consumption of most part of the
oxygen flow, as indicated with a yellow vertical band in the mass spectra in Figure
9.6. It is also observed in this QMS spectrum that peaks attributed to C,
hydrocarbons are also obtained similarly than for the CHs+CO; mixtures (c.f.
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Figure 9.3). Furthermore, CO, was obtained as an additional product in the outlet
mixture (see the increase in the signal m/z=44 in Figure 9.6).

—— Plasma on
—— Plasma off

Log (Intensity) (a.u.)

0 20 40 60 80 100
m/z

Figure 9.6. QMS spectra (logarithmic scale) acquired before (gray line) and after (red
line) plasma ignition for the CH4+O, mixture. The m/z=32 peak, attributed to O, is
highlighted with a yellow band to show that a major part of the oxygen flow is
consumed after 30 minutes of plasma operation (note that residual traces of CO, and
H, were present in the quadrupole chamber before plasma ignition). Operating
conditions: 5 mm-PZT barrier, voltage amplitude of 3.15 kV, frequency of 5 kHz, and
total flow rate of 17 sccm (16 sccm CH4 and 1 sccm Oy).

For the CH4+CO, mixtures, reaction E 9.5 between carbon residues
deposited on the pellet surfaces and oxygen atoms from the plasma phase will
contribute to the formation of CO in addition to its production by the direct
dissociation of CO.. Furthermore, three body interactions and other more complex
processes may be also involved in the production of CO. To further analyze the
reaction mechanisms, the isotope labeling methodology has been applied using
B3CO; instead of 2CO; as reactant.
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9.3.3. Isotope Labeling Analysis with *CO; as Reactant in
CH4+CO2 Mixtures

An experiment similar to those discussed in previous sections has been
carried out using **CO; in a CH4+CO, mixture. The experiment was performed for
a 2:1 CH4:CO: ratio, a total flow rate of 20 sccm, and similar electrical operating
conditions than in section 9.3.1 (3.15 kV, 5 kHz). Figure 9.7 illustrates the mass
spectra acquired in the steady state after plasma ignition for mixtures with 2CO,
and *CO,. Figure 9.7(a) shows the QMS spectra for m/z values from 0 to 100 in
logarithmic scale. Peaks associated with Hz, H.O, CH4, and C,, hydrocarbons are
located at the same positions for the two mixtures. However, signals related to CO
(m/z=28 and 29) and CO, (m/z=44 and 45) are displaced depending on whether
12C0O; and *CO; are used for the experiments. Figure 9.7(b) shows the m/z region
from 20 to 50 of these spectra, represented in linear scale to clearly illustrate the
differences in this mass range. Comparing the two plots, it is apparent the detection
of significant differences in the m/z=28 and 29 signals for the 2CO, and the *CO;
experiments.
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Figure 9.7. QMS spectra acquired using *2CO- (gray line) and *CO, (red line) for the
2:1 mixture. (a) General spectra in logarithmic scale. (b) Zoomed zone between
m/z=20 and m/z=50 in linear scale.

For the isotope-labeled mixture, main contribution to m/z=29 is due to *CO
molecules. Meanwhile the remaining contribution to m/z=28 must stem from 2C
atoms in C; and Cs hydrocarbons and in the CH, molecules, coinciding with the
peak pattern of these hydrocarbons when studying the CH4+'2CO, mixture.
Similarly, for higher m/z values, the CO, peaks appears at m/z=44 and m/z=45 for
the 12CO; and the *CO, mixtures, respectively, while the following peaks (C4 and
Cs hydrocarbons) define a similar pattern.
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These observations suggest that, as proposed by model simulations, CH4 and
CO; seem to follow independent reaction pathways [11,21,29]. According to our
results, these independent chemical routes only intersect under our experimental
conditions to form H2O (see Figure 9.8), without giving rise to the formation of
oxygenate compounds (CHO, CHsOH, etc.), as suggested by De Bie et al. [29].
Therefore, the applied isotope labeling methodology has allowed us to
experimentally track these two general chemical pathways, as summarized in the
scheme in Figure 9.8. Main reaction products resulting from these pathways are
H, and hydrocarbons (mainly C, and Cs) when stemming from the direct
decomposition of CHa, as indicated with solid arrows in the green zone of the
scheme in this figure. Meanwhile, the direct dissociation of the CO, molecule into
O and CO should be the dominant pathway for this molecule (see the gray zone in
Figure 9.8). As a result, a non-negligible interaction between H atoms (or the H,
molecule) from CH. and O atoms from the CO- pathway should take place to form
H20 as minor reaction product (around 0.1 sccm, as discussed in section 9.3.1).
Finally, although it may also be a minor reaction pathway, the interaction between
C atoms from CH4 (or even from CO;) and oxygen atoms formed by the CO;
splitting cannot be discarded, as indicated with the dash arrows that connect CH4
and CO; reaction pathways.

|CH| |CH2| |CH3| — |C2: C2H6' C2H4’ C2H2 |

:|C3: CgHg, C5Hg |
- \\\ 1 7\

CH, reaction pathways

CH,+e | T
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1
\
PR

CO,+e | —

CO, reaction pathways

Figure 9.8. Scheme of the independent reaction pathways for CH4+CO, mixtures. CH4
and CO; routes are differentiated in green and gray colors, respectively. Solid arrows
illustrate the main reaction pathways, while dashed arrows illustrate minority reaction
pathways involving intermediate species of the CH4 and/or CO; pathways.
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9.4. Conclusions

In this study, CH.+CO;, mixtures have been investigated using a PZT-
moderated packed-bed reactor operated at atmospheric pressure and ambient
temperature. The CH4:CO; ratio has been adjusted between 1:1 and 4:1, at a fixed
voltage amplitude and frequency, obtaining similar types of reaction products. For
all the operating conditions, the CH4 conversion rate was higher than that of CO,,
with a maximum flow of methane converted for the 3:1 mixture, according to the
highest power consumption for this mixture. Syngas (CO and H,), as well as C,
and C; hydrocarbons, are the main reaction products obtained, with a minor
contribution of H.O formed in the reactor. Additionally, slight signals of C., Cs
and Cs hydrocarbons have been detected by mass spectrometry for the 3:1 and the
4:1 mixtures (i.e., with the highest amount of CHj, in the inlet flow).

The CH4+CO, plasmas have been analyzed with OES, revealing the
formation of CH, CO, CO; and C; excited species. The detection of the C, Swan
System has been related to the deposition of carbon and to the existence of
characteristic high-energy electrons in the PZT-moderated packed-bed reactor. To
study the possible carbon deposition, a mixture of CH4 and a small flow of O; has
been ignited, showing that a major part of the oxygen inlet flow is consumed,
probably due to reactions between the carbon deposited on the surface of pellets
and oxygen atoms of the plasma.

The flow of obtained products suggests that, according to the literature, CH,4
and CO; mainly follow independent reaction pathways. To analyze these reaction
mechanisms, the isotope labeling methodology has been applied, using *CO,
instead of *2CO; in a CH4+CO, mixture. Obtained results indicate that C, and Cs
hydrocarbons, as well as H., are formed due to the direct dissociation of CHa, while
the flow of CO produced in the reactor mainly comes from the dissociation of the
CO; molecule, demonstrating that the interaction between species formed by the
decomposition of CH, and CO, molecules represent a minor part of the involved
chemical reactions.
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Chapter 10

General Conclusions

This conclusions chapter of the thesis work summarizes the main inferences
of the study in relation to the proposed objectives (c.f., Chapter 2). The following
general conclusions are proposed:

1. The use of ferroelectrics as discharge moderators in a packed-bed reactor
(i.e., FBD packed-bed reactors) operated at atmospheric pressure promotes
the formation of high-intensity plasma microdischarges.

This has been experimentally demonstrated in Chapter 4, where higher
current intensities were obtained working with ferroelectrics (BaTiOs, PZT)
instead of dielectrics (Al.Os;, Glass) at equivalent operating conditions.
Specifically, PZT has resulted to be a good candidate as discharge moderator in
FBD reactors for plasma-catalysis processes. This function relies on the high value
of its dielectric constant at ambient temperature (1900), as well as its high Curie
Temperature (332°C). In Chapter 4, this positive effect regarding plasma intensity
and formation of microdischarges has been demonstrated for the ammonia
synthesis reaction, while in Chapter 8 the same effect has resulted for the CO;
splitting process, obtaining higher yields and efficiencies working with PZT than
with BaTiOs.

2. PZT-moderated packed-bed reactors are a suitable tool to carry out high-
efficient plasma processes at atmospheric pressure and room temperature.

Reaction yields and energy efficiencies of 7% and 1 gNHs/kWh,
respectively, can be obtained for the ammonia synthesis reaction, while
decomposition rates of 40% and efficiencies for hydrogen production of 30
LH./kWh have been obtained for the ammonia decomposition process. On the
other hand, reaction yields around 9% and energy efficiencies around 8% have
been obtained for the CO; splitting process in 15% air mixtures without producing
NxOy harmful compounds.

223



General Conclusions

3. Inefficient plasma processes take place in the FBD packed-bed reactor,
consume energy, and contribute to reducing the reaction yield and decreasing
the energy efficiency of the process. Therefore, an efficient control of these
inefficient processes through the adjustment of the working parameters is
crucial to carry out more efficient plasma processes.

In Chapter 5, inefficient hydrogen exchange reaction events have been
detected for the ammonia synthesis and decomposition reactions. On the other
hand, in Chapters 5, 6, and 8, back-reaction processes have been highlighted for
the ammonia synthesis and CO; splitting reactions. Back-reaction processes
consist either in the decomposition of a product molecule as illustrated for the
ammonia synthesis reaction in Chapters 5 and 6, or in the recombination of
desired reaction products back to form reactants, as studied in Chapter 8 for the
CO; splitting reaction.

4. For the essayed operating conditions, the incorporation of a ruthenium
metal catalyst into ferroelectric barriers does not substantially contribute to
increasing the energy efficiency of the ammonia synthesis reaction. However,
to a certain extent, it does enhance the reaction yield of the ammonia to
hydrogen reaction process.

In Chapters 5 and 6 it has been concluded that covering the PZT pellets
with alumina-supported ruthenium catalyst particles significantly enhances the
plasma intensity compared to a configuration with non-covered pellets and pellets
cover only with an alumina coating. In Chapter 6 it has been shown that this
increase in plasma intensity does not result in a net improvement in the
performance of the ammonia synthesis reaction. In Chapter 7, though, it is shown
that this increase in plasma intensity is accompanied by a certain increase in the
reaction yield of the ammonia decomposition reaction. However, whether these
effects on reaction performance are the result of the observed increase of plasma
intensity or stem from a catalytic effect associated with the ruthenium metal is still
a matter of debate.
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5. Optical Emission Spectroscopy (OES) has been demonstrated to be a
powerful semi-qualitative tool to characterize excited species in the plasma
and to figure out possible reaction mechanisms taking place in the gas phase.

OES evidence has been supporting the existence of high-energy electrons in
the plasma when using PZT pellets in the FBD reactor. This is, for example,
indicated by the detection of the first negative system of N*, the emission bands
of the CO," molecule, the Third Positive System of CO, or the C, Swan System.
In addition, the detection of these and other species in the plasma has provided
useful information related to the plasma mechanisms involved in each specific
reaction.

6. The isotope labeling technique has been demonstrated to be a robust and
useful methodology to unravel reaction mechanisms occurring in the plasma
phase and on the surface of the barrier material.

The use of D; instead of H; in the study of ammonia reactions has revealed
the existence of inefficient reaction events, which consist of the exchange of
hydrogen atoms between NH; and Hz/D, molecules, as well as between reaction
intermediates (NHx/NDx). Additionally, the involvement of PZT in promoting the
activation of hydrogen species and their eventual interaction with nitrogen species
has been demonstrated for the ammonia synthesis reaction. On the other hand, the
use of 3CO; instead of ?CO, for the CHs & CO- valorization reaction has
experimentally demonstrated that, in CH4+CO; plasmas, CH4 and CO; reactants
follow independent plasma reaction pathways with practically no mixing steps.
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