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Abstract

Air pollutants can cause poor air quality; however, the use of heterogeneous catalytic
oxidation has been shown to be an efficient and cost-effective removal method. Some
examples of commercial application of such catalysts include catalytic convertors in
automobiles and industrial process exhausts. Research with regards to improving these
technologies has included using less-expensive catalyst materials, increasing catalytic

performance, and achieving higher efficiency.

The concept of metal-support interaction (MSI) is one method of altering catalytic
performance through changing the properties of the metal catalyst due to the interaction with
the support material. Similarly, the phenomenon of electrochemical promotion of catalysis
(EPOC) has also been shown to enhance the catalytic activity, however, through the
application of a small electrical stimulus to a catalyst-working electrode deposited on a solid
electrolyte (e.g. yttria-stablized zirconia). The properties of the metal catalyst are altered due
to the movement of ions (in this case, O%) from the electrolyte. Since its discovery, several
factors were identified that are preventing EPOC from being commercialized, including the
use of thick film catalysts. Implementing nano-catalysts makes this method competitive with
typical heterogeneous catalysts; however, it has not been studied by many research groups.
Furthermore, many heterogeneous catalytic studies have been performed separately for each
of these phenomena; however, a connection between EPOC and MSI has yet to be fully

understood.

The overall objective of this project is to study the concept of EPOC over highly-dispersed
nano-catalysts and determine how MSI relates to the change in catalytic activity. Supported
nano-catalysts were synthesized, characterized, and evaluated for catalytic performance
using model reactions. A reactor was designed to carry out the electrochemical studies,
where the EPOC concept was successfully implemented and a relationship with MSI
established. Furthermore, additional studies were conducted to determine the role of the O*
in the catalyst support and its relationship to MSI.



Résumé

Les polluants atmosphériques peuvent entrainer une mauvaise qualité de l'air; cependant,
I'oxydation catalytique hétérogéne a été demontrée comme étant une methode d'élimination
efficace et rentable. Quelques exemples d'application commerciale de ces catalyseurs
comprennent les convertisseurs catalytiques dans les automobiles et les gaz d'échappement
de procédés industriels. La recherche concernant I'amélioration de ces technologies inclut
I'utilisation de matériaux moins codteux, 1’augmentation de la performance catalytique, et

I’atteinte d’une plus grande efficacité.

Le concept d'interaction métal-support (metal-support interaction, MSI) est une méthode
permettant d’altérer la performance catalytique en modifiant les propriétés du catalyseur
métallique due a l'interaction avec le matériel de support. De méme, le phénomeéne de
promotion électrochimique de la catalyse (electrochemical promotion of catalysis, EPOC) a
également été démontré comme étant capable d’augmenter l'activité catalytique, toutefois,
gréace a l'application d'une petite impulsion électrique & une électrode de travail-catalyseur
déposée sur un électrolyte solide (par exemple zircone yttriée). Les propriétés du catalyseur
métallique sont modifiées en raison du mouvement d'ions (dans ce cas, O%) & partir de
I'électrolyte. Depuis sa découverte, plusieurs facteurs qui empéchent la commercialisation
d’EPOC ont été identifiés, incluant l'utilisation de catalyseurs a couche épaisse.

L’ implémentation de nano-catalyseurs rend cette méthode competitive en comparaison aux
catalyseurs hétérogeénes typiques; cependant, cela n'a pas été étudié par de nombreux groupes
de recherche. En outre, de nombreuses études catalytiques hétérogenes ont été effectuées
séparément pour chacun de ces phénomenes; toutefois, le lien entre EPOC et MSI n'a pas été

encore pleinement compris.

L'objectif global de ce projet est d'étudier le concept d’EPOC sur nano-catalyseurs hautement
dispersées et de déterminer comment MSI se rapporte au changement d'activité catalytique.
Des nano-cata lyseurs supportes ont été synthétisés, caractérises, et évalués pour une
performance catalytique utilisant des modeles réactionnels. Un réacteur a été congu pour
réaliser les études électrochimiques, ou le concept d’EPOC a été implémenté avec succes et
la relation avec MSI a été établie. De plus, des études supplémentaires ont été menées afin de

déterminer le réle des ions O dans le support du catalyseur et de sa relation avec MSI.
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Chapter 1: Introduction

1.1 Brief Background and Motivation

Several studies have shown that air pollutants causing poor air quality can affect the human
respiratory and cardiovascular system resulting in disability or even mortality [1-6]. Volatile
organic compounds (VOCs) are a group of carbon-based chemicals that are among these air
pollutants. There are several methods that have been demonstrated to reduce VOC emissions;
however, the use of heterogeneous catalytic oxidation shows to be efficient and cost-
effective. Many different catalysts and supports have been studied for this purpose, including
metal oxides [7], noble metals supported by metal oxides or carbon [8], and noble metals
supported by a mixture of metal oxides [9]. Some examples of commercial application of
such catalysts include catalytic convertors found in automobiles and industrial process
exhausts. Research with regards to improving these technologies has included using less-
expensive catalyst materials (conventionally, noble metal catalysts are used), increasing
catalytic performance and achieving higher efficiency [10-13]. The current studies aim to
reduce the amount of expensive metal catalyst being used, while enhancing the catalytic

activity of the catalyst to remain as effective.

One method of enhancing the activity of a catalyst is through the concept of promotion. This
concept involves adding a chemical species, referred to as a promoter, to the catalyst to
change its catalytic behaviour. There are two main methods that exist in order to introduce
promoters to the catalyst — chemical (classical) promotion and electrochemical promotion
[14]. Chemical promotion involves adding a promoter species to the catalyst during the
preparation procedure [14-18]. The addition of such species can result in a change in the
electronic or crystal structure of the catalyst which improves its catalytic performance and
selectivity for the desired chemical reaction. Similarly, electrochemical promotion of
catalysis (EPOC) is carried out by the application of a small current or potential to a catalyst-
working electrode, resulting in the modification of its electronic properties; however,
compared to classical promotion, the addition of ionic promoter species (e.g., O%) is done in-
situ and can be controlled depending on specified reaction conditions [14,15,19-28]. These

promoter species consequently alter the adsorption strength of the reaction components



resulting in a distinct change in catalytic performance [14]. Since its discovery, there have
been several factors identified that are preventing this method from being commercialized
[29], including the use of thick film catalysts. Implementing highly-dispersed nano-catalysts
(as illustrated in Figure 1-1) makes this method competitive with typical high activity
heterogeneous catalysts; however, it has not been studied by many research groups due to the
difficulty in establishing an electrical connection between the nanoparticles for the purpose

of a working electrode.
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Figure 1-1: Applying the concept of EPOC to highly-dispersed nano-catalysts.

A related phenomenon to EPOC is referred to as metal-support interaction (MSI), where the
support plays a key role in changing the properties of the catalyst due the interaction of
between the two materials, usually resulting in higher catalytic activity. More specifically,
the concept of strong metal-support interaction (SMSI) was introduced where it was shown
that the presence of TiO> significantly alters the catalyst properties of the supported metal
[30,31]. Many heterogeneous catalytic studies have been carried out with regards to this
concept; however, a connection between EPOC and MSI has yet to be fully understood. It
has been said that EPOC and MSI are closely related (as depicted in Figure 1-2 for the
complete oxidation of ethylene), and the difference is only operational and not functional
[32]. Further details of these concepts, as well as the current state of the research done in this

field are summarized in Chapter 2.
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Figure 1-2: Connection between MSI and EPOC.

More recently, the concept of electronic metal-support interaction (EMSI )[33-37] has been
discussed as an explanation for the different electronic interactions at the interface of the
metals and supports. It is suggested that the d-band center plays an important role in this
interaction, influencing the ability for a surface to bond to an adsorbate, resulting in changes
in the catalytic activity. Three properties that have been identified as contributing factors
include the position of the d-band centers, degree of filling of the d-bands, and coupling
matrix element between the adsorbate states and metal d-states [37]. This concept is fairly

new in the catalysis field and, more specifically, with regards to metal-support interaction.

1.2 Overview of Project Objectives

The overall objective for the proposed project was to study the concept of MSI (including
EMSI) and how it relates to the phenomenon of electrochemical promotion for highly-
dispersed nano-catalysts in the instance of the oxidation of volatile organic compounds
(VOC:s). First, each concept was studied separately, and then a connection was established in
the final studies. In order to achieve this overall objective, several sub-objectives were

executed as follows:

1) Synthesize nanoparticle catalysts having an average particle size in the range of less than
10 nm, including gold (Au), platinum (Pt), ruthenium (Ru), iridium (Ir) as well as a
bimetallic catalyst, platinum-tin (PtSn).



2) Characterize physical and chemical properties of the nano-catalysts using various
characterization techniques, including transmission electron microroscopy (TEM), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).

3) Evaluate the catalytic performance, with regards to MSI, of the nano-catalysts supported
on an ionically conducting (i.e., yttria-stabilized zirconia, or YSZ), mixed ionic-electronic
conducting (MIEC) (i.e., ceria, or CeO2), and non-ionic conducting (i.e., gamma-alumina,
v-Al203) materials for different VOC oxidation reactions.

4) Develop a reactor design and corresponding electrochemical cell for the efficient
evaluation of the nano-catalysts for EPOC.

5) Apply the phenomenon of EPOC to the highly-dispersed nano-catalysts and achieve
enhancement in the catalytic activity for the complete oxidation of a VOC.

6) Assess the relationship between EPOC and MSI with regards to the role of using an

“active” catalyst support or adding a second metal catalyst.

7) Examine the role of the CeO. oxygen storage capability and its influence on the interaction
with the supported metal catalysts.

1.3 Thesis Structure

The overall objective of this project was achieved through the progression from each study
outlined in Chapters 2-8. After providing a literature review on EPOC and MSI (Chapter 1),
the concept of MSI was first examined in Chapters 3 and 4 for supported metal nano-
catalysts. Next, in order to move to evaluating the nano-catalysts electrochemically, a new
reactor design was required, as shown in Chapter 5. This led to the investigation of the
phenomenon of EPOC over highly-dispersed nano-catalysts in Chapter 6. From this study, it
was determined that the enhancement in the catalytic activity was related to a resulting
stronger metal-support interaction caused by the polarization of the electrochemical cell.
Further investigation into this relationship between MSI and EPOC was then carried out, as
discussed in Chapter 7, by connecting the electrochemical and catalytic behaviours of the

catalysts. As a result of the studies shown in Chapters 6 and 7, it was deemed that CeO-



plays an important role in this relationship; therefore, an additional study was conducted to
show the significant influence that this MIEC material has on the catalytic performance of

the supported nano-catalysts.

Overall, it was hypothesized that the type of support, especially non-active versus active, will
show a significant effect on the metal-support interaction, influencing the catalytic
performance. Furthermore, it will be challenging to achieve EPOC with the nano-catalysts,
since, conventionally, thick, continuous films have been used which allows for more efficient
current distribution during polarization. Longer polarization duration, as well as higher
potentials are expected to be required for the nano-catalysts. A connection between the two
phenomena will be achieved through a deeper understanding of the movement of O ions in
the active support. The presence of these lattice oxygens in CeO; are expected to play a

significant role in the interaction between the metal nanoparticles and support material.

The first sub-objective was achieved by synthesizing free-standing metal catalysts using a
polyol method, then supporting them on various support materials. Chapter 3 discusses the
synthesis of Au nanoparticles supported on YSZ, an ionically conductive support, and y-
Al>O3, a non-ionically conductive support. It should be noted that the Au nano-catalysts were
not further studied due to unsuccessful trials in obtaining particle sizes less than 10 nm.
Similarly, Pt nanoparticles supported on YSZ and y-Al.O3 were synthesized for the study in
Chapter 4. It was determined that in order to continue on to the electrochemical studies, YSZ
or y-Al203 would not be sufficient support materials for a catalyst-working electrode due to
their lack of electronic conductivity. Therefore, CeO., a MIEC material, was chosen as a
support material for the rest of the project. Chapters 5-8 include the synthesis of Ru
nanoparticles supported on CeO2, a mixed ionic-electronic conductive support, with a
comparison shown in Chapter 6 to a thermally-decomposed synthesized Ru catalyst on CeO..
CeOq-supported Pt, PtsoSnso, and Ir catalysts were also synthesized for the studies shown in
Chapters 7 and 8. These chapters include the use of freestanding Pt, Ru and Ir catalysts as
well. All synthesized catalysts and corresponding characterization data is shown in Table
1-1.



Table 1-1: Synthesized nano-catalysts.

. Average Average Corresponding
Type of Reducing/ Metal -
Nano- Stabilizing Support Pretreatment Loading Co_llmda_l Suppo_rted Chapter
Particle Size Particle
Catalyst Agent (%) -
(nm) size (nm)
Pt YSZ 1.12 25°¢ 2.7¢ 4
Pt YSZ 0.82 25°¢ 3.0¢ 4
Pt 0.08MNaOH v, 0.4° 25°¢ 274 4
Pt y-Al,O3 0.72 25°¢ 2.3¢ 4
Pt 1° 3.8° 7
Pt 0.06 M NaOH CeO, 5b 38 7
Pt untreated 1 1.0° 7
Pt 0.2 M NaOH CeO, 5b 1.0° 7
PtsoSnso 1° 3.1° 1.9¢ 7
Ru 0.08 M NaOH CeO, 1° 1.94 1.1¢ 5,67,8
Ir 1° 1.0¢ 1.0¢ 8
Au 1:3, Au:PVP 1° 8.4¢ 3
Au 1:10, Au:PVP 1° 6.3° 3
Au 1:3, Au:PVP YSz calcined at 300°C 1° N/A 12.8° 3
Au 1:3, Au:PVP . o 1° 17.1° 3
Au 1:10, Au:PVP calcined at 600°C 15 13.1° 3

2measured by ICP-OES; "nomina; °determined by XRD; Ydetermined by TEM
N/A: not applicable since the nano-catalyst catalyst is synthesized directly on the support

Several characterization techniques were used throughout this project to achieve the second
sub-objective. For all of the nano-catalysts, TEM was used to determine the catalyst particle
size distribution (Chapters 3-8), as well as the dispersion, in some cases (Chapters 3, 4 and
8). Similarly, XRD was used to calculate the crystallite size of the metal nanoparticles
(Chapters 3, 4 and 7) and determine possible alloy formation (Chapter 7). These two
techniques were the main measurements made throughout all studies in order to characterize

the synthesized nano-catalysts.

The synthesis of the Au nanoparticles in Chapter 3 involved the addition of a stabilizing
polymer which inhibits the catalytic activity; therefore, needed to be removed after the
synthesis. Temperature-programmed gravimetric analysis (TGA) was used to assess the

appropriate temperature for the effective removal of this polymer.

Each catalyst synthesized was supported at a desired weight percent; considered the nominal
metal loading. To obtain the actual metal loading on the catalyst support, in Chapter 4,
inductively-coupled plasma optical emission spectroscopy (ICP-OES) was used. Knowing

the actual loading, the effect of metal loading was evaluated.



Chapter 6 discusses findings that the CeO. support was possibly partially reduced. Therefore,
in order to compare the oxidation state of the ceria support before and after the polarization

measurements, XPS was employed.

When evaluating the catalytic performance of the nano-catalysts, three different VOC
oxidation reactions were used as model reactions. These included carbon monoxide (CO)
(Chapter 3), toluene (C7Hsg) (Chapter 4), ethylene (C2Ha4) (Chapters 5 - 8) oxidation at
atmospheric conditions. Ethylene oxidation was chosen for the latter studies due to its simple
nature compared to toluene; however, being more complex for modelling VOCs compared to

CO. Itis also commonly used in many EPOC studies found in literature.

Some important factors that were considered when developing the reactor design (Chapter 5)
included ease of assembly, effective current collection, and comparable performance to other
conventional reactor designs. The main concern for the electrochemical cell design was that

the catalyst-working electrode was electrically conductive; thus leading to the use of a MIEC

material as a catalyst support.

Both Chapters 5 and 6 summarize results for the application of EPOC to the highly-dispersed
Ru/CeO> nano-catalysts. The effect of applied current/potential, application duration (i.e.,
presence of permanent EPOC), and reaction conditions were evaluated. Through the
calculation of the rate enhancement ratio (p), permanent rate enhancement ratio (y), and
Faradaic efficiency (A), the enhancement in the catalytic activity as well as the presence of
the EPOC phenomenon (|A[> 1) was determined. In addition to the successful application of
this phenomenon to highly-dispersed nano-catalysts, it was established that the enhanced
activity may be caused by the partial reduction of CeOg, resulting in a stronger interaction

with the metal nanoparticles.

In order to elucidate this close relationship between EPOC and MSI, steady-state polarization
curves were performed in Chapter 7; comparing open circuit catalytic rates of the nano-
catalysts and their corresponding exchange current densities. The effect of particle size,
temperature, the presence of CeO2, as a MIEC support, and the addition of a second metal
(i.e., Sn) were evaluated. The adoption of a previously proposed MSI rate enhancement ratio

(pmsi) was used to evaluate the effect of the presence of CeO: in the supported metal
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catalysts compared to the free-standing metal nanoparticles. Moreover, a MSI Faradaic
efficiency (Awmsi) was introduced in order to establish a preliminary relationship between
MSI and EPOC.

Finally, due to the significant effect on the electrochemical and catalytic behaviour observed
in the presence of CeOg, a further study (Chapter 8) was conducted in order to evaluate the
influence that CeO- has on the interaction with the supported metal catalysts (i.e., Pt, Ru, Ir).
This study was achieved by observing the catalytic behaviour for ethylene oxidation in the
presence and absence of both oxygen and ethylene. The different behaviours of the supported

and free-standing nanoparticles were discussed.



Chapter 2: Literature Review

Adapted from “H.A.E. Dole and E.A. Baranova, Implementation of Nanostructured Catalysts
in the Electrochemical Promotion of Catalysis” in the Handbook of Nanoelectrochemistry
(2016) Springer International Publishing Switzerland, DOI 10.1007/978-3-319-15207-3_29-1.

2.1 Introduction

2.1.1 Heterogeneous Catalysis: Nanoparticles, Promotion, and Metal-Support
Interaction
The form of catalysis where the reactants are in a different phase as the catalyst itself is
referred to as heterogeneous catalysis [38]. The steps carried out during a heterogeneous
catalytic reaction are first diffusion of the reactants to the catalyst surface then intraparticle
diffusion of the reactants through the catalyst pores to the active sites. The reactants adsorb
on the active sites and a surface reaction occurs. The products then desorb from the catalyst
sites, intraparticle diffusion of the products occurs, and, finally, there is diffusion of the

products away from the catalyst [38].

In heterogeneous catalysis, only the surface atoms are considered active for catalytic
reactions; that is, for bulk material, most of the material is not being used (i.e., low volume-
to-surface area ratio). The introduction of nanostructured catalysts changed the catalytic
ability in heterogeneous catalysis research areas, giving an approach to optimize this volume-
to-surface area ratio. To be considered “nano,” the catalyst is defined as having at least one
dimension in the range of 1-100 nm. There are several methods that have been developed to
prepare such nanostructured catalysts. For instance, nano-films can be prepared through
techniques such as physical vapor deposition [39,40], chemical vapor deposition [41,42], and
atomic layer deposition [43,44], while nanoparticles can be prepared by impregnation [45—
49], deposition—precipitation [45,50-54], coprecipitation [55-59], sol-gel [60-63], and
polyol [64-72] as summarized in Table 2-1. The nanoparticle catalysts can be supported on
two different types of supports, those considered non-active (i.e., y-Al.03, SiO2, activated
carbon) or active (i.e., TiO2, CeO2, YSZ, SDC).



Table 2-1: Selected representation of preparation methods for nanoparticles.

Method Synthesized catalyst Ref.
Impregnation AU/TIO; [45]
FEzOs/SiOz [46]
Ru/SnO,, Ru/Ce0;,, Ru/ZrO,, Ru/y-Al,O3  [47]
Pt/YSZ [48]
Pt-1r/TiO; nanotubes [49]
Deposition-precipitation ~ Au/TiO; [45]
Au/y-Al03 [50]
Au/TiO, Au/CeO,, Au/Al,O3, Au/SiO; [51]
Au-Ag/TiO; [52]
Ag/SiO; [53]
Ag/TiO,, Au-Ag/TiO; [54]
Coprecipitation Pd-doped CeO: [55]
Fe304 [56]
Pd/AlLO3 [57]
Coo5-xMnxZng sFe;04 [58]
LiFePO4/C [59]
Sol-gel ZnO, CuO, Cu0.05Zn0.950 [60]
CoFe,04 [61]
SnO; [62]
Nio.7.xMgxCuo.3Fe;04 [63]
Polyol Pt [67]
Pt [72]
PtRu [65]
PtRu [70]
Pt;Sn3 [71]
FePt [64]
Ru, Pt [68,73]
Ag [66]
Cu [69]

An important factor related to the type of support is the dispersion of the catalyst which is
defined as the ratio of the number of gas-exposed surface atoms to the total number of
catalyst atoms. In general, dispersion increases with decreasing particle size and theoretically
approaches 100 % for particles with diameter in the range of 1 nm. It has been shown that,
typically, higher dispersion leads to higher catalytic activity due to the presence of more
active sites [47,74-76]. This trend has been shown for the same support material (i.e., SiO2)
synthesized with different surface areas [74]. Moreover, the catalytic activity of supported
metal or metal oxide nanoparticles can be further enhanced or stabilized by using catalyst

promoters or through the metal-support interaction (MSI) phenomenon.

Enhancing the activity of a catalyst through the concept of promotion involves adding a
chemical species, referred to as a promoter, during the catalyst preparation procedure to the
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catalyst in order to change its catalytic behavior. The discovery of this concept was first
employed through what is referred to as chemical promotion [14-18]. The addition of such
species can result in a change in the electronic and/or crystal structure of the catalyst which
improves its catalytic performance, stability, and selectivity for the desired chemical

reaction.

In general, promoters can be divided into two categories — structural and electronic
promoters [14,77]. Structural promoters (e.g., Al2O3) enhance and stabilize the active phase
while not participating in the catalytic reaction itself. Contrary to this, electronic promoters
(e.g., alkali metal atoms) have a role in the catalytic reaction; they enhance the catalytic
properties of the active phase by altering its chemisorptive properties, with respect to bond
strength, of the reactants and intermediate species. The focus of this discussion will be on
electronic promoters since they are a common factor between chemical and electrochemical

promotion, as will be discussed later.

Table 2-2 summarizes some of the different types of electronic promoters and corresponding
applications. The most commonly used electronic promoters include potassium [78-81] and
sodium [82-86]. Other chemical promoters include other alkali metals (i.e., Cs) [79,87],
alkaline earth metals (i.e., Mg, Ba) [79,88,89], and some transition metals (i.e., Co, Cr, Mo)
[90].
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Table 2-2: Summary of the type and use of some electronic promoting species.

Promoting species Catalyst Reaction Ref.
Potassium (K) Fe(111), Fe(100) Adsorption of N3 [78]
Ru/Zeolite-X NH3 synthesis [79]
(Ru-KX)
Fes04(111), Dehydrogenation of ethylbenzene to styrene [80]
A-Fe,03(0001)
K-Fe (S6-20) Dehydrogenation of ethylbenzene to styrene [81]
BASF
Sodium (Na) Pd/YSZ NOxy reduction by CsHg [82]
Pt/y-Al,03 NOxy reduction by CsHg [83]
Pt/y-Al,O3 NOxy reduction by CsHg and CO [84]
Rh/YSZ NOxy reduction by CO [85]
Pt/YSZ C,H4 oxidation [86]
Cesium (Cs) Ru/CsX NH; synthesis [79]
Cesium (Cs), chlorine Ag.0 Epoxidation of CoHa4 [87]
(Ch
Barium (Ba) Pt/y-Al;,03 NOx reduction by CsHs [88]
Magnesium (Mg), Ru/BaX, Ru/MgX NH; synthesis [79]
barium (Ba)
Magnesium (Mg), AU/AlOs Partial oxidation of methanol to H, [89]
barium (Ba), calcium
(Ca), strontium (Sr)
Cobalt (Co), chromium VPO/TiO,, VPO/y-  Ammoxidation of 2-chloro benzaldehyde to 2- [90]
(Cr), molybdenum (Mo)  Al,O3 chloro benzonitrile
Carbon monoxide (CO)  Au(111) Methanol oxidation [91]

Potassium, as a chemical promoter, has been used for a variety of chemical reactions and
fundamental chemistry studies [78,79]. A fundamental study was done on a single crystal of
Fe(111) and Fe(100) showing a pronounced electron transfer from K to the Fe surfaces; this
is attributed to the lowering of the “local” work function near where the potassium atoms are
adsorbed [78]. Bécue et al. [79] demonstrated the effect of K promoters on the surface of a
zeolite-X-supported Ru catalyst (2 wt%) for the synthesis of ammonia. It was found that the
presence of K promoters increases the activity by approximately 70 % for optimal potassium
coverage. For coverage higher than the optimal amount of potassium, it was observed that
the activity did not increase; instead, a decrease in activity was attributed to the blocking of

active sites due to excess potassium coverage.

More recently, chemical promotion has been shown using other alkali metals such as cesium
or alkaline earth metals and transition metals. A recent review on the epoxidation of ethylene
to ethylene oxide (EO) over a silver catalyst demonstrated the industrial application of using

cesium and chlorine as promoters for the selectivity of EO [87]. It was found that the
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unpromoted metallic silver catalyst had an EO selectivity around 50 %, while, with the
addition of the promoters, the selectivity was enhanced to as high as 90 %. It is proposed that
the CI blocks the nonselective sites and promotes the active oxygen while Cs acts as a
structural promoter. It is said that the CI promoters weaken the Ag—O bond creating more
reactive oxygen to enhance the EO isomerization. On the other hand, Cs interacts with the
Ag20 surface and subsurface oxygen resulting in CsOx-type complexes.

The use of alkaline earth metals (i.e., Mg, Ca, Sr, Ba) as promoters was shown in one study
to enhance both the activity and selectivity of supported gold catalysts (Au/Al203) in the
partial oxidation of methanol to H2[89]. It was found that H. selectivity increased with
increasing basicity of the promoting oxide species (i.e., unpromoted < MgO < CaO < SrO <
BaO); however, the opposite trend was observed for the selectivity toward CO and CHa.
Similarly, the effect of transition metal additives on the catalytic properties of a vanadium
phosphate (VPO) catalyst was studied for the selective ammoxidation of 2-chloro
benzaldehyde to 2-chloro benzonitrile [90]. To observe the effect of such promoters, Co, Mo,
and Cr were added to the VPO structure and supported on two different oxide supports —
TiO2 and y-Al>Oa. It was observed that a significant improvement in both selectivity and
activity existed compared to the bulk VPO catalyst. More specifically, in the case of TiO»-
supported VPO, the addition of Cr exhibited the best performance followed by Mo. From
these results, it was also found that the ability of the promoter appears to depend on the

nature of the support and its interaction with the catalyst.

Furthermore, traditionally, it has been observed that electropositive species usually promote
catalytic reactions while electronegative species poison the catalyst surface. One
electronegative species, CO, has been well known to act as a poison for many metal
catalysts; however, recent studies have shown a promotional effect of this species [91,92].
Rodriguez et al. [91] have demonstrated the promotional effect of adsorbed carbon monoxide
for the oxidation of alcohols over a gold catalyst. It was proposed that neighboring adsorbed
CO enhances the OH bond on the surface of the catalyst in addition to promoting the

breaking of the C—H bond of the alcohol molecules, thus increasing catalytic activity.

A related phenomenon to the promotion of catalytic activity is referred to as metal-support
interaction (MSI), where the support plays a key role in changing the properties of the
13



catalyst due the interaction between the two materials, usually resulting in higher catalytic
activity [93,94]. It should be noted that despite the vast amount of MSI studies reported up-
to-date, the mechanism and appearance of this effect are still under discussion. Both
fundamental and catalytic reaction studies with regard to metal-support interaction are

summarized in Table 2-3.

Table 2-3: Summary of selected metal-support interaction studies.

Metal catalyst Support Reaction Ref.
Ru, Pd, OS, Ir, Pt TiO; H,, CO sorption [30]
Pt WOQO3/C, TiO,/C, C Not applicable (XPS study) [95]
Pt YSzZ Not applicable (XPS study) [96]
Au SiOy, TiO; CO oxidation [74]
Pt Al,O3, TiO, (P25, rutile, anatase),  CO oxidation [76]
Ce0,, SiO3;, MgO
PdO Ce0y, TiOy, Co304, MN203, SN0,  CO oxidation [97]
Pt, Ni YSZ, y-Al,03, TiO,, CeO; CO oxidation [98]
Cu YSZ, y-Al;0s CO oxidation [99-
101]
Pt YSZ, y-Al,03, C CO oxidation [102]
Pt YSZ, CeO,, Sm-doped CeO,, C,y- CO oxidation, C,H4 oxidation [103]
Al;0Os
Au Ce0,/TiO, CO oxidation, water-gas shift reaction [104]
Pd Ce0,/YSZ CH, oxidation [105]
Pt YSZ, TiO,, SiO; CsHs oxidation [106]
Pt YSZ, y-Al;03 Toluene oxidation [107]

Overbury et al. [74] showed that for equally sized Au nanoparticles supported on SiO> (lower
surface area) and TiO- (higher surface area), the catalytic activity was higher for the TiO»-
supported catalysts due to stronger metal-support interaction. Similarly, Kimura et al. [76]
demonstrated that for the same loading of metal catalysts deposited on Al.O3 and TiOo, a
lower dispersion was obtained for the particles supported on Al>O3 compared to TiO>
indicating aggregation of the metal particles. This was attributed as a stronger metal-support
interaction between Pt and TiO, compared to Pt and Al>Oa. It is especially noted that the
smaller the nanoparticle, the stronger the interactions are with the support, therefore,

increasing the effect of the support used [108].

A more specific term, strong metal—support interaction (SMSI), was first introduced in 1978
to describe the significant change in the chemisorptive properties of group VIII noble metals

when they were supported on TiO2 [30,31]. It was shown that these metals, both unsupported
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and supported on common materials such as Al.Os, chemisorb one hydrogen atom per metal
atom; however, in the case of TiO, the ability to chemisorb Hz was either decreased or
disappeared completely. It was suggested that SMSI is due to TiOx migration to the catalyst
surface. Among other theories, the possibility of d-orbital overlap between the Ti** cations
and supported metal atoms was suggested [31]. More recently, Lewera et al. [95] carried out
a study to further understand the change in electronic properties of nano-sized metals when
deposited on TiO> through the analysis of X-ray photoelectron spectroscopy (XPS) data. Pt
nanoparticles with an average size of 2 nm were deposited on a composite of TiO2/C. A
downshift in binding energy of the Pt 4f7,> peak was observed which indicated a local charge
density change due to the interaction between the metal and TiO.. In addition, the presence
of an additional (O 1s) peak for the Pt/TiO2/C spectrum, compared to Pt/C and TiO>/C, is
attributed to oxygen bonded to Ti alloyed with Pt indicating the interaction between the two
materials. The analysis of the Ti 2p peak also showed a downshift in binding energy for the
supported Pt sample suggesting a new electronic state of Ti. Similarly, Ntais et al., [96]

conducted an XPS study for YSZ-supported Pt nanoparticles which also showed a downshift.

Several recent studies have studied the MSI phenomenon, not only using TiO2-supported
metals but employing other ionic and mixed ionic—electronic conducting materials as well.
High catalytic activity toward the water—gas shift reactions was shown for a
Au/CeOx/TiO2(110) catalyst [104]. The high catalytic activity was attributed to the chemical
properties of Ce203, which was formed through the interaction with TiO and its effect at the
ceria—gold interfaces. Similarly, Jiménez-Borja et al. [105] demonstrated a strong interaction
between Pd and CeO> for a Pd/CeQO/YSZ catalyst for the oxidation of methane. It was
observed that the presence of ceria caused a decrease in the size of Pd° particles (from 280 to
103 nm) and an increase in the size of PdO particles. This is attributed to the oxygen storage
properties of CeO. which seems to play a key role in the formation of PdO. Higher catalytic
activity was observed for the catalysts containing more PdO compared to Pd. Furthermore,
Pd catalysts supported on highly ordered mesoporous metal oxides (i.e., CeO2, TiO2, C0304,
Mn2O3z, and SnOy) for the oxidation of CO were carried out to demonstrate the interaction
between the metal and metal oxide supports [97]. It was found from XPS results that the
binding energy of the Pd 3ds/, peak for Pd/meso-CeO2, Pd/meso-SnO., and Pd/meso-TiO>
catalysts shifted more than that for Pd/meso-Co304 and Pd/meso-Mn20Os3 indicating that the
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former catalysts have more surface interactions with the Pd metal. From the catalytic
experiments, the bare supports and supported Pd catalysts showed high catalytic activity in
the order of Co304 > Mn203 > CeO2 > SnO; > TiO2; however, the increase in catalytic
activity from bare support to supported Pd catalyst was the highest for the Pd/meso-CeO,

Pd/meso-SnO2, and Pd/meso-TiO- catalysts indicating the significant role of the support.

lonically conductive supports or solid electrolytes have emmerged as a class of very
promising catalyst supports due to their high ionic conductivity, and chemical and
mechanical stability [109]. For a material to be ionically conductive, it must possess the
structure that allows for either ions to transfer through a series of interstitial sites (i.e.,
Frenkel defects) or ions to transfer through vacancies in the crystal structure (i.e., Schottky
defects) [14,110,111]. Some examples include yttria-stabilized zirconia (YSZ) (0%
conductor), K-B’Al,03 (K* conductor), and Na-B”Al,O3 (Na* conductor). As an extension,
mixed ionic—electronic materials not only possess ionic conductive capabilities but electronic
conductive properties as well [112,113]. lon transfer in such materials occurs through
structure defects as discussed; however, electronic conductivity occurs through delocalized
states in the conduction or valence band or through localized states by a thermally assisted
hopping mechanism. It should be noted that the reason for these properties is independent of
each other — ion conductance depends on crystal structure while electronic conductance
depends on electronic bandgap corresponding to the properties of the constituent ions [112].
Examples of mixed ionic—electronic conducting materials include ceria (CeQy), titania
(Ti0,), and perovskite-type materials in a form of Lai-xAxCo1.yByOs.5 (where A = Sr, Ba, Ca,
and B = Fe, Cu, Ni) [113,114].

Initially, the concept of MSI was attributed to an electronic effect; however, further studies
have shown an effect of oxygen vacancies in metal oxides as well. Metcalfe and Sundaresan
[98] demonstrated this concept for CO oxidation over Pt and Ni catalysts supported on YSZ,
v-Al203, TiO2, and CeOo. It was found that catalytic activity for the Pt catalysts ranged from
Pt/TiO2 > Pt/YSZ > Pt/y-Al>03. The most interesting results are those for the Ni catalysts,
where Ni/TiO2, Ni/YSZ, TiO,, and YSZ showed significant catalytic activity, with the
supported Ni catalyst showing higher activity than their corresponding pure supports. The

difference in the activity of Ni/TiO, and pure TiO2 could be attributed to only the electronic
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effects of TiO2; however, after observing higher activity for Ni/YSZ compared to pure YSZ,
it was proposed that oxygen ion transfer between the metal and support also plays a role in
enhancing the catalytic activity. A similar conclusion was found for studies of a copper
catalyst supported on y-Al,03 and YSZ [99-101]. The higher catalytic activity was attributed
to the presence of Cu™ due to the interaction between the copper oxide on the surface of the
YSZ and the nearby oxygen vacancies. Vernoux et al. [115] also observed such migration of
ionic species from the support to the surface of the nano-catalyst, referring to it as self-
induced electrochemical promotion. This concept has been suggested as an explanation for
higher catalytic activity for the oxidation of CO over YSZ-supported Pt nanoparticles
[72,102]. It was shown that the catalyst was active for a temperature as low as 40°C. This
high catalytic activity was attributed to the migration of O% species species to the surface
which may lead to alterations in the catalytic properties of the Pt nanoparticles. This
phenomenon has also been observed for both propane oxidation [115] and toluene oxidation
[107] over a Pt/YSZ catalyst. Most recently, Isaifan and Baranova [103] also demonstrated
the role of ionic and mixed ionic—electronic supports and the mobility of O from these
supports for the oxidation of CO and C2Ha in an oxygen-free environment. It was found that
Pt/YSZ, Pt/CeO,, and Pt/Sm-doped CeO(SDC) have high catalytic activity for CO and C2H4
oxidation while Pt/C and Pt/y-Al2O3 as well as the blank supports show no catalytic activity
in the absence of gaseous O,. These results imply that O from the support reacts with CO
and CzHs in an electrochemical reaction at the three phase boundary and the mechanism of

nano-galvanic cells was proposed [116].

2.2 Electrochemical Promotion of Catalysis

Discovered in the 1980s [117], the phenomenon of electrochemical promotion of catalysis
(EPOC), also referred to as non-Faradaic electrochemical modification of catalytic activity
(NEMCA), demonstrated a new approach to enhancing the catalytic activity and opened up a
new class of promoters previously unknown in heterogeneous catalysis (e.g., 0%, H*, OH",
H™). By applying an electrical current or potential between the catalyst-working electrode
and a counter electrode deposited on a solid electrolyte, it was found that the catalytic
activity and selectivity can be significantly altered due to modifications of the electronic
properties of the catalyst. Consequently, the adsorption strength of the reaction components
is altered resulting in a distinct change in catalytic performance [14]. Compared to chemical
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promotion, the addition of promoter species is done in situ and can be controlled depending
on specified reaction conditions [14,15,19-24,26-28,118]. This also implies that promoters
with short lifetimes can still effectively be utilized as its coverage on the catalyst surface can
be fixed through the application of a current or potential. Therefore, it is said that there is an
operational and not a functional difference between chemical and electrochemical
promotions [14,20,29,77,85,119]. Currently, EPOC has been studied for more than 100
catalytic systems and does not appear to be limited to any specific type of catalytic reaction,
metal catalyst, or solid electrolyte. Since the discovery of EPOC, several comprehensive
reviews [18,24,29,118,120-132], book chapters [133-137], and a book [14] have been
published to describe this phenomenon; the authors invite the reader to consult these works
for comprehensive reading on the EPOC phenomenon. Here, a short overview of the
principles, a common experimental setup and reactors, as well as some examples of EPOC
with thick, low dispersion film catalysts will be discussed followed by recent studies using

nanostructured catalysts.

The concept behind EPOC is that, initially, before current or potential is applied, the catalyst
surface is covered by chemisorbed reactants (e.g., O2 and C2Ha) in an equilibrated state.
Depending on the concentration of the species, there may be more or less of each species
adsorbed on the catalyst surface. By applying a current or potential, ions (i.e., O in the case
of YSZ) from the solid electrolyte either back-spillover (i.e., move to the surface of the
catalyst) or spillover (i.e., move from the surface of the catalysts) depending whether the
electrochemical cell is positively or negatively polarized, respectively. In the case of back-
spillover of the O% species, it is said that these species form a strong bond on the catalyst
surface. The mechanism of this transformation can be seen in the following reaction (Eq.
2-1) [14]:

02=(YSZ) - [0%~ — & +](catalyst) + 2e~ 91

where O% is the general form of the back-spillover species corresponding to its image charge
&+, indicating that the back-spillover species is overall neutral. The formation of this layer is
referred to as an effective double layer. Due to this back-spillover, the oxygen reactant from

the gas phase is forced into a weakly bonded state resulting in a more reactive chemisorbed
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species. Therefore, it is observed that the catalytic rate increases until a new steady-state is
reached through the equilibrium of the strongly and weakly bonded oxygen species [14]. The

opposite effect is observed for the spillover of the O% species.

In general, the property of a solid surface that dictates its chemisorptive and catalytic
properties is its work function (®). By definition, the work function is the minimum energy
required for an electron to move from the Fermi level of the solid to an outer point, a few um
outside the surface [14,138]. Depending on the type of species adsorbed or spilled over onto
the catalyst surface, the work function can be altered accordingly. An electron donor species
(e.g., C2H4) will cause the work function to decrease, while an electron acceptor species
(e.g., O2) will cause the work function to increase. Four different types of reaction behaviors,
in regard to the presence of these species, have been established to classify the relationship
between work function and catalytic rate (r) for EPOC studies — electrophobic (61/6® > 0),
electrophilic (61/6® < 0), volcano type (exhibits a minimum), and inverted volcano type

(exhibits a maximum).

More specifically, to evaluate the performance of the catalyst in terms of electrochemical
promotion, there are two main parameters that are calculated — rate enhancement ratio (p),

and Faradaic efficiency (A) [14]. The rate enhancement ratio (Eq. 2-2) is defined as,

p=r/T 2-2

where ro is the open circuit oxidation of reactant species (mol-s™) and r is the oxidation rate
(mol-s™) for an applied current/potential. The Faradaic efficiency (Eq. 2-3), for an O%

conducting system, is defined as the following:

A= (r—10)/(/2F) 23

where I is the current measured across the cell (A) and F is Faraday’s constant (96 485
C-mol™). It should be noted that the enhancement is considered to be the effect of
electrochemical promotion only when |A| > 1, which indicates non-Faradaic enhancement
[14].
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First discovered by Comninellis and coworkers [139], another important aspect that is
considered in EPOC studies is what is referred to as “permanent” electrochemical promotion
of catalysis (P-EPOC). It has been shown that the reversibility of EPOC strongly depends on
the duration of polarization and magnitude of applied current or potential. With P-EPOC,
after current interruption, the catalytic rate remains higher than the initial open circuit value.
In the case of P-EPOC, the permanent rate enhancement can be evaluated using Eq. 2-4
[139]:

Y ="1/To 2-4

where vy is the permanent rate enhancement ratio and r, is the catalytic rate (mol-s™) at the

new steady-state value after current interruption.

Two types of experimental reactors exist to carry out conventional EPOC studies — a fuel cell
type reactor and single-chamber type reactor [14]. The fuel cell type reactor (Figure 2-1a)
consists of two chambers, one in which the catalyst-working electrode is exposed to the
reactants and products, while the other chamber contains the counter and reference electrodes
which are exposed to a reference gas only. Contrary to this, the single-chamber type reactor
(cell configuration in Figure 2-1b and typical experimental setup in Figure 2-1c) consists of
all electrodes exposed to the same reactants and products. The important consideration with
this type of reactor is that the reference electrodes must be made of an inert material with
respect to the reactants (in most cases, gold is used) to ensure no contribution to the catalytic
rate. Conventional EPOC studies were carried out using metal (deposited with metallic paste)
catalyst films, typically, of a thickness in the range of 5-10 um [20,140] and a metal
dispersion less than 0.1 % [141]. Typical solid electrolytes include YSZ (O? conductor), p’-
Al>O3 (Na* conductor), or B”-Al203 (K* conductor).
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Figure 2-1 Schematic of the (a) fuel cell type reactor, (b) single-chamber type reactor, and (c) typical gas
flow experimental arrangement using the single-chamber type reactor (Reproduced from Vayenas et al.

[14])

The EPOC phenomenon has been shown to be effective for various reactions; however, the
most common model reaction used in conventional EPOC studies is the complete oxidation
of ethylene (Table 2-4) [20,24,117,140-149]. This was the reaction under observation over a
porous Ag film when it was first discovered that pumping and removing oxygen ions from
the surface of the catalyst through an applied current can alter the catalytic rate and

selectivity [117]. It was then later demonstrated that this effect is not specific to any type of
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reaction system, although the most significant enhancement (i.e., tenfold increase, A up to

15 000) was shown for the oxidation of C2H4 over a Pt catalyst [20,140].

Table 2-4: Electrochemical promotion of ethylene oxidation for various catalytic systems.

Temperature Promotion Parameters

Catalyst  Solid electrolyte  (°C) Pmax Amax/min Ref.
Ag YSZ 320-420 - <300 [117]
Pt YSzZ 260-420 - < 15000 [140]
Pt YSZ 300-450 - 74 000 [20]
Pt YSZ 375 300 289 [141]
Pt YSZ 510 - 144 [142]
Rh YSZ 320-450 1.4 123 [143]
IrO; YSz 380 - 200 [144]
IrO; YSz 380 13 ~100 [145]
IrO; YSz 380 25 2000 [146]
Pd YSZ, p’Al;03 300-400 - 3000

Pt TiO; 500 21 1880 [147]

Gd-doped BaPrO3

Pt Y-doped BaZrOsz  400-600 1.3 - [148]
Pt Lao.geSrooiNbOss  350-450 1.4 -100 [149]

Enhancement in catalytic activity through this phenomenon for C,H4 oxidation has been
shown over Pt catalysts supported on YSZ and TiO,, O% conducting supports [147]. Further
studies for IrO> film catalysts supporting on a YSZ electrolyte showed an enhancement in
catalytic activity through an applied positive potential (i.e., oxygen ions migrate to the
surface of the catalyst) [144-146]. Permanent promotion was also observed for this system
which was attributed to the formation of a higher coordinated oxide at the catalyst/solid
interface [145]. Moreover, Koutsodontis et al. [141] demonstrated that the catalyst film
thickness for a Pt/YSZ cell is an important factor that affects the magnitude of
electrochemical promotion as well, showing that the catalytic rate increases with the increase
in film thickness. In addition to O% conducting electrolytes, positive ion (i.e., Na [147,150—
153], K [154], and H [147-149,155]) conducting electrolytes have been employed. The
electronic effect of these types of promoters is the opposite of that for oxygen ions; that is,
by pumping positive ions to the catalyst surface, the work function decreases. In studies
involving Na* promoters, Na-B”Al>0s is used as a solid electrolyte. In general, it has been
found that catalytic activity, for CO [150] or C2H4[147] oxidation and NO reduction by
hydrocarbons [151-153], is increased with low Na coverage, while as Na coverage increases,

this leads to poisoning of the catalyst surface. Similar observations were found in the case of
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potassium promoters from a K-f’Al>Oz electrolyte for CO oxidation over a Pt catalyst [154].
With regard to the use of H" promoters, several different electrolytes have been studied (e.g.,
Nafion [147,155], Gd-doped BaPrOsz [148], Y-doped BaZrO3[148], and Lag.99Sr0.01NbOa-5
[149]). Compared to Na and K, H* promoters do not seem to have a significant enhancement
of the catalytic activity [148,149], in addition to a weak non-Faradaic effect [149].

Although much research has been performed regarding this technology, limitations have
been identified that prevent its commercialization. These include eliminating the
conventionally used thick film catalysts which have low surface areas and high material costs
and moving from theoretical to more practical reactor designs [29]. Overall, the objective is
to be able to apply the concept of EPOC to high dispersion heterogeneous catalysts.

2.3 Application of Nanostructured Catalysts for EPOC

2.3.1 Highly Dispersed Nano-Catalyst Preparation
In heterogeneous catalysis, dispersion of a catalyst has been shown to be an important factor
in terms of catalytic performance; the higher the dispersion, the more available the active
sites, typically resulting in higher catalytic activity. Dispersion is one aspect of commonly
used electrochemical promotion catalysts that has been recognized as an important factor that
requires improvement in order to be competitive with the state-of-the-art commercial
heterogeneous catalysts. To address the limitation of low metal dispersion found for the
catalyst-working electrodes of conventional electrochemical promotion systems, several
deposition techniques have been studied (Table 2-5).
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Table 2-5: Preparation methods of highly dispersed nano-catalysts.

Method Catalyst Dispersion/loading Particle size Film thickness  Ref.
Impregnation Pt 0.2 or higher - - [156]
Pd 4.9% 2.6 nm - [157]
Ag 1% 100 nm - [158]
Ru 3mgRu - 4 pm [159]
RuO> 1.72 g RuOz/m? - - [160]
Pt 34, 40, 42% 3530nim - [106]
Metal sputtering Pt - 40 nm - [161,162]
Pt - - 30, 90 nm [163]
Pt 2.2, 32 pg Pt/cm? - 2,22 nm [164]
Pt - - 150 nm [165]
Pt 5% 50 nm - [166,167]
Pt 40% - 40 nm [168]
Rh 10% - 40 nm [169]
Rh, Pt 13-40% - 40 nm [170]
Rh, Pt > 10% - 40 nm [171]
Rh-Pt > 15% - 40 nm [172]
Electroless deposition ~ Pd 5 mg Pd - - [173]
Electrostatic spray Pt 250 pg Pt 9nm 65 [174]
deposition (ESD) 320 pg Pt 9nm 85
420 pg Pt 23.2nm 110

The first technique that has been used in recent electrochemical promotion studies that
results in near-nanometric or porous films is wet or dry impregnation 156-160]. In general,
this type of technique employs a precursor salt of the desired metal dissolved in the solution.
The solution is dried on the solid electrolyte, calcined, and reduced in H,. For example,
Marwood and Vayenas [156] dissolved H2PtCle in water, dried at 80°C (catalyst 1) and 90°C
(catalyst 2), calcined in air at 450°C for 1 h, and reduced in 2% H. in helium at 250°C for 2
h. Using the CO titration technique [175] to determine dispersion, it was found that catalyst 2
had a dispersion of D = 21 % while for catalyst 1, which had a similar mass as catalyst 2 but
a surface area of a factor of 5 higher, the dispersion was estimated to be approximately D ~
100%. A similar procedure was carried out by Jiménez-Borja et al. [157] usinga 0.1 M
Pd(NHz3)4(NO3)2 aqueous solution which resulted in a Pd metal dispersion of 4.9% for 0.85
mg of Pd deposited. Even though not in the nanometric scale, other groups have
demonstrated a decrease in metal required through porous micrometric films, as shown by
Theleritis et al. [159] who deposited a porous film of thickness ~4 um for a loading of
approximately 3 mg of catalyst. In addition, Li and Gaillard [158] demonstrated the use of a
less expensive metal, Ag, for working electrode films that was of a micrometric thickness of

1.8 and 3.9 pm, and an average crystallite size of approximately 100 nm.
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Another common deposition technique that has been employed by many research groups
[161-172] to increase catalyst dispersion is metal sputtering, in which the solid electrolyte
substrate is placed inside a vacuum chamber in close proximity to the desired metal to be
deposited. The desired metal is bombarded with ionized gas molecules in order to displace
the metal in small quantities and slowly deposit a thin, nanometric layer on the substrate.
This technique has been used by several groups to deposit Rh [169-171], Pt [161-168], or
Rh—Pt bimetallic [172] thin-film catalysts. Both Balomenou et al. [170,171] and Baranova et
al. [169,176,177] have achieved a film thickness of approximately 40 nm and a dispersion of
approximately 13-40% and 10%, respectively. Other groups have also shown sputter
deposition of Pt that achieves a thickness ranging from 30 to 150 nm, corresponding to
dispersions from 5 % to 40 % [161-163,165-168]. Uniquely, Karoum et al. [164] sputter
deposited a thin layer of Pt (~2 nm) on an 80 nm LSM (Lao.7Sro.3MnQ3) interlayer where the
Pt layer did not necessarily cover the entire surface; however, it was shown to be viable for
electrochemical promotion and electronically conductive due to the LSM interlayer. Finally,
co-deposition of both Rh and Pt (atomic ratio, 1:1) was performed by Koutsodontis et al.
[172] which resulted in an approximate thickness of 40 nm and a total active metal surface

area of 1.9 x 10 mol metal.

Other research groups have also employed alternative, less common techniques such as
electroless deposition [173] and electrostatic spray deposition (ESD) [174]. Lintanf [174]
describes the ESD method as using less material compared to conventionally used paste
deposition and being fully reproducible. It was reported that three different types of films can
be produced — reticulated, dense, and dense — with particles corresponding to film
thicknesses of 110, 65, and 85 nm, respectively. The average crystallite size was found to be
23.2 nm for the reticulated film and 9.0 nm for both dense films. Also, an approximate

dispersion of 40 % was reported.

2.3.2 Cell Configurations and Reactor Design
Another factor that has been identified and discussed in previous reviews [29,128] which is
preventing commercial application of electrochemical promotion from being achieved is the
configuration of the cell and design of the reactor. In a recent comprehensive review,

Tsiplakides and Balomenou [29] summarized the considerations taken to address the need
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for cell configurations that can accommodate thin films and nanoscale catalysts along with
designing a more compact reactor that has efficient current collection. The development of

electrocatalysts, new configurations such as bipolar or monolithic, and concept of “wireless’

EPOC is discussed in this review.

As alluded to in the previous section, the simplest modification to the conventionally used
electro chemical promotion cell is to deposit less metal for the working electrode. An
important factor to consider, though, is that the metal deposited as a working electrode must
remain electronically connected; otherwise, some of the film will not be polarized. Lintanf’s
[174] description includes a gold mesh on the working electrode side of the cell in order to
ensure electronic connectivity for their thin (65-110 nm) Pt catalyst films deposited by ESD.
These details are not indicated in other studies [157,159,165-167,178]; however,
electrochemical promotion using the conventional cell configuration was observed for
catalyst films exhibiting dispersions ranging from 5 %to 80 %demonstrating the presence of
at least some electrical connectivity. Similarly, another approach to establish electrical
connectivity involves introducing a mixed ionic—electronic conductive (MIEC) interlayer
between the nanostructured catalyst and solid electrolyte. Some examples of MIEC interlayer
materials that have been used in recent studies include TiO2[163,169,177], LSM
(Lao.7Sro.3MnQs3) [164], CeO2[179], and LSCF/GDC (Lao.6Sro.4C00.2Fe0.803-5Gdo.101.95)
composite (30% GDC) [180]. Several methods were used to introduce these interlayers.
Baranova et al. [169,177] deposit TiO2(~5 um thickness) on a YSZ pellet by applying a
solution of 20 % TiOz in EtOH:H20 (1:1), evaporating at 60°C for 10 min, and thermal
treatment at 450°C for 30 min in air; following this deposition, Rh is sputter deposited
overlaying the TiO». Alternatively, another study showed the use of sputter depositing for
both the TiO> interlayers (~90 nm thickness) along with the deposition of Pt (~30 nm
thickness) [163]. Figure 2-2 shows SEM micrographs of the deposited layers on the YSZ
pellet. It was noted that the YSZ pellet is not fully covered by the TiO> interlayer (Figure
2-2b)
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Figure 2-2: SEM micrographs of (a) YSZ surface, (b) sputter-deposited TiO2 on YSZ surface, and (c)
sputter-deposited Pt on TiO2/YSZ surface (Reproduced from Papaioannou et al. [163])

Both interlayer (LSM) and Pt catalyst were also sputter deposited in a study performed by
Karoum et al. [164]; however, interesting to note, the use of a CGO (Ceo.9Gdo.102-5) pellet
was shown to be an alternative to using YSZ. For a temperature range of 200-400°C, the
ionic conductivity of the CGO pellet was shown to be at least 10 times higher than that of the
YSZ pellet. Finally, as described by Kambolis et al. [180], the electronic conductivity of the
catalyst electrode in their EPOC cell was not ensured by the impregnated Pt nanoparticles
but by the MIEC interlayer of LSCF/GDC which was deposited through screen printing on a
GDC pellet.

The first step toward a modified cell configuration is shown in Figure 2-3, proposed by
Marwood [181] in the 1990s, in which the catalyst is not used as an electrode as in the
conventional EPOC, but rather it is instead electronically isolated with current passing
between two gold electrodes. This pioneering work showed that Pt was deposited using the
commonly used paste to determine whether a direct electrical connection between the
catalyst and counter electrode was necessary to observe the effect of electrochemical
promotion [181].
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Figure 2-3: Schematic of first proposed bipolar configuration, Pt catalyst and Au working (Aus), counter
(Auz), and reference (Auz) electrodes (Reproduced from Marwood[181])

Similarly, a preceding study demonstrated the use of highly dispersed impregnated Pt (~5
nm) nanoparticles [156]; however, they were deposited on a gold working electrode. From
this study, it was shown that direct contact between the catalyst and the solid electrolyte was
not necessary as well. In addition, it was also not necessary for the catalyst to be continuous
to observe the effects of electrochemical promotion.

Various other cell designs have been proposed and tested by other research groups which fall
under the bipolar configuration category. These include depositing Pt metal paste in the
forms of stripes or dots between two gold electrodes [182], coating glass beads with Rh and
placing them inside a YSZ tube that is coated with two gold electrodes on the outer surface
[119], and sputtering Pt between the comb-like gold electrode structures (distance of 2 mm
between electrodes) [161]. Figure 2-4 depicts a bipolar cell configuration presented by Xia et
al. [162]. As shown in the figure, it was proposed that upon application of an electrical field,
the dispersed Pt nanoparticles form partially or completely polarized galvanic cells, one side

being positively polarized and the other negatively polarized.
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Figure 2-4: Schematic of bipolar configuration of electrochemical cell, consisting of two Au electrodes
and polarized Pt particles deposited on YSZ solid electrolyte (Reproduced from Xia et al. [162])

Further cell modifications were first proposed by Wodiunig et al. [160] through the use of a
cylindrical YSZ solid electrolyte monolith. A RuO> catalyst was deposited through thermal
decomposition (i.e., impregnation) inside the channels of the monolith, while two gold
electrodes were deposited symmetrically on the outside of the cylinder. A similar honeycomb
monolith was used in a previous study where dispersed Pd particles were introduced into the
channels by electroless deposition; however, instead of both electrodes deposited on the
outside of the cylinder, a gold working electrode was deposited on the entire outside surface,
while a continuous Pd film was deposited (as a counter electrode) on the center channel of
the monolith [173]. Furthermore, using this concept of a monolithic reactor and in regard to
both the desire for efficient current collection and a compact reactor design, the monolithic
electrochemically promoted reactor (MEPR) was proposed by Balomenou et al. [170,171].
Details of the design and construction of this reactor are well outlined, describing that the
main advantage is that it can be assembled and dismantled easily and the plates can be
replaced as necessary [170]. This type of reactor has also been employed by Koutsodontis et
al. [172] who describe the design as a hybrid between the classical honeycomb monolith and
a flat- or ribbed-plate solid oxide fuel cell; a feasible solution in order to minimize electrical

connections.

A more recent concept that has been related to the electrochemical promotion phenomenon is

that of self-induced electrochemical promotion. One of the main advantages of this type of

29



catalytic cell is that there is no electrical contacts required which, in turn, means no external
circuit. It has also been a suggestion in order to overcome the limitation of the electrical
connectivity of nano-catalysts. This concept has been demonstrated for the oxidation of CO
over YSZ-supported Pt nanoparticles [72,102] as well as for propane oxidation over a
Pt/YSZ catalyst [115]. Similarly, the concept of a wireless configuration has been studied as
well which involves a concentration driving force that causes the migration of promoting ion
species from the support toward the surface of the nanostructured catalyst [183-185]. These
studies were also performed for a Pt catalyst deposited on a MIEC support (or membrane).
The cell is placed inside a dual chamber reactor which consists of a reaction side (i.e.,
catalyst, reaction gases) and a sweep side (i.e., catalyst, sweep gas). In this case, open circuit
conditions correspond to using the same reaction mixture on each side. To induce
backspillover (i.e., pushing oxygen toward the surface of the reaction side catalyst), oxygen
was introduced on the sweep side. This creates an oxygen chemical potential difference
across the membrane driving the oxygen toward the reaction side. Furthermore, spillover
(i.e., removing oxygen from the surface of the reaction side catalyst) was induced by
sweeping hydrogen on the sweep side creating a driving force in the opposite direction [183—
185]. It should be noted that the same in situ control of catalytic activity as EPOC can be
achieved with this type of wireless configuration by altering the oxygen concentration

difference across the membrane.

2.3.3 Electrochemical Promotion of Nanostructured Catalysts
Several model reactions have been used to evaluate and investigate the viability of
electrochemical promotion for the nano-catalyst systems (as shown in Table 2-6). These
include complete oxidation of ethylene [160,163,169,170,176,177,181,182] and propane
[164,165,167,180], combustion of CO [161,162,166] and natural gas [157,173,179],
reduction of NO in the presence of hydrocarbons [119,171,172,174,178], and, more
uniquely, SO> oxidation [168] and the reverse water-gas shift (RWGS) reaction [159]. Each
study has shown promising results for electrochemical promotion over nano-catalysts for
different cell configurations and reactor designs which prove to be furthering this technology

toward commercialization.
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Table 2-6: Electrochemical promotion of nano-catalytic systems.

Reaction Catalyst  Solid Temperature  Promotion parameters  Ref.
electrolyte (°C) Pmax Amax/min
C.Hs oxidation Pt YSz 353 1.38 688 [181]
Pt YSZ 400 3.8 - [182]
Pt YSZ 280 67 188 [163]
TiO/YSZ 168 753
Pt, Rh YSZ 300-380 1.45 77 [170]
Rh YSZ 300-420 60 1400 [169,176,177]
TiO/YSZ 78 1791
RuO; YSZ 360 - 90 [160]
CsHg oxidation Pt YSZ 350 5.6 330 [165]
Pt YSZ 150-500 22.4 480 [167]
Pt Ceo9Gdo.1025  170-250 1.3 6 [164]
Pt Ceo.9Gdo.10095 267-338 1.38 85 [180]
CO oxidation Pt YSZ 300 500 15 [161,162]
Pt YSZ 250 4 530 [166]
CH4 oxidation  Pd YSZ 400 - 47 [173]
Pd YSZ 120-500 3.65 - [157]
Pd Ce0,/YSZ 480 5.6 764 [179]
NOy reduction Pt YSzZ 300-510 2.3 48 [174]
Pt, Rh YSZ 290-305 14 900 [171]
Pt-Rh YSZ 335-380 6.46 13.75 [172]
Rh YSZ 275-450 6 5 [119]
Rh YSZ 370 220 1207 [178]
SO oxidation Pt YSZ 330-370 2 30 [168]
RWGS Ru YSZ 200-300 2.5 1000 [159]

In general, it has been concluded that the reaction rate of ethylene oxidation is significantly
increased when a positive polarization is applied [160,163,169,170,176,177,181,182]. The

introduction of a MIEC interlayer, especially TiO2, was shown to enhance the catalytic

activity even more [163,169]. Baranova et al. [169] discuss that this enhancement due to the

addition of the TiO interlayer is attributed to the higher surface area of the catalyst deposited

on TiO; layer, under polarization, acts as a catalyst in transforming the gaseous O to

promoter O% species at the Pt/gas interface [163]. Figure 2-5 shows a comparison of the

catalytic performance of the Pt catalyst with and without the incorporation of a TiO>

interlayer. Some of the observations discussed from these results include that there is an

increase in Uwr for Pt/TiO2/YSZ catalyst which implies an increase in work function

indicating a higher coverage of promoting O? species on the catalyst surface resulting in

greater enhancement in activity; also, a new steady state, upon positive polarization, was

achieved significantly faster for the Pt/TiO2/YSZ catalyst compared to the Pt/YSZ catalyst.
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Figure 2-5: Transient effect of applied constant current on the rate of C2H4 oxidation: (top) Pt/YSZ
catalyst, (bottom) Pt/TiO2/YSZ catalyst (Reproduced from Papaioannou et al. [163]).

Similar results were found using the bipolar configuration by both Marwood [181] and
Balomenou et al. [182]; however, it was observed that the magnitude of electrochemical
promotion (in terms of rate enhancement ratio and Faradaic efficiency) was factors lower
than that observed for the conventional configuration. Both groups attributed this to two
effects, current bypass and individual bipolar electrodes. Current bypass involves the
possibility of current passing through the bulk of the YSZ without affecting the Pt catalyst.
Some possible solutions in order to obtain similar catalytic performance include applying
much larger currents, or using a thinner YSZ pellet or appropriate electrode geometry to
lessen the loss of current. The concept of individual bipolar electrodes means that each
individual Pt nanoparticle catalyst behaves as a bipolar electrode; one side is positively
charged, and the other side is negatively charged. This causes a nonuniform work function,

contrary to that of a conventional electrode configuration; therefore, the resulting effect is a
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combination of catalytic activity due to both positive and negative polarizations. It has been
suggested that this can be overcome by using this type of configuration for reactions that

exhibit both electrophobic and electrophilic behavior.

A similar limitation (i.e., underestimation of promotion parameters) was found by Kambolis
et al. [180] for the oxidation of propane over Pt/LSCF-GDC/GDC catalyst. It was stated that
a minor part of the applied current between the LSCF/GDC electrode and the counter
electrode passes over the Pt nanoparticles resulting in an underestimation of the Faradaic
efficiency values. These results are shown in Figure 2-6, summarizing the effect of positive
polarization at three different temperatures. It can be seen that at 267°C, a two-step increase
of propane conversion was observed. This was attributed to the fact that the LSCF/GDC
electrode conductivity is quite low at such a temperature indicating that the movement of
oxygen ions requires some time to be delocalized from the bulk of the electrode; the opposite

is observed when the current is interrupted [180].
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Figure 2-6: Transient effect of applied constant current on the rate of CsHs oxidation for T1, 267°C; T,
307°C; and Ts, 338°C (Reproduced from Kambolis et al. [180])
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Xia et al. have attempted to quantify this difference in promotion parameters compared to the
conventional equations, taking into account that when the catalyst is highly dispersed and not
directly electronically connected, it acts as individual, isolated galvanic cells during
polarization [162]. They proposed a new technique where a galvanostatic step is applied to a
system in the presence of C°0 and isotope 20, under high vacuum conditions. The
formation of C'®0; *Faradaic reaction; °0 from YSZ) and C**0*0 (non-Faradaic reaction;
80 from 80y) is observed, and the number of galvanic cells is quantified, thus, resulting in

the following modified equation (Eq. 2-5) for rate enhancement ratio being proposed:

_ 0
p= (T‘C1602 + T‘C160180)/TC160180 2-5

where 715, is the rate of Faradaic formation of C'®0, r¢1641s, is the rate of non-Faradaic

formation of C'%00, and r01s 15, is the initial open circuit catalytic rate. In addition, an

adjustment to the equation (Eq. 2-6) for Faradaic efficiency was shown to be,

A= (T‘Cleoz + ATC160180)/TC1602 2.6

or in the more conventional form (Eq. 2-7); however, accounting for the equivalent number

of galvanic cells (nceir),
A= (ZF)/(I “Neell) * (TC1602 + AT‘CleOlsO) 2.7
where Ar 1618, is the enhancement of the catalytic rate of C'*0*0 during polarization.

From this discussion, it is evident that some limitations still exist with regard to the
application of nanostructured catalysts and the corresponding modified cell configurations
and reactor designs; however, these have been identified and are being investigated for
possible solutions and explanations. Further fundamental research with regard to these new
designs would prove to be beneficial in the understanding of the behavior of these
nanostructured catalysts compared to the commonly known systems. In addition, adjusting
the reaction environment to more practical operation conditions would make it possible to

evaluate the nanostructured catalysts for commercial applications.
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2.4 Conclusion

Recent progress in the implementation of nanostructured catalysts to overcome the
commercial limitations of conventional electrochemical promotion systems and to gain a
better understanding of the related MSI phenomenon was presented. These limitations for
practical application include the low metal dispersion, high metal loading of expensive
metals, and inefficient cell configuration and reactor design. It was shown that metal
dispersion can be increased (by a factor of 10-100) through catalyst preparation techniques
such as impregnation, sputter depositing, electroless deposition, and electrostatics spray
deposition. In addition, adjustments to the cell configuration to accommodate these
nanostructured catalysts, such as using the bipolar configuration or incorporating a mixed
ionic—electronic conducting interlayer, have been studied along with new reactor designs,
such as the monolithic electrochemical promotion reactor. These modifications have been
shown to be the potential solutions to progressing toward commercial applications of
electrochemical promotion. However, some of the limitations identified for these new
designs include current bypass and individual bipolar electrodes, which cause an

underestimation of conventional promotion parameters.
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Chapter 3: Catalytic CO Oxidation over Au
Nanoparticles Supported on Yttria-Stabilized
Zirconia

Dole, H.A.E., Kim, J.M., Lizarraga, L., Vernoux, P., Baranova, E.A. ECS Transaction, 45 265-274 (2012).

Gold nanoparticles supported on yttria-stabilized zirconia (YSZ) were synthesized using a modified alcohol
method which involves the stabilizing agent, polyvinylpyrrolidone (PVP). Two different average sizes (Au2:
13.1 nm; Aul: 17.1 nm) of Au nanoparticles were synthesized. These catalysts were tested for gas phase CO
oxidation. Since PVP is known to block the active Au sites, the catalysts were calcined at 300°C and 600°C in
order to remove the PVP. Overall, higher catalytic activity was found for the smaller Au nanoparticles. It was
also found that calcination is required in order to achieve activity, even though the particle size increases with
this treatment. The effect of calcination temperature did not prove to be significant. It is demonstrated that O%
ionically conductive YSZ is a promising catalyst support that can finely disperse and stabilize Au nanoparticles

for CO oxidation.

3.1 Introduction

For many years, gold has been disregarded as an active catalyst in its bulk state due to its
chemically inert property. It was not until Haruta [186—-188] discovered that when gold
particles with diameters smaller than 10 nm are supported on metal oxides, they tend to be
very catalytic active for many reactions. However, this discovery came with the challenge of
achieving small Au nanoparticles as Haruta stated, due to quantum size-effects, the smaller
the Au nanoparticle, the lower the boiling point which results in significant agglomeration
during calcination [186]. Recently, research has been focused on determining the effect of
size and pretreatment conditions (i.e., calcination temperature). It has been found that Au
nanoparticles less than 5 nm show a significant increase in catalytic activity [189,190].
Others have also shown that calcination causes agglomeration and that as the temperature is
increased the gold phase changes from gold oxide to metallic gold which shows to influence
the catalytic activity [191,192]. The effect of the support material has been shown to have
less of an influence on the activity [190] which could allow for flexibility depending on the

desired application.
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The Au nanoparticles used in this study were supported on yttria-stabilized zirconia (YSZ), a
metal oxide support. YSZ is known to be an O? conductor due to the presence of oxygen
vacancies inside its crystallographic structure. This oxide has been extensively studied as a
material for oxygen sensors and fuel cells [193]. Recently, YSZ has received attention as a
catalytic support especially in studies of Electrochemical Promotion of Catalysis (EPOC);
also called the NEMCA (Non Faradaic Electrochemical Modification of the Catalytic
Activity) effect [14]. Vayenas et al. [14] were the first to show that the migration of ionic
species from a solid electrolyte to the catalyst surface induced by electrical polarizations can
improve catalytic performances. Vayenas et al. [25] have described EPOC as an electrically
controlled strong metal support interaction (SMSI). Recently it was shown that YSZ is an
attractive catalyst support for nanoparticle stabilization and activation for the reaction of CO
oxidation over Pt/YSZ nanoparticles [72,102,115]. It was found that O ionic species from
YSZ can significantly promote the catalytic activity of Pt nanoparticles due to the thermally
induced O% backspillover from YSZ over Pt catalyst in agreement with the electrochemical
promotion mechanism. It was also found that observed effect becomes more pronounced

with decreasing the particle size [102].

In this work, gold nanoparticles supported on YSZ (Au/YSZ) are investigated for the first
time in the reaction of CO oxidation. To this end, Au nanoparticles with two different
average sizes (13.1 and 17.1 nm) were synthesized using a modified alcohol method. This
method was modified to achieve polyvinylpyrrolidone(PVP)-stabilized Au nanoparticles
supported on YSZ. The variation in nanoparticle size was achieved by adjusting the ratio of
Au to PVP in the synthesis solution [194-196]. The particle sizes of these catalysts were
studied using x-ray diffraction (XRD). Surface properties were also characterized using
transmission electron microscopy (TEM). An effective calcination temperature was also
determined for the removal of PVP using a thermogravimetric analysis (TGA). The PVP-
stabilized Au/YSZ nanoparticles were tested using the model reaction of CO oxidation. The
effect of the Au particle size and calcination temperature on the catalytic activity was

investigated.
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3.2 Experimental

3.2.1 Synthesis of Au Nanoparticles
Gold nanoparticles (Au), deposited on YSZ powder (Au/YSZ) were synthesized using a
similar method to the colloidal methods using alcohol as a reducing agent [197-199];
however, the procedure was modified to achieve supported Au/YSZ. Gold (111) chloride
(Aldrich, 99.999%) precursor salt was dissolved in a mixture of nanopure water (18 MQ cm)
and ethanol (Fischer, 99%) with a ratio of water to ethanol of 1:1, in the presence of PVP
(Sigma, 10,000 average molecular weight) and YSZ powder (TOSOH, 8% Y SZ, with
average crystallite size of 25 nm, 0.6 um particle size and bulk density of 1.3 g-cm™). The
molar ratio of PVP to gold was 3:1 (Aul) and 10:1 (Au2) for the samples tested. The desired
gold loading was 1 wt. % on YSZ. The obtained mixture was stirred for 30 minutes at room
temperature then refluxed at 100°C for 2 h, followed by extensive washing with nanopure
(18 MQ-cm) water and drying in the air at 70°C. The initial color of the cloudy mixture
appears yellow. After about 30 minutes, the colour of the mixture turns pink or purple,
depending on the concentration of PVP. Upon drying, the synthesized 1 wt. % Au

nanocatalysts on YSZ powder have a pink to purple color.

PVP is used as a polymer protective agent in order to achieve small nanoparticles by
stabilizing the Au ions during the synthesis [194-196]. It is believed that the Au
nanoparticles are stabilized through the reduction of van der Waals interaction between
colliding colloidal particles [194]. Before testing the performance of the catalysts, the PVP
must be removed as it known to inhibit the catalytic activity [200,201]. This was done by
calcining the Au/YSZ catalyst at 300 or 600°C for 2 h in air.

3.2.2 Transmission Electron Microscopy
Transmission electron microscopy (TEM) images were taken for the Au/YSZ catalysts tested
(JEOL 2010 LaB®6) in order to obtain a higher resolution so that the morphology and size of
Au particles may be better investigated. An extraction replica technique was used for sample
preparation [202]. The catalyst was dispersed in ethanol, deposited on a mica film and
covered with a carbon layer. The YSZ support and film of mica were then dissolved in

hydrogen fluoride solution for 24 hours resulting in Au particles being fixed on the carbon
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film. These particles were directly observed by TEM. The use of ImageJ software allowed
for the determination of Au particle size distribution.

3.2.3 X-ray Diffraction
X-ray diffraction (XRD) patterns of the Au/YSZ nanoparticles were collected using
RigakuUltima IV diffractometer using Cu Ka source. The experiments were run in the
focused beam geometry with a divergence slit of 2/3 degree, a scan speed of 0.17
degree-mint and a scan step of 0.06 degree for all experiments. The diffractograms were
collected between 30 and 55°20. The average particle diameter was determined using the
Scherrer equation and the full widths at half maximum (FWHM) of the (111) plane of gold at
38° 26.

3.2.4 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) (2960 SDT V3.0F) was carried out to determine an
optimum temperature range at which the synthesized Au/YSZ samples are to be calcined in
order to completely remove the PVP stabilizing agent. The temperature range should be high
enough to decompose the carbons and other volatile compounds in the PVP polymer, but
also, the temperature should be low enough that sintering and formation of agglomerates of
Au nanoparticles are minimized. In order to determine the proper calcination temperature,
TGA is run to establish the temperature range at which carbon decomposes. The sample is

heated at a rate of 1.2°C-min! from room temperature to 580°C.

3.2.5 Catalytic Activity Measurements
The catalytic activity measurements of the Au/YSZ catalysts were carried out at atmospheric
pressure in a continuous flow quartz reactor. The reaction gases were CO (Linde, 1.02% CO
in He) combined with pure Oz (Linde, pure O2), and pure He (Linde, pure He) as a carrier
gas. The gas compositions were controlled by mass flow controllers (Brooks, 5850 TR Series
and MKS electronic mass flow controllers) and were the following: 760-780 ppm CO with
4.3-4.5% O and He balance for CO oxidation. The overall flow rate was held constant at 4.3
L-h%, resulting in a space velocity of approximately 19 000 ht. The product gases for the
oxidation of CO were analyzed with an on-line micro-chromatograph (uGC-R3000 SRA

instruments) which contained two separate columns; one to separate Oz, N> and CO at a
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temperature of 90°C and the other to separate CO; at a temperature of 100°C. CO-
concentration in the product gas of the reactor was also monitored by an infrared (IR)
analyzer (Horiba, VA-3000). A K-type thermocouple was attached to the reactor at the
catalyst bed in order to monitor the temperature during the heat-up period. The entire reactor
was placed in a furnace, which was attached to a temperature controller. The sample was
heated from 25 to 250°C at a rate of 3°C-min’t. For each catalyst, three heating cycles were

performed to observe the stability of the catalyst.

3.3 Results and Discussion

3.3.1 Characterization of Au Catalysts
Figure 3-1 shows TEM images of Au2 which was untreated and calcined at 600°C. This
image shows that the Au nanoparticles are uniformly distributed over the YSZ support. From
the corresponding histograms, an average particle diameter was found to be 9.1 and 11.7 nm,

respectively. These results show that calcination does have an effect on the particle size.

The XRD spectrum for each Au/YSZ catalysts is shown in Figure 3-2. The crystallite size for
each sample was determined from the Au (111) peak using the Scherrer equation. These
values are summarized in Table 3-1. It is evident that the size of the crystallite increased
(approximately double) with calcination. Similar trends have been found in past studies (6, 7)
where it is shown that calcination causes the gold nanoparticles to agglomerate as the

melting temperature of the gold decreases with decreasing particle size.
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Figure 3-1: TEM images (left) and corresponding histograms (right) of Au2 (a) untreated; and (b)

calcined at 600°C.
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Figure 3-2: XRD spectra of Au (111) peak of Au/YSZ catalysts (a) Au2 calcined at 600°C; (b) Aul
calcined at 600°C; (c) Au2 untreated; and (d) Aul untreated.
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Dispersion calculations were performed for both Au/YSZ catalysts using the average particle

diameter from the XRD measurements and the following equation[203],
dispersion (%) = (MW, - 600)/(paudavg@auNa) 31

where MWay is the molecular weight of Au (196.97 g-mol™), pau is the density of Au (19.32
g-cm3), davg is the average particle size, aay is the surface area of one Au atom (2.29 x 10
m?2-atom™), and Na is Avogadro’s number (6.022 x 103 atom-mol™). It is evident that since
the crystallite size changes between untreated and calcined catalysts (approximately
doubled), the dispersion also changes. However, these differences in dispersion do not
appear to influence the catalytic activity as Au2 has lower dispersion but higher activity than
Aul (Figure 3-3). Table 3-1 summarizes these dispersion values as well as the particle sizes

for each catalyst.
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Figure 3-3: Catalytic performance for CO oxidation of Au2, calcined at 600°C.

Table 3-1: Summary of Au/YSZ catalysts prepared and corresponding characterization data.

CO Oxidation
Avg. Particle Dispersion Turnover Activation
Catalyst Pre-treatment Diameter Frequency, TOF
* (%) -1 -3 Energy,
davg (NM) (s7) (x107) E (kJm0|1)

100°C 200°C 3
Aul untreated 8.4 7.1 0 0 77.0
Aul calcined at 300°C - - - 56.1
Aul calcined at 600°C 17.1 3.4 0 78.7 63.6
Au2 untreated 6.3 5.3 0 0.25 93.2
Au2 calcined at 600°C 13.1 2.6 8.45 181.74 24.1

*from XRD measurements
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The result from the TGA of Aul is shown in Figure 3-4. The first mass loss of 11.9 % is
related to water evaporation and the second mass loss of 1.4 % is related to polymer
decomposition. There is a slight loss of mass just below 600°C, likely being a partial
removal of oxygen from YSZ. In order to evaluate the effect of all these losses detected from
TGA, 300°C (removal of PVP only) and 600°C (removal of all species) selected to be the

suitable temperature for calcination.
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Figure 3-4: Thermogravimetric analysis of Aul.

3.3.2 Catalytic Performance for CO Oxidation
To study the catalytic performance of the Au/YSZ catalysts, the oxidation of CO was used as
a model reaction. This reaction has been widely studied due to its environmental and
industrial significance[204-207]. For each catalyst, the catalytic oxidation of CO was
repeated for three successive heating ramps between 25 and 250°C. Figure 3-3 shows the
catalytic activity of Au2 calcined at 600°C.

The results showed that the catalyst exhibits stable performance after the first cycle where
the activity is observed from around 65°C. It is observed that the first cycle shows lower
catalytic activity compared to the successive cycles. Similar multi-cycle performance has
been observed by other research groups[45,208,209]; however, the opposite performance has
also been observed[210,211]. This observation was explained by the dependence of the
pretreatment conditions. In a previous study, it was determined that when catalysts were pre-

oxidized, the catalytic activity of the first heating cycle was lower[210]. It was explained that
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when the catalyst is exposed to a reducing species such as CO, the catalyst is activated which
is shown by the higher catalytic activity in the successive runs. Another explanation could be
the result of residual PVP even after calcination. It is possible that during the first cycle,

there is PVP inhibiting the reaction, and it is only after the first cycle that the remaining PVP

is removed.

3.3.3 Effect of Particle Size
Figure 3-5 shows the effect of Au particle size on the catalytic performance for CO
oxidation. Two different ratios of PVP:Au were used to control the size of the particles
which has also been shown in previous studies [196,201]. It was explained that the PVVP can
slow the diffusion of the gold ions within the solution, preventing them from coagulating;
therefore, more PVP creates less diffusion. However, it has been shown that there is a limit
to the amount of PVP that can influence the particle size [196]. From this study, it is clear
that the smaller gold nanoparticles (Au2) synthesized using a ratio of 10:1 (PVP:Au) have
the highest catalytic activity.

100 —m— 17.1 nm
—0—13.1 nm
- —C= Blank Experiment

D o}
o o
()

I
o
o,

[ ]

N
(=}
o,
[
[ |

CO Conversion (%)
()

(]
"
<>.<>\

80 120 160 200 240 280
Temperature (°C)

Figure 3-5: Comparison of catalytic performance for CO oxidation of Au/YSZ catalysts, calcined at
600°C with two different average particle size.

3.3.4 Effect of Calcination Temperature
Since PVP is known to inhibit catalytic reactions [200,201], the prepared Au/YSZ catalysts
were pretreated by calcining at elevated temperatures to remove this stabilizing polymer.
However, calcination can also have a negative effect on the performance of the catalysts. It

has been previously shown that higher calcinations temperatures cause agglomeration of the
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nanoparticles [191,192]. Since smaller nanoparticles are desired for greater activity, the
amount of PVP and calcination temperature must be optimized to achieve the best

performance.

Figure 3-6 shows a comparison of Aul that was untreated, calcined at 300°C and calcined at
600°C with respect to a blank experiment (i.e. reactor without any catalyst). From the figure,
it is evident that there is a significant effect on the catalytic activity between the untreated
and calcined samples; however, the difference between calcinations temperatures does not
appear to have such a significant effect. These results show that PVVP does indeed inhibit the
reaction. Since the PVP is used to stabilize the Au nanoparticles, it is said to be surrounding
the nanoparticles. This in turn prevents the surface of the Au nanoparticles to be exposed
resulting in lower catalytic activity. Therefore, it is important to sufficiently remove the PVP

without causing significant agglomeration of the nanoparticles.
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Figure 3-6: Effect of calcination temperature on the catalytic activity for CO oxidation of Aul (a)
untreated; (b) calcined at 300°C; (c) calcined at 600°C; and compared to a (d) blank experiment.
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3.4 Conclusion

It is demonstrated that YSZ is a promising catalyst support for Au nanoparticles for the
reaction of CO oxidation. Au nano-catalysts of two average sizes were synthesized using a
modified alcohol method with a PVP stabilizer. The size of the particles depended on the
amount of PVP used — more PVVP made smaller particles. The catalytic performance of the
untreated and calcined catalysts was evaluated for the model reaction of CO oxidation. It was
found that calcination had an effect by increasing the particle size by approximately double;
however, this treatment was necessary to remove the PVP stabilizer which is known to
inhibit the reaction. This was evident by the better performance of the calcined catalyst
compared to the untreated catalyst. The most important factor proved to be the size of the
particle, where the smaller nanoparticle (Au2) showed the highest catalytic activity for CO
oxidation. This catalyst showed catalytic activity beginning around 90°C. In order to
improve this catalytic activity, the size of the Au nanoparticles will need to be decreased in
further studies.
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Chapter 4: Low Temperature Toluene Oxidation
over Pt Nanoparticles Supported on Yttria-
Stabilized Zirconia

Dole, H.A.E., Isaifan, R.J., Sapountzi, F.M., Lizarraga, L., Aubert, D., Princivalle, A., Vernoux, P., Baranova,
E.A. Catalysis Letters, 143, 996-1002 (2013).

Toluene oxidation was measured over Pt nanoparticles synthesized using a modified polyol reduction method
and deposited on ionically conductive yttria-stabilized zirconia (Pt/YSZ) for three different loadings (1.1%,
0.8%, 0.4%), and non-ionically conductive y-alumina (Pt/y-Al,03) supports, as a comparison (metal loading
0.7%). It was found that nanoparticles supported on YSZ, tested as a support for the first time for toluene
oxidation, have greater catalytic activity compared to a conventional y-Al,03 support in spite of a lower
specific area and Pt dispersion. This could be explained by the stronger metal-support interactions between Pt

and YSZ due to the ionic conductivity of YSZ and presence of oxygen vacancies.
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4 Introduction

A growing global concern about air pollution has sparked the interests of many research
groups around the world. Volatile organic compounds (VOCs) are carbon-based chemicals
that are among the pollutants that can cause environmental and health problems. There are
several methods that have been demonstrated to control VOC emissions; however, the use of
catalytic oxidation is found to be efficient and cost-effective. Many different catalysts and
supports have been studied for this purpose, including metal oxides [7], and noble metals

supported by metal oxides or carbon [212] or a mixture of metal oxides [9].
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Yttria-stabilized zirconia (YSZ), a metal oxide support, is known to be an O conductor due
to the presence of oxygen vacancies inside its crystallographic structure. This oxide has been
extensively studied as a material for oxygen sensors and fuel cells [193]. In the last twenty-
five years, YSZ has received attention as a catalytic support due to its ionic conductivity
properties especially in studies of Electrochemical Promotion of Catalysis (EPOC); also
called the NEMCA (Non Faradaic Electrochemical Modification of the Catalytic Activity)
effect [14]. Vayenas and collaborators [14] were the first to show that the migration of ionic
species from a solid electrolyte to the gas exposed catalyst surface induced by electrical
polarizations can improve catalytic performances. Vayenas et al. [25] have described EPOC
as an electrically controlled strong metal support interaction (SMSI). In addition, it was
found that ionic oxygen species can thermally migrate without any electrical polarization on
nanoparticles of metallic catalysts supported on ionically conducting ceramics, such as YSZ
[115]. Recently, Masui et al. have shown that the mobility of oxygen in the near surface
region at the Pt nanoparticles dispersed on Ceo.64Zr0.15Bi0.2100.1895 Can promote the oxidation
activity of toluene [213]. This phenomenon adds to the appeal of using YSZ as an alternative

support in the catalytic removal of harmful pollutants such as VOCs.

Among the large variety of VOCs, toluene can be considered a representative of aromatic
hydrocarbons and its oxidation at low temperatures has a significant practical interest. In this
work, platinum nanoparticles with an average colloidal size of 2.5 + 0.5 nm and narrow size
distribution were synthesized using a modified polyol method. As-prepared colloids were
deposited on YSZ and y-Al203 (conventional support used in heterogeneous catalysis [214])
and tested for toluene oxidation. The effect of metal loading and support nature on the

catalytic activity was investigated.

4.1 Experimental

4.1.1 Preparation and Characterization of Pt Nanoparticles
Platinum nanoparticles deposited on YSZ and y-Al203 were synthesized using a modified
polyol reduction method [68,70]. First, Pt nanoparticles in the form of colloids were
synthesized in ethylene glycol (anhydrous 99.8%, Sigma Aldrich) at 160°C, starting from
PtCls (Alfa Aesar, 99.9% metals basis) precursor salt using a sodium hydroxide (EM
Science, ACS grade) concentration of 0.08 M as described previously [72]. The resulting
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dark brown colloidal solution was deposited on 8 mol% Y 20s-stabilized ZrO» (YSZ) (Tosoh,
specific surface area ~13 m2-g1), and y-Al.O3 (Alfa-Aesar, specific surface area 120 m?-g?)
supports. The supported nanoparticles were extensively washed with deionized water (18

MQ-cm) and separated by centrifugation (YSZ), then dried in air at 60°C.

The supported Pt nanoparticles were characterized by transmission electron microscopy
(TEM) using JEOL 2010 LaB6. The size distribution and mean particle size were determined
using the imaging software ImageJ by measuring 100-200 nanoparticles from the TEM
images. X-ray diffraction (XRD, Rigaku Ultima IV diffractometer using Cu Ko source) in
the focused beam geometry with a divergence slit of 2/3 degree, a scan speed of 0.17
degree-min*! and a scan step of 0.06 degrees between 30 and 50° 26, was also used to
determine the crystallite size of the Pt nanoparticles for comparison with TEM results. The
supported Pt nanoparticles were characterized by TEM (JEOL 2010 LaB6) using a replica
technique [202]. The use of Image J software allowed for the determination of Pt particles
size distribution through measuring at least 200 nanoparticles from the TEM images.

Preparation of these TEM samples is described in details previously [72].

Dispersion of platinum was determined for the supported Pt nanoparticles using the Hz-pulse
chemisorption technique [48]. The resulting values were compared with dispersion

calculations from the TEM images using the following equation [203],
dispersion (%) = (MWp, - 600)/(pp; * davg - @pe - Ny) 4-1

where MWet is the molecular weight of Pt (195.08 g-mol™), pet is the density of Pt (21.09
g-cm), davg is the average particle diameter (from TEM images), ap: is the surface area of
one Pt atom (8.06 x 102° m2-atom™), and Na is Avogadro’s number. Table 4-1 summarizes

the results of the characterization of each catalyst.
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Table 4-1: Summary of catalyst characterization and catalytic performance parameters.

Average Average TOF . .
Colloidal ~ Supported Pt (s?) (x10%) Dispersion (%)
Particle Particle . E T T
Samples : : Loading 2N o oo Calculated
Size Size (Wt %) 120°C 140°C (kJ-mol*)  (°C)  (°C) from TEM Pulse
(XRD) (TEM) (Eq. 4-1) H,
(nm) (nm) g-
Pt/YSz1 25+05 2.72 1.1° 0.93 4.9 123+7 135 147 42 26
Pt/YSZ2 25+05 2.96 0.8% 0.68 4.8 1374 139 147 39 -
Pt/YSZ3 25%05 2.70 0.42 0.49 2.6 119+16 145 157 42 -
Pt/y-Al,03 25+05 2.34 0.72 0.42 1.9 107+2 153 162 49 52
Pty-AlO; [212] 1.7 0.9 - - - 135 170 66°
SBA-15 [215] - 1.0° - - - 140 168 5b
Pt/CQOz-ZI’Oz-
Bi;04/y-Al,05 - 5P - - - 105 110
[213]
PUTIO, (IMPY) . .
[216] 5.4 0.8 - - - 200 230 19
PY/TiO, (LPRDY) b
[216] 3.6 1.1b - - - 100 120 28
Pt/y-AlLO; [217] - - - - - 210 235

determined from ICP measurements
°from literature

°IMP — impregnation

dLPRD - liquid phase reduction deposition

4.1.2 Catalytic Activity Measurements
The catalytic activity measurements of the Pt nanocatalysts deposited on YSZ and y-Al.O3
were carried out at atmospheric pressure in a continuous flow U-shaped quartz reactor.
Approximately 50 mg of catalyst was placed into the reactor. The reactive mixture was
composed of toluene vapour (Alfa Aesar, 99.8%), Oz (Air Liquid, 99.995% purity) and He
(Air Liquid, 99.995% purity) as a carrier gas. In order to adjust the VOC concentration, two
He streams were employed: the first one was introduced into a regulated saturator to
maintain a constant flow rate of toluene vapour and the other one balanced the overall
concentration. Further details of this setup are described by Benard et al. [212]. The reactant
and product gases were analyzed by an on-line gas chromatograph (Perkin Elmer Clarus 500)
equipped with a thermal conductivity detector (TCD) and several columns (Shin Carbon ST,
Q PLOT, 2 OV101 and molecular sieve) to quantify toluene, Oz, CO2 and CO. The detection
limit was 2 ppmv for carbon dioxide and no other product was detected. From the outlet
concentrations of toluene ([C7Hg]out) and CO2 ([CO2]our), and the inlet concentration of
toluene ([C7Hg]in), the toluene conversion, catalytic rate (r) and the turnover frequency
(TOF) was calculated with the respective equations:

C,Hg Conversion (%) = [CO,)our/(7 - [C;Hglour + [CO5]our) X 100% 42
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1 mol y 273 K o [C;Hgln
2241L° 298 K|~ 106 ppm

r = Total Gas Flow (L/s) X

C,Hg Conversion (%) 4-3
100%
TOF =r/Ng »

where Ng is the moles of active metal sites (mol) (calculated from the dispersion values

determined from Eq. 4-1).

A PC with a dedicated program controlled the valve injection system, data acquisition and
integration of chromatographic peaks. Blank experiments have shown that the quartz reactor
was catalytically inert at least up to 600°C. The gas compositions were controlled by mass
flow controllers (Brooks, 5850 TR Series) and were the following: 300 ppm C7Hsg with
approximately 20% O and He balance. The overall flow rate was held constant at 4 L-h,
resulting in a space velocity of approximately 16 000 h™t. A K-type thermocouple was
attached to the reactor at the catalyst bed in order to monitor the temperature during the heat-
up period. The entire reactor was placed in a cylindrical furnace, which was attached to a
temperature controller (Eurotherm). The sample was heated from 25 to 250°C at a rate of
2°C-min’t. The temperature was held constant at 250°C for 5 min and then decreased to
room temperature. Three heating cycles were performed for each catalyst to observe the
stability of the catalyst. A carbon balance was performed for each cycle (shown in Appendix
A-3, Table A-1) in order to determine whether carbon deposition or other intermediates were

being formed.

4.2 Results and Discussion
TEM characterization was carried out for the supported Pt nanoparticles. Figure 4-1 shows
representative TEM micrographs and corresponding size distributions for the Pt

nanoparticles supported on YSZ (0.8% metal loading) and y-Al2Oz (0.7% metal loading).

The TEM images show that the Pt nanoparticles are homogeneously dispersed. From these
images, an average Pt particle size was found to be 2.96 and 2.34 nm, for Pt/YSZ and Pt/y-
Al>0s3, respectively. This is comparable to the average particle size determined from XRD

for the corresponding colloid, which suggests that the modified polyol reduction method is
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effective in achieving finely dispersed metallic particles. The Pt dispersion value of the Pt/y-
Al>03 catalyst, measured by Ho-pulse chemisorption, is similar to that estimated from TEM
images (Eg. 4-1 and Table 4-1). This confirms the good homogeneity of the sample.
However, on YSZ, the Pt dispersion measured by H»>-pulse chemisorption is much smaller
than that estimated from TEM. This statistic determination of the mean diameter is not
accurate in that case, probably due to the low specific surface area of the sample. A few large
Pt particles are most likely present on the sample; therefore, suggesting the TEM images are

not representative of the entire Pt/YSZ sample.
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Figure 4-1: TEM images (left) and corresponding histograms (right) of Pt nanoparticles prepared with
0.08 M NaOH: (a) supported on YSZ; (b) supported on y-Al2Os.

Catalytic oxidation of toluene was used as a model reaction, representing aromatic

hydrocarbons, in order to evaluate the performance of the Pt nano-catalysts. Figure 4-2

52



shows the toluene conversion as a function of the temperature achieved from the Pt/YSZ2

catalyst for three cycles.
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Figure 4-2: Toluene conversion as a function of temperature for Pt/YSZ2 (metal loading: 0.8 wt%b) for
three consecutive cycles.

Toluene conversion starts from around 100°C and reaches 100% at 180°C. The performance
of each catalyst is relatively stable after the first cycle as the results during the second and
third cycle are similar. This slight deactivation of the catalyst between the first and second
cycle can be attributed to sintering of the Pt nanoparticles since they are heated on-stream for

the first time to 250°C.

Figure 4-3 evaluates the effect of metal loading of Pt nanoparticles deposited on YSZ.
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Figure 4-3: Effect of metal loading on catalytic activity of Pt/YSZ catalysts (second cycle is shown).
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It is evident that metal loading has a slight effect on catalytic performance with, overall, a
higher loading corresponding to higher catalytic performance at low temperatures (i.e., lower
than 140°C). A similar trend was shown in a previous study where 1.5, 0.9 and 0.56% Pt was
deposited on Al,O3 was evaluated for toluene and propene oxidation [217]. This trend was
explained that with higher metal loading, lower dispersion is apparent, meaning that the
particle size is relatively larger. With larger particles, the Pt-O bond strength decreases,
causing more reactive oxygen species adsorbed on the Pt sites to react with the adsorbed
toluene species. However, in this study, different metal loadings on YSZ did not show a
significant difference in dispersion or average particle size which could explain the slight

effect observed.

The effect of the support on the catalytic activity in terms of toluene conversion, turnover
frequency, and intrinsic activity of the Pt nanoparticles deposited on YSZ (metal loading of
0.8 an 0.4%) and y-Al>03 (metal loading of 0.7%) are shown in Figure 4-4.

It is evident that for similar metal loadings, the catalytic activity of the Pt nanoparticles
supported on YSZ is slightly higher or comparable to those supported on y-Al2O3. This trend
is more obvious when the catalytic rate is normalized for the active surface area (i.e.,
turnover frequency); whereby, Pt/YSZ had a lower active surface area compared to Pt/y-
Al>Oz resulting in higher TOF values with increasing temperature. More specifically, the
TOF values at both 120 and 140°C are shown in Table 4-1. Overall, for both temperatures,
the TOF value is higher for Pt/YSZ compared to Pt/y-Al.Os. Additionally, the same trend
was observed when the catalytic rate was normalized for mass of Pt where the metal loading

and amount of catalyst employed for each test was accounted for.
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Figure 4-4: Comparison of catalytic performance of Pt supported on (a) YSZ2 (0.8 wt%o); (b) YSZ3 (0.4
wt%); and (c¢) y-Al203 (0.7 wt%) (second cycle is shown).

55



Table 4-1 summarizes the performances of the Pt/YSZ and Pt/y-Al,O3 catalysts along with
other similar catalysts evaluated in the literature for toluene oxidation
[212,213,215,216,218]. Each catalyst from literature, containing similar Pt loadings and
reaction conditions, was compared to those evaluated in the current study in terms of T2 and
Tso (i.e., temperature at which 20 and 50% conversion occur, respectively). In general, the
Pt/YSZ catalyst appears to have conversion at a lower temperature compared to the other
findings. However, Masui et al. [213] found for a much higher Pt loading (5 wt%) that
toluene conversion was achieved at slightly lower temperatures. Similarly, Santos et al. [215]
found conversion at lower temperatures for a similar Pt loading but using a different
synthesis method and TiO> as a support, as well as a high concentration of toluene, i.e. 4 g

carbon-m instead of 1.09 g carbon-m in our study.

It is apparent that the catalytic performance of the Pt/'YSZ catalyst, for a similar loading, is
similar in terms of light-off temperature, to that of the Pt/y-Al,Oz catalyst. This trend is also
shown through the activation energy for toluene conversions of less than 20% for each

catalyst that was determined using the following Arrhenius relationship.
Inr=—-E,/(RT)+1InA 4-6

where r is the toluene oxidation rate (mol-s™?), Ea is the apparent activation energy (J-mol™),
R is the universal gas constant (J-mol™-K™), T is the reactor temperature (K), and A is the
pre-exponential factor. Plots of In r versus 1/T were constructed, and the activation energies
were calculated for each catalyst from the slope of a linear fit. Table 4-1 shows that Pt/YSZ,
for a similar loading, has a similar activation energy to that of Pt/y-Al.Os. Radic et al. [219]
have interpreted the toluene oxidation on Pt using Mars van Krevelen (MVK) or Eley-Rideal
(E-R) mechanisms. The MVK model has been widely reported for hydrocarbons oxidation
[220,221]. In both cases (MVK and E-R), the reaction rate is controlled by two steps: the
oxygen chemisorption on Pt and the surface reaction between oxidized hydrocarbons
intermediate and adsorbed oxygen. Radic et al. [219] have calculated that the activation
energy value for the surface reaction is around 73 kJ-mol™ and is not affected by the Pt
particle size. On the other hand, the activation energy value for oxygen chemisorptions

decreases from 122 kJ-mol™ to 108 kJ-mol™* when the Pt particle size increases from 1 to 15
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nm. These latter values are in good agreement with the apparent activation values found in
the current study, i.e., 107-137 kJ-mol, considering Pt particles of 2.5 + 0.5 nm. Therefore,
it is suggested that the rate-determining step of the toluene oxidation, in the current
experimental conditions, is the oxygen chemisorption on Pt. This indicates that more reactive
oxygen species may exist on Pt/YSZ compared to that on Pt/y-Al>O3 which could explain the

slightly higher catalytic activity of toluene oxidation.

It is well established in the literature that the use of oxygen conducting supports (e.g. YSZ)
can promote the catalytic activity of metallic nanoparticles, due to the phenomenon of metal-
support interactions (MSI) [102,103,109,222]. In addition these supports present surface
oxygen vacancies able to chemisorb reactants. Even though the origin of MSI is not fully
clarified up to date, several studies have demonstrated a mechanistic equivalence between
the phenomena of MSI and EPOC [14,115,139,144,146,220,223]. Both phenomena can be
explained by a similar process, which is the back spillover of O ionic species onto the
metallic particles. This decoration of the metal particles by oxygen ions can be self-driven
(for the case of MSI) or due to electrical polarization (for the case of EPOC) and results to
alterations in the chemisorptive properties of the catalysts, which finally affect catalytic
activity. In order for this process to be effective, the support material must possess sufficient
ionic conductivity. The self-driven EPOC mechanism [14], recently confirmed using 20
isotopic tracer experiments [170,221] which describes the electrochemical promotion of the
catalytic activity of a metallic nanoparticle in contact with grain of ionically conducting
support, without any electrical polarization, finally merges EPOC and MSI at the nm level
[180].

It thus appears from this study that YSZ is a more promising support for toluene oxidation
compared to y-Al2Ogz, since it can act as a reservoir supplying promoting oxygen species to

the catalyst, while spent oxygen in YSZ can be continuously replenished by gaseous oxygen.
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4.3 Conclusion

Nanoparticles of Pt, synthesized by the modified polyol reduction method and supported on
YSZ and y-Al,O3, showed high catalytic activity towards toluene oxidation. Due to the lower
specific surface area of YSZ, slightly larger Pt particles (2.96 nm) of smaller dispersion
formed on the YSZ support compared to Pt on y-Al>03 (2.34 nm) starting from the same
precursor colloids. Despite the lower dispersion, Pt/YSZ showed a slightly higher reaction
rate per, both, active surface area and mass of Pt for toluene oxidation. This is attributed to
stronger metal-support interactions between Pt and YSZ due to the ionic conductivity of YSZ
and presence of oxygen vacancies suggesting that YSZ is a promising alternative support for

toluene oxidation.
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Chapter 5: Improved Catalytic Reactor for the
Electrochemical Promotion of Highly Dispersed Ru
Nanoparticles with CeO, Support

Dole, H.A.E., Safady, L.F., Ntais, S., Couillard, M., Baranova, E.A. ECS Transactions, 61, 65-74 (2014).

An improved design for a catalytic reactor for electrochemical promotion of highly dispersed catalysts was
presented and compared to that of a plug flow-type reactor for the model reaction of ethylene oxidation.
Electrochemical cells were prepared with low particle size (1.1 nm) Ru nanoparticles (RUNPs) which were
supported on a mixed ionic-electronic conductor, CeO-, with a low metal loading (1 wt%), interfaced with a
YSZ electrolyte. Comparable catalytic performance between the two reactors was observed for both open-
circuits measurements. However, the rate enhancement ratio in the single-chamber capsule (SCC) reactor was
found to be 1.6 compared to 1.4 for the plug flow-type reactor for an applied current of -5 ud. These results
were attributed to better electrical contact to the isolated RUNPs. Furthermore, the SCC reactor is simple to
assemble and provides an intimate contact between the RuUNPs/CeQ; catalyst and the current collector (i.e.,

gold mesh).

5.1 Introduction

Electrochemical promotion of catalysis (EPOC), also referred to as non-Faradaic
electrochemical modification of catalytic activity (NEMCA), is a promising method for
enhancing catalytic activity through the application of a small current or potential between
the catalyst-working and counter electrode deposited on a solid electrolyte [14]. By applying
such an electrical stimulus, the catalytic activity and selectivity can be altered due to
modifications of the electronic properties of the catalyst. In the case of yttria-stabilized
zirconia (YSZ) as a solid electrolyte, the addition or removal of O species on the catalyst
surface can be controlled in-situ depending on the specified reaction conditions. Fully
reversible and “permanent” or “persistent” EPOC has been reported for more than 70 various
catalytic systems[14]. In reversible EPOC experiments, the reaction rate returns to its initial
value after the electrical stimulus is interrupted. For permanent EPOC (P-EPOC), the

reaction rate remains at a higher value than the initial open circuit value [145,224].

Despite receiving much attention, this phenomenon has not yet reached commercial
application. Two of the main technical factors preventing such development are the use of

thick film catalysts with low surface areas and high material costs, and inefficient cell and
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reactor designs, especially in the case of employing highly dispersed catalysts[29]. To
address the limitation of low metal dispersion found for the catalyst-working electrodes of
conventional electrochemical promotion systems, various deposition techniques have been
developed and used. The most common methods include wet or dry impregnation
[119,156,158-160], and metal sputtering [161,162,166,167,169,170]. The first step towards
an alternative cell to accommodate high surface area catalysts was pioneered by Marwood, in
the 1990s, where it was proposed that EPOC could be achieved through an isolated catalyst
surrounded by two gold electrodes between which current passed [156,181]. Since then,
several studies have expanded on this idea of a bipolar configuration, for example, sputtering
a Pt catalyst between a comb-like gold electrode configuration [161,162].

Conventional EPOC studies have been, in general, carried out using two different types of
experimental reactors — a fuel cell type reactor and single-chamber type reactor [14]. Since
then, several new configurations have been introduced such as the plug flow-type[225] and
monolithic reactors [160,171,226], both initially used for continuous-film catalysts. More
recently, the plug flow-type reactor was used to demonstrate the feasibility of
electropromoting a highly dispersed (~15%) Pt nanoparticle (average size = 8 nm) catalyst
for the oxidation of propane was demonstrated. A 38% enhancement of the catalytic rate was
observed with apparent Faradaic efficiency values up to 85. This study also demonstrated the
benefits of employing a mixed ionic-electronic conductor (MIEC) support. It was found that
using a MIEC can ensure electrical connectively between highly dispersed nanoparticle
catalysts [180].

The design of an improved catalytic reactor (referred to as a single-chamber capsule (SCC)
reactor) for the electrochemical promotion of highly dispersed catalysts is presented in this
work. To determine the feasibility of the new design, the effects of the partial pressure of
ethylene with constant partial pressure of oxygen, and applied negative current on the
catalytic activity of the RUNPs/CeO- catalyst are presented and compared to that obtained

using the plug flow-type reactor which was presented earlier by Vernoux’s group [225].

To this end, ceria (CeO3) as a MIEC, was used to support low particle size (average size =
1.1 nm) Ru nanoparticles for the electrochemical enhancement of the complete oxidation of
ethylene. CeO; is a known conductor of O ions due to the oxygen vacancies in the
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crystallographic structure in addition to conducting electrons at elevated temperatures.
Furthermore, due to its non-stoichiometry, CeO> has the ability to undergo conversion
between Ce** and Ce®" quite easily[227]. The highly dispersed RuNPs/CeO; catalyst powder

was supported on a YSZ solid electrolyte in order to apply polarization.

5.2 Experimental

5.2.1 Synthesis of Ceria-Supported Ru Nanoparticles
Ruthenium nanoparticles deposited on CeO. (RuUNPs/CeO-) were synthesized using a
modified polyol reduction method [68]. A colloid of Ru nanoparticles was synthesized in
ethylene glycol (anhydrous 99.8% Sigma Aldrich), starting from RuClz (Alfa Aesar, 99.99%
metals basis) precursor salt and adding 0.08 M NaOH (EM Science, ACS grade). The salt
solution was stirred for 30 minutes at room temperature and subsequently refluxed for 3
hours at 160°C. The resulting colloidal solution is deposited on CeO; (Alfa Aesar, specific
surface area ~30-40 m?-g*) for a desired metal loading of 1 wt%. The supported
nanoparticles were extensively washed with deionized water (18 MQ-cm) and separated by

centrifugation, then dried in air at 40-60°C for 48 hours.

5.2.2 Preparation of Electrochemical Cell
To prepare the electrochemical cell, RuUNPs/CeO, was deposited on one side of the YSZ disk

as the working electrode (WE) along with inert gold counter (CE) and reference (RE)
electrodes on the opposite side (as shown in Figure 5-1a). YSZ powder (TOSOH, specific
surface area ~13 m?-g’%, average size of 0.3 um) containing 8 mol% yttria was used to form
electrolyte disks (18 mm diameter and 1 mm thickness) by a known procedure [228]. The
counter and reference electrodes were deposited by applying gold paste (C2090428D4,
Gwent Group, CAS: 98-55-5) followed by annealing at 500°C for 1 h.

In order to deposit the RUNPs/CeO: catalyst-working electrode, a solution of 1 wt%
RuNPs/CeO> powder and ethanol was prepared. Approximately 0.2 g of RUNPs/CeO> was
dispersed in 2 mL of ethanol. The solution was then deposited until the desired loading was
obtained (0.10 mg Ru-cm™), drying at 60°C for 30 minutes between depositions. Finally, the

catalyst was calcined in air at 350°C for 1 hour.
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5.2.3 Catalyst Characterization
The colloidal and ceria-supported Ru nanoparticle catalysts were characterized by

transmission electron microscopy (TEM) to determine the size distribution of the Ru
nanoparticles. To obtain the TEM micrographs, the ceria-supported Ru catalyst powder was
dispersed in ethanol then deposited dropwise on a TEM support grid, and the unsupported
colloidal Ru nanoparticles were deposited directly on a carbon film (Ted Pella, ultrathin
Carbon film on a holey carbon film). The analysis was performed on a FEI Titan® 80 - 300
microscope operated at 300 kV and equipped with a CEOS aberration corrector for the probe
forming lens, a monochromated field-emission gun, and an EDAX energy dispersive X-ray
(EDX) spectrometer. To determine the particle size distribution, ImageJ software was used,
measuring at least 750 particles.

5.2.4 Electrochemical Characterization of Single-Chamber Capsule Reactor
In order to determine the electrochemical response of the electrochemical cell containing the

RuNPs/CeO catalyst-working electrode in the single-chamber capsule reactor, polarization
curves were obtained for an applied current between -15 and +15 pA (holding 30 minutes at
each current setting) at temperatures of 350, 375 and 400°C and partial pressures of ethylene
and oxygen of 0.012 kPa and 3 kPa, respectively (helium balance). Both the catalyst-working

electrode potential (Uwr), and the cell potential (Ucen) were recorded.

5.2.5 Catalytic Measurements
Catalytic studies were carried out at atmospheric pressure in two different types of reactors —

a plug flow-type (PF-type) reactor [225] and the single-chamber capsule (SCC) reactor
(shown in Figure 5-1b). The electrochemical cell was placed in contact with gold current
collectors allowing the gas flow to pass over the catalyst. A potentiostat (PARSTAT 2263)
was used to polarize the cell for a desired duration and constant current. The reaction gases
were C2Hs (Linde, 0.5% C2H4 in He), O2 (Linde, 20.9% O: in He), and pure He (Linde,
99.997% He) as a carrier gas. The gas composition of 0.005 — 0.03 kPa C2H4, 3 kPa O and
He balance was controlled by mass flow controllers (MKS, 1259C and 1261C Series). The
overall flow rate was held constant at 6 L-h™. The product gases were analyzed with an on-
line CO- gas analyzer (Horiba, VA-3000).
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As shown in Figure 5-1b,
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(a) electrochemical cell configuration; and (b) single-chamber capsule

the electrochemical cell (catalyst-working electrode facing down)
eramic (McMaster-Carr, Mycalex) capsule that is held together

with two metal clamps (Omega Engineering, Nichrome wire, Ni80/Cr20). Both the ceramic

capsule and metal clamps are mechanically stable and chemically inert in the temperature

range of interest. Once assembled, the capsule sits on top of a glass inner tube where the Au

current collectors, enclosed in YSZ tubes (to ensure no electrical contact between the wires),

are fed to the base of the

the reactor to a point as ¢

reactor. Similarly, a thermocouple is inserted through the base of

lose as possible to the capsule. It should be noted that the inner tube
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also has gas dispersion holes in order to allow for circulation of the gas throughout the entire
chamber. The complete assembly is enclosed by an outer glass tube and clamped to the

reactor cap (stainless steel).

This SCC design allows for easy assembly and disassembly. Only the capsule requires
assembly and disassembly when inserting a new electrochemical cell. Additionally, the
current collector to the RuNPs is achieved by using a gold mesh in contact with the
RUNPs/CeO> catalyst powder in comparison to the plug flow-type reactor where gold paste

was painted on a quartz frit which extends up the sides of the walls of the reactor.

5.3 Results and Discussion

5.3.1 Characterization
TEM characterization was carried out for the colloidal Ru nanoparticles. A representative
TEM micrograph is shown in Figure 5-2. It is evident that well-defined and fairly uniformly
sized Ru nanoparticles were achieved. An average Ru particle size was determined to be 1.1

nm.

Figure 5-2: TEM images of (a) colloidal Ru nanoparticles; and (b) ceria-supported Ru nanoparticles.

5.3.2 Electrochemical Characterization of Single-Chamber Capsule Reactor
The electrochemical response of the electrochemical cell in the single-chamber capsule
reactor was determined through the application of currents from -15 to +15 pA while
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measuring the catalyst-working electrode potential (Uwr) and cell potential (Ucen). These

results are shown in the polarization curves shown in Figure 5-3.
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Figure 5-3: Steady-state polarization curves of the applied current (held 30 minutes) versus (a) catalyst-
working electrode potential (Uwr); and (b) cell potential (Ucen) for the single-chamber capsule reactor
(0.012 kPa C2H4 and 3 kPa Oy).

It is evident that it is possible to polarize the electrochemical cell in the single-chamber
capsule reactor. Furthermore, as the temperature was increased, the electrolyte resistance
decreased,; this is as expected due to the increase in the ionic conductivity of the YSZ
electrolyte with increasing temperature. It should be noted that such polarization curves
could not be obtained for the plug flow-type reactor for the catalyst studied due to the poor
electrical contact which was evident from the high aspect of noise to signal of the measured
catalyst-working electrode potential as well as the cell potential exceeding 20 V for all
conditions studied.

Additionally, as can be seen, anodic and cathodic curves are assymetrical. Under anodic
polarization Ru oxidation, Oz evolution, and C2Ha electrooxidation are occurring, whereas

under negative polarization RuOx, CeOz2, and Oz reduction are taking place.

5.3.3 Open Circuit Measurements
The model reaction of complete oxidation of ethylene was chosen to carry out the following
studies. Before polarizing the cells, the catalytic performance under open-circuit conditions

was determined for both the plug flow-type reactor and the single-chamber capsule reactor.
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For a constant partial pressure of oxygen (3 kPa), a forward (i.e., increasing partial pressure
of ethylene) scan (0.009 kPa — 0.03 kPa) was carried out at 350°C (Figure 5-4).
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Figure 5-4: Catalytic performance of complete oxidation of ethylene over the RUNPs/CeO: catalyst
employed in both the plug flow-type (PF-type) and single-chamber capsule (SCC) reactor (T = 350°C,
Poz = 3 kPa).

As expected, the catalytic activity of the RUNPs/CeO: catalyst is comparable between both
the plug flow-type reactor and the single-chamber capsule reactor. From these results, a
partial pressure of 0.012 kPa of C2H4, corresponding to a conversion <30%, was chosen to

carry out the polarization study.

5.3.4 Effect of Polarization
As shown in a previous study [229], positive polarization of RuUNPs/CeO- does not provide
an increase in the catalytic activity for CoH4 oxidation. Contrary to this, the effect of cathodic
polarization is significant. The effect of negative polarization for the RUNPs/CeO; catalyst
was determined through the application of -5 pA at a partial pressure of 0.012 kPa at 350°C.
An enhancement in the catalytic activity was observed for the RuUNPs/CeO; catalyst using

both reactors (Figure 5-5).
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Figure 5-5: Transient effect of current application for C2Ha oxidation over RUNPs/CeO2 on YSZ
electrolyte at 350°C for an applied current of -5 pA for 6 hours (0.012 kPa C2H4) using both the plug
flow-type (PF-type) reactor and single-chamber capsule (SCC) reactor.

A rate enhancement ratio (p) of 1.4 and 1.6 was observed for the plug flow-type reactor and
single-chamber capsule reactor, respectively. In both cases, the Faradaic efficiency (A) was
greater than 1, indicating that the activity is higher than predicted by Faraday’s law. It is
worth noting that the current application resulted in an initial slow increase in the reaction
rate followed by an abrupt increase after approximately 1 hour. These results indicate that
there is a delay between the electrochemical and catalytic process. Furthermore, the slow
reaction response is likely due to relatively low ionic conductivity of CeO2 and YSZ at
350°C [230].

It was also observed that the catalytic rate remained in the enhanced state, for both reactors,
even after current interruption. As described in more detail in a previous study[229], it was
proposed that partial reduction of CeO2 might be responsible for the observed enhancement
in the reaction rate. Through the application of a negative polarization, Ce*" is electroreduced
to a lower valence state due to the removal of oxygen species from its structure; thus creating
more oxygen vacancies. These vacancies cause a stronger metal-support interaction in the

RuNPs/CeO> system, resulting in an increase in the catalytic activity of Ru nanoparticles.
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5.4 Conclusion

In the present work, an improved catalytic reactor for the electrochemical promotion of
highly-dispersed catalysts was presented and compared to the operation of a plug flow-type
reactor which was developed earlier for continuous thin film catalyst-working electrodes
[225]. The design of the single-chamber capsule reactor allows for easy assembly and
disassembly as well as improved current collection in comparison to the plug flow-type
reactor for highly dispersed catalysts. The electrochemical cells consisted of Ru
nanoparticles that were supported on CeO>, a MIEC (1 wt% RuNPs/CeQO>) and interfaced
with YSZ, an O conductor. The single-chamber capsule reactor ensured good electrical
contact to the RUNPs/CeO: catalyst and performed similarly to that of the plug flow-type
reactor in both open-circuit experiments; however, a higher rate enhancement ratio was
achieved using the SCC reactor compared to that of the PF-type reactor. The application of
negative polarization (-5 pA) at 350°C showed a pronounced effect on the catalytic rate of
the RUNPs/CeO; catalysts. The catalytic enhancement was attributed to the partial
electroreduction of CeOx. Partially reduced CeO».x and Ru nanoparticles are said to form a
stronger metal-support interaction resulting in higher catalytic activity. The reduction process
of ceria was observed to be slow due to the low O* diffusion rates from ceria to YSZ solid-
electrolyte, causing a delay in the catalytic response. Once electrochemically promoted, a
“permanent” or “persistent” catalytic rate enhancement was observed. Overall, this study
shows the feasibility of the new reactor design and the application of the concept of

electrochemical promotion to highly-dispersed heterogeneous catalysts.
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Chapter 6: Electrochemically enhanced metal-
support interaction of highly dispersed Ru
nanoparticles with a CeO, support

Dole, H.A.E., Safady, L.F., Ntais, S., Couillard, M., Baranova, E.A. Journal of Catalysis, 318, 85-94 (2014).

Small particle size (1.1 nm) Ru nanoparticles were supported on a mixed ionic-electronic conductor, CeO,,
with a low metal loading (1 wt%), interfaced with a YSZ electrolyte. A pronounced enhancement (up to about
2.5 times) of the catalytic rate for the complete oxidation of ethylene was observed for negative polarization.
The opposite effect was observed for positive polarization. Apparent Faradaic efficiencies up to 96 were
determined, indicating a non-Faradaic effect. The modification of the cerium oxidation state (i.e., reduction
from Ce** to Ce®*) is proposed to enhance the catalytic performance of the Ru nanoparticles. XPS analysis was
performed to confirm this reduction of ceria. The enhancement of catalytic activity is attributed to the presence
of more oxygen vacancies in the ceria interlayer causing a stronger metal-support interaction. Results
demonstrate the feasibility of in-situ modification of the metal support-interaction between Ru nanoparticles
and CeO; catalytic support by a small current (-2 uA4) application.
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6.1 Introduction

Electrochemical promotion of catalysis (EPOC) is a promising method for enhancing
catalytic activity through the application of a small electrical stimulus between the catalyst-
working and counter electrode deposited on a solid electrolyte [14,20,140]. The electronic
properties of the catalyst can be modified resulting in a change in catalytic activity. In the
case of yttria-stabilized zirconia (YSZ) as a solid electrolyte, the addition or removal of 0%

species on the catalyst surface can be controlled in situ depending on the specified reaction
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conditions. Fully reversible and ‘‘permanent’’ or ‘“persistent’” EPOC has been reported for
more than 70 various catalytic systems [14]. In reversible EPOC experiments, the reaction
rate returns to its initial value after the electrical stimulus is interrupted. For permanent
EPOC (P-EPOC), the reaction rate remains at a higher value than the initial open circuit
value [145,224]. Despite receiving much attention, this phenomenon has not yet reached
commercial application. One of the main technical factors preventing such development is
the use of thick film catalysts with low surface areas and high material costs [29]. The first
step towards an alternative cell to accommodate high surface area catalysts was pioneered by
Marwood, in the 1990s, where it was proposed that EPOC could be achieved through an
isolated catalyst surrounded by two gold electrodes between which current passed [156,181].
Since then, several studies have expanded on this idea of a bipolar configuration, for
example, sputtering a Pt catalyst between a comb-like gold electrode configuration
[161,162]. Kambolis et al. [180] also demonstrated the feasibility of electropromoting a
highly dispersed (~15%), Pt nanoparticle (average size: 8 nm) catalyst for the oxidation of
propane. A 38% enhancement of the catalytic rate was observed with apparent Faradaic

efficiency values up to 85.

Ceria (CeQy) is a mixed ionic-electronic conducting (MIEC) material that conducts O% ions
due to oxygen vacancies in the crystallographic structure in addition to conducting electrons
at elevated temperatures. Furthermore, due to its non-stoichiometry, CeO> has the ability to
undergo conversion between Ce** and Ce®* quite easily [227]. These properties make the use
of ceria-containing catalysts of interest for many applications, including soot removal from
diesel engine exhaust [231], catalyst additives in combustion processes [232], and as a solid
oxide electrolyte for fuel cells [233]. In heterogeneous catalysis, Pt group metals deposited
on CeO. show a metal-support interaction (MSI) effect associated with charge transfer
between the two solids that are in contact [234-236]. In EPOC studies, using a MIEC can
also ensure electrical connectivity between highly dispersed nanoparticle catalysts [180].
EPOC studies using CeO as an interlayer include those performed by Jiménez-Borja et al.
[179,237] that compared both Pd/YSZ and Pd/CeO./Y SZ electrocatalytic systems for the
oxidation of methane and Petrolekas et al. [230] where a Pt/CeQO, system was studied for
ethylene oxidation. The presence of the CeO: interlayer was found to improve the supply of

oxygen ions to the catalyst surface.
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In this study, electrochemical enhancement of catalytic activity of a nano-sized ruthenium
catalyst, with an average size of 1.1 nm, for ethylene oxidation was investigated. Ru
nanoparticles, synthesized using a modified polyol reduction method, were supported on
CeO2 resulting in a 1 wt% Ru loading (RUNPs/CeQy) (i.e., typical in heterogeneous catalysis
studies). The highly dispersed RuNPs/CeO- catalyst powder was supported on a YSZ solid
electrolyte in order to apply polarization. In this study, the effect of the partial pressure of
ethylene with constant partial pressure of oxygen, temperature, and passed positive and
negative current on the catalytic activity of the RUNPs/CeO; catalyst, as well as the role of
the cerium redox state in the observed persistent effect are explored. XPS analysis of the
catalyst before and after electrochemical enhancement of catalytic activity was used to
determine any changes in the redox state of cerium. In addition, the catalytic properties of the
RuNPs/CeO catalyst is compared to that of larger Ru particles supported on CeO, prepared
by the conventional method of thermally decomposing a precursor salt (TD-Ru/CeO3) (same
metal loading) and blank CeO., both supported on a YSZ solid electrolyte.

6.2 Materials and Methods

6.2.1 Synthesis of Ceria-supported Ru Nanoparticles
Ruthenium nanoparticles deposited on CeO2 (Ru NPs/CeOz2) were synthesized using a
modified polyol reduction method [68]. A colloid of Ru nanoparticles was synthesized in 50
mL of ethylene glycol (anhydrous 99.8% Sigma Aldrich), starting by adding 0.15 g RuCl
(Alfa Aesar, 99.99% metals basis) precursor salt; then a volume of NaOH (EM Science, ACS
grade) dissolved in ethylene glycol is added for a total concentration of 0.08 M. The salt
solution was stirred for 30 min at room temperature and subsequently refluxed for 3 h at
160°C. The initial solution pH was 10 and after reflux, it dropped to 7. The resulting
colloidal solution is deposited on CeO> (Alfa Aesar, specific surface area ~30-40 m?-gt) at
room temperature by mixing CeO2 (1 g) in deionized water (25 mL) and adding an
appropriate volume of colloid (5 mL, concentration of Ru = 2 mg/mL) for a desired metal
loading of 1 wt%. The solution is stirred for 48 h at room temperature; then the supported
nano-particles were extensively washed three times with deionized water (18 MQ-cm) and
separated by centrifugation. Finally, the supported nanoparticles were dried in air at 40-60°C
for 48 h.
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6.2.2 Preparation of Electrochemical Cells
To prepare the electrochemical cells, RUNPs/CeO», Ru particles (via thermal-decomposition)
over CeOz (TD-Ru/Ce0.), or CeO- alone was deposited on one side of a masked YSZ disk
as the working electrode along with inert gold counter and reference electrodes on the
opposite side. YSZ powder (TOSOH, specific surface area ~13 m?-gL, average size of 0.3
pum) containing 8 mol% yttria was used to form electrolyte disks (18 mm diameter and 1 mm
thickness) by a known procedure [228]. The counter and reference electrodes were deposited
by applying gold paste (C2090428D4, Gwent Group, CAS: 98-55-5) followed by annealing
at 500°C for 1 h.

In order to deposit the RUNPs/CeO: catalyst-working electrode, a solution of 1 wt%
RuUNPs/CeO, powder and ethanol was prepared. Approximately 0.2 g of RUNPs/CeO2 was
dispersed in 2 mL of ethanol via sonication. The solution was then deposited until the desired
loading was obtained (0.10 mg Ru-cm) (i.e., 10-15 times), drying at 60°C for 30 min
between depositions. Finally, the catalyst was calcined in a mixture of Oz (3 kPa) and He
(balance) at 350°C for 1 h.

The TD-Ru/CeO: catalyst-working electrode was prepared in two steps. It should be noted,
this method is commonly used in many EPOC studies; therefore was used as a comparison
for this study [153,160,224,238]. First, approximately 0.2 g of CeO, powder was dissolved
in 2 mL of ethanol via sonication for 10 min at room temperature. The solution was then
deposited (10 pL at a time; drying at 60°C for 30 min between depositions) until the desired
loading was obtained (9.9 mg CeQy) (i.e., 10-15 times). The desired loading was in
accordance with the mass of CeO> present in the nanoparticle catalyst. Next, the thermally-
decomposed Ru particles were prepared by first dissolving 0.025 g RuCl: salt (via sonication
for 10 min) in a 1 mL solution of isopropanol (Acros Organics, 99.5%) and deionized water
(1:1 by volume) with a metal concentration of 0.12 M. The solution was pipetted, 10 uL at a
time, onto the masked YSZ disk containing the CeO: layer, drying in air at 80°C for 30 min.
The sample was then calcined in air at 500°C for 1 h. This procedure was repeated 8 times
until desired metal loading (i.e., 10 mg Ru) was achieved for the same metal loading as the
RuNPs/CeO2 working electrode. Finally, the sample was reduced under hydrogen at 450°C
for 4 h.
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For further comparison, an electrochemical cell was prepared containing only a CeO>
catalyst-working electrode. As in the first step of the thermally-decomposed Ru particles, a
solution of CeO powder and ethanol is prepared. Then a desired loading of 9.9 mg of CeO>
was deposited and the catalyst was calcined in air at 350°C for 1 h to be consistent with the

initial state of the nanoparticle catalyst.

6.2.3 Catalyst Characterization
The unsupported and supported nanoparticle catalysts were characterized by scanning
transmission electron microscopy (STEM) to (1) determine the size distribution of the
catalysts, and (2) directly image the catalyst on the ceria support both before and after
electrochemical enhancement of catalytic activity. In both cases, the specimens were
prepared by sonicating the catalyst powders in ethanol. For the case of after
electrochemically enhanced catalytic measurements, the catalyst was scraped, using a
spatula, from the surface of the YSZ in order to dissolve the powder in ethanol via
sonication. One drop of the solution was then placed onto a STEM support grid and dried in
air. For the first experiment (1), STEM micrographs of unsupported colloidal Ru
nanoparticles were deposited directly on a carbon film (Ted Pella, ultrathin Carbon film on a
holey carbon film), and for the second experiment (2), ceria-supported Ru nanoparticles were
deposited on a lacey-carbon support film (Ted Pella). The analysis was performed on a FEI
Titan® 80-300 microscope operated at 300 kV and equipped with a CEOS aberration
corrector for the probe forming lens, a monochromated field-emission gun, and an EDAX
energy dispersive X-ray (EDX) spectrometer. High-angle annular dark-field (HAADF)
imaging was used to image the Ru catalyst on the CeO> support. In this imaging mode, an
electron probe is scanned over a specimen in a raster pattern while a detector collects
electrons scattered at high angles over an annulus on the diffraction plane. By setting a high
inner collection angle (60 mrad), ADF imaging provides a contrast sensitive to the atomic
number Z. To determine the particle size distribution, Image J software was used, measuring

at least 750 particles.

Two-wire in-plane resistance measurements of an as-prepared RuNPs/CeO; catalyst-
electrode (as deposited on the YSZ electrolyte) were carried out under an O (3 kPa) and He

(balance) environment, allowing the catalyst to stabilize for 1 h. A multimeter (Agilent
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model U1272A) was used to measure the resistance across two contacts attached on either
side of the catalyst-electrode (5 mm apart). From these measurements, electrical resistances
of 1.2 MQ-cm, 0.5 MQ-cm, and 0.2 MQ-cm were determined at 350, 375 and 400°C,

respectively.

X-ray photoelectron spectroscopy (XPS) characterization was carried out so as to study the
chemical state of the ceria support before and after electrochemical enhancement of catalytic
activity of the RUNPs/CeO; catalyst. These measurements were conducted using a KRATOS
Axis Ultra DLD with a Hybrid lens mode at 140 W and pass energy 20 eV using a
monochromatic Al Ka. The electrocatalytic cells were mounted on a copper tape so as to
avoid charging effects. The binding energy (BE) scale was corrected using the C1S peak at
284.6 eV. The accuracy of measurement of the binding energy is £0.1 eV while that of
FWHM +0.05 eV. The analysis of the O1s spectra was performed using a fitting routine that
divided each spectrum into individual mixed Gaussian—Lorentzian peaks.

It should be noted that ceria can be found in two stable stoichiometries: (a) cerium dioxide
(CeO3, Ce*") characterized by unoccupied 4f states (4f°) and (b) cerium trioxide (Ce20s,
Ce®") with a 4f! configuration. To this point, it should be mentioned that X-ray irradiation
during the XPS measurement can cause the reduction of Ce** to Ce3*, as discussed in the
literature [239-241]. Rama Rao and Shripathi [239] proposed that the reduction takes place
through the dissociation of hydroxyl groups present on the surface of ceria. On the other
hand, Paparazzo [240], in a previous study, attributed the Ce** reduction to a locally intense
heating of the sample. Though, after further studies, an ‘‘internal’> mechanism was suggested
[241] according to which the Auger decay of core holes causes the creation of holes in the
valence band region which are followed by electron shake-up transition leading to the
occupancy of antibonding orbitals. During this process, two holes are created in the valence
band that subsequently causes the scission of two Ce-O bonds, thus resulting in an oxygen

deficiency.

Therefore, in order to avoid the reduction of the cerium oxide due to the presence of the
samples under UHV conditions and under X-ray irradiation, which could cause the deduction

of incorrect conclusions, both samples (i.e., as-prepared and after electrochemical
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enhancement of catalytic activity) were treated in exactly the same way. Both samples were
introduced and remained in the UHV chamber for about 2 h while the measurement took

place over a period of about 1.5 h.

6.2.4 Catalytic Measurements
Catalytic studies were carried out at atmospheric pressure in a plug flow-type reactor [225].
The electrochemical cell was placed in contact with gold current collectors allowing the gas
flow to pass over the catalyst. A potentiostat/galvanostat (PARSTAT 2263) was used to
polarize the cell for a desired duration and constant current while measuring the catalyst
potential (Uwr). The reaction gases were C2Ha (Linde, 0.5% C2H4 in He), Oz (Linde, 20.9%
O2 in He), and pure He (Linde, 99.997% He) as a carrier gas. The gas composition of 0.005—
0.03 kPa C2H4, 3 kPa Oz and He balance was controlled by mass flow controllers (MKS,
1259C and 1261C Series). The overall flow rate was held constant at 6 L-h. The product

gases were analyzed with an on-line CO gas analyzer (Horiba,VA-3000).

To evaluate the effect of EPOC, three parameters were calculated, the rate enhancement ratio
(p) [14], defined as,

p=r1/r 6-1
Apparent Faradaic efficiency (A), for an O conducting system,
A= (r—r)/U/2F) 6-2
and the permanent rate enhancement ratio (y), for the case of P-EPOC [139],
Y =1/To 6-3

where ro is the open-circuit catalytic rate (mol C2Ha-s) and r is the catalytic rate (mol
C2Ha4-st) under closed-circuit conditions, rp is the catalytic rate (mol CoHa-s™) at the new
steady-state value after current interruption, I is the current (A) and F is Faraday’s constant
(96,485 C-mol™). It should be noted that the enhancement is considered to be the effect of

electrochemical promotion only when |A| > 1, meaning non-Faradaic enhancement.
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6.3 Results and Discussion

6.3.1 Characterization
STEM characterization was carried out for the colloidal and CeO2-supported RuNPs and TD-
Ru. EDX was also used to confirm the presence of Ru on the supported catalyst. Figure 6-1
shows representative STEM micrographs and a corresponding size distribution for the
colloidal Ru nanoparticles. It is evident that well-defined and fairly uniformly sized Ru
nanoparticles were achieved. From the STEM images, an average Ru particle size was found
to be 1.1 nm.

Figure 6-2 presents STEM images of the Ru nanoparticles deposited on a ceria support, both
before (a and b) and after (c and d) electrochemically enhanced catalytic measurements.
Because of the relatively high Z number of the support, Ru catalysts are more easily imaged
when located on the edge of the CeO- particles, but some catalyst particles are also observed
in regions where the support is very thin. These bright features observed in the STEM
images were confirmed to be Ru catalyst using spatially-resolved energy dispersive X-ray
(EDX) spectroscopy (Figure 6-2e and f). On the as-prepared catalyst specimen, several sub-2
nm particles (a) were observed with a few larger ones (b) which were attributed to
aggregation during deposition. The nanoparticles after electrochemically enhanced catalytic
measurements showed more aggregation than the as-prepared catalyst, resulting in particles

that were typically around 5 nm (c), with some that were occasionally even larger (d).
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Figure 6-1: ADF-STEM images of colloidal Ru nanoparticles deposited on a thin carbon film (a, b); and
(c) corresponding histogram.
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Figure 6-2: HAADF-STEM images of RUNPs/CeO: as-prepared (a and b); and after electrochemically
enhanced catalytic measurement (c and d). Energy dispersive X-ray spectra acquired over the region
labelled by a square on the inset images for RUNPs/CeO: as-prepared (e) and after electrochemical

enhancement of catalytic activity (f).
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Figure 6-3 shows representative STEM images of the thermally-decomposed Ru particles
supported on ceria showing particles ranging from 2 to 25 nm. This demonstrates that the
TD-Ru/CeO; catalyst consists of larger particles in comparison to the RuUNPs/CeQ catalyst

(average size = 1.1 nm) as well as having a much broader range.

10 nm

Figure 6-3: HAADF-STEM images of TD-Ru/CeO: after electrochemical enhancement of catalytic
activity.

6.3.2 Catalytic Studies
The complete oxidation of ethylene has been used as a model reaction to study the
electrochemical promotion for many years [14,15,24,141]. This model reaction was chosen
to carry out promotion studies over the RUNPs/CeO2, TD-Ru/CeO; and CeO: catalysts. It
should be noted that several electrochemical cells using the same RuNPs/CeQ; catalyst were

prepared to complete this study.

6.3.2.1 Open Circuit Catalytic Activity
Before the application of electrochemical polarization to the cells, the catalytic performance
under open-circuit conditions was determined. For a constant partial pressure of oxygen (3
kPa), a forward (i.e., increasing partial pressure of ethylene) and reverse (i.e., decreasing
partial pressure of ethylene) scan (0.005-0.03 kPa) was carried out at 350°C allowing the

reaction to stabilize for 1 h between each partial pressure. These results are shown in Figure
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6-4. From these results partial pressures less than 0.012 kPa of C2H4, corresponding to
conversions <30%, were chosen to carry out the EPOC studies.

A comparison of the open circuit catalytic activity between the three catalysts —
RuNPs/CeO2, TD-Ru/CeO> and CeO: is presented in Figure 6-4a. It can be seen that the
catalytic activity is the highest for the CeO»-supported nanoparticles (RuNPs/CeO3), while
the TD-Ru/CeO> and CeO- by itself show much lower activity. These results show that the
Ru nanoparticles are the catalytically active phase for the selected reaction since blank CeO>
is not as active; therefore, it is the interaction between these two materials that is causing
such performance. A similar increase in the catalytic performance with the addition of a low
loading of Pt nanoparticles was observed previously[180]. Furthermore, the size of the Ru
particles is a factor in the performance as the TD-Ru/CeO; did not show much higher
catalytic activity compared to the blank CeO.. This observation is attributed to a stronger
metal-support interaction between the Ru nanoparticles and CeO, compared to that of the
particles deposited through thermal-decomposition. These results correspond with the size
dependence on catalytic activity and metal-support interaction of Pt nanoparticles supported

on YSZ previously shown [102].
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As can be seen in Figure 6-4b, a slight hysteresis was observed for the catalytic activity of
the RUNPs/CeO: catalyst while, for the TD-Ru/CeO- (Figure 6-4c) and CeO> (not shown)
catalysts, there was no hysteresis observed. Similar observations were discussed for a Rh
film deposited on a TiO- interlayer [242,243]. The observed hysteresis may be attributed to
either nanoparticle agglomeration or to the partial reduction of ruthenium oxide particles as
the concentration of ethylene was increased, resulting in a higher catalytic activity curve in
the forward direction. While in the reverse direction, as the concentration of ethylene is
decreased, the partially-reduced ruthenium oxide was not oxidized as easily, resulting in a
lower catalytic activity curve. Furthermore, at higher pc2n4, nanoparticle poisoning (coking)
to some extent may take place. It is difficult to distinguish between each effect because all
three factors may explain the lower reaction rates in the reverse scan. Furthermore, due to the
presence of smaller particles in the RUNPs/CeO; catalyst compared to the TD-Ru/CeO>
catalyst, the partial reduction of the ruthenium oxide was more easily achieved resulting in
less of a hysteresis effect for the TD-Ru/CeO; catalyst.

6.3.2.2 Effect of Polarization
The effect of negative polarization for all three catalysts was determined by passing -2 pA
(Uwr = -6.8 V) at a partial pressure of ethylene of 0.012 kPa at 350°C. Under cathodic
polarization three electrochemical processes are expected to take place simultaneously: (i)
reduction of gas phase oxygen at the three-phase boundary, i.e., catalyst/solid-electrolyte/gas,
(i) CeOz reduction, and (iii) RuOx reduction [244]. An enhancement in catalytic activity was
only observed for the RUNPs/CeO; catalyst (shown in Figure 6-5a). A slightly higher current
(-5pnA, Uwr =-6.5 V) was then required at 375°C to electropromote the RUNPs/CeO-
catalyst (Figure 6-5b).
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Figure 6-5: Transient effect of current application for C2Ha oxidation over RUNPs/CeO2 on YSZ
electrolyte at (a) 350°C for a current of -2 pA (Uwr = -6.8 V); and (b) 375°C for a current of -5 pA (Uwr
=-6.5 V) for 6 hours (0.012 kPa CzHa).

A rate enhancement ratio of 2.46 and a Faradaic efficiency of 96 were observed when
passing a current of -2 uA at an ethylene partial pressure at 0.012 kPa at 350°C (Figure
6-5a). Furthermore, a higher current at 375°C resulted in a rate enhancement ratio of 1.66
and a Faradaic efficiency of 61. It is worth noting that negative current application resulted in
an initial slow increase in the reaction rate followed by an abrupt increase after
approximately 1 h. These results indicate that there is a delay between the electrochemical
and catalytic process. Additionally, as can be observed in Figure 6-5a, after approximately 3
h of passing negative current, the catalytic rate shows a gradual decline for about 1 h; then
proceeds to gradually increase to an even higher rate than before the decline. Finally, this
decline is observed again near the interruption of the current. It is possible that this instability
is caused by the ability of CeO2 to convert easily between Ce** and Ce®* resulting in a
change of metal-support interaction between CeO2 and Ru which can alter the catalytic rate.
On the one hand, since RuOx is a better catalyst for ethylene oxidation than Ru metal, the
increase in the reaction rate due to RuOx reduction was ruled out[238,245]. On the other
hand, CeO2 is a MIEC and is easily reduced from Ce** to Ce®" oxidation state; therefore
partial reduction of ceria to CeO2.x may be responsible for the observed increase in the
catalytic rate of ethylene oxidation. As was shown earlier[246,247], the reduced ceria has
higher ionic (0%) conductivity due to the larger amount of lattice defects, i.e., oxygen
vacancies and Ce3* ions. In the first hour (Figure 6-5), the partial reduction of CeO2 to CeQs.
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x may take place. The reduced CeO2.x enhances catalytic activity of Ru nanoparticles towards
ethylene oxidation.

Furthermore, it was also observed that the catalytic rate remained in the enhanced state, at
both conditions, even after current interruption resulting in a permanent enhancement ratio of
2.33 and 1.66 for a current of -2 pA and -5 pA, respectively. The effect of temperature and
the observed permanent enhancement will be discussed in more detail later. An interesting
point to note is that there was a longer persistent effect observed when passing a higher

current.

As stated, the effect of polarization was not observed for the TD-Ru/CeO: or the CeO>
catalysts (results are not shown). These results show that Ru particle size and metal-support
interaction (MSI) between CeO- and the Ru particles plays a key role in the oxidation of
ethylene at both open and closed circuit conditions. The catalytic activity of CeO> alone
could not be enhanced by polarization. Furthermore, the TD-Ru/CeO; catalytic activity could
not be enhanced plausibly due to either the large Ru particle size and size distribution or
difference in the synthesis method, resulting in a weaker interaction with the CeO, support. It
has been shown previously that MSI becomes stronger as the metal particle size decreases
[102]. It is important to note, that previous EPOC studies of RuO; catalysts using the method
of thermal-decomposition have been successful in enhancing the catalytic activity through
polarization; however, the metal loading was much higher, 1-3 mg Ru/cm? in comparison to
0.10 mg Ru/cm? in this study, resulting in a continuous RuO2 film and not isolated
nanoparticles [160,224,238].

6.3.2.3 Effect of Temperature for RuUNPs/CeO>
To determine the effect of temperature on the extent of electrochemical catalytic
enhancement over the RUNPs/CeO: catalyst, -2 pA was passed for 6 h at three different
temperatures — 350, 375 and 400°C. Figure 6-6 shows this effect with regards to the rate

enhancement ratio and Faradaic efficiency.
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Figure 6-6: Effect of temperature on rate enhancement ratio (p) and Faradaic efficiency (A) when
passing a current of -2 pA for 6 hours for C2H4 oxidation over RUNPs/CeO: on YSZ electrolyte (0.012
kPa C2Ha).

Overall, it can be seen that electrochemical promotion was observed for all three
temperatures since all Faradaic efficiencies are greater than 1. The highest rate enhancement
ratio was obtained at a temperature of 350°C (p = 2), while increasing temperature showed a
decrease in the rate enhancement ratio. As temperature increases, the open circuit catalytic
rate increases as well, while the change in catalytic rate (r — ro), due to polarization, decreases
with increasing temperature; therefore, leading to a decrease in the p and A values. Similar
observations have also been reported previously [160,179] where an optimal temperature for
electrochemical promotion was determined. One study showed an optimal enhancement in
catalytic activity at 350°C for a thermally-decomposed RuO: film on a YSZ monolith. It was
explained that at a lower temperature the influence of EPOC was not as apparent due to a
lower amount of current passed, while at higher temperatures, the enhancement reaches a

maximal values leading to a decrease in the EPOC effect [160].

6.3.2.4 Persistent Effect due to Polarization
The effect of both negative and positive polarization was investigated and its relationship to
the observed persistent effect. Figure 6-7 shows, for a constant partial pressure of oxygen (3
kPa), the effect of applying +2 pA for 0.012 kPa CoHa4 (Figure 6-7).
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at 350°C when passing a current of -2 pA (Uwr = -2.8 V) for 4 hours and +2 pA (Uwr = 2.8 V) for 6 hours
(0.012 kPa C2Ha4).
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It is evident that there is a pronounced effect of both negative and positive polarization. A
rate enhancement ratio of 1.28 was observed when passing a current of -2 uA at a partial
pressure of CoHs of 0.012 kPa. The Faradaic efficiency was found to be 55, indicating that
the catalytic activity is 55 times higher than predicted by Faraday’s law. As shown in Figure
6-5, again, negative current resulted in an initial slow increase in the reaction rate followed
by a rapid increase after 1 h (Figure 6-7). After current interruption, the catalytic rate
remained in the enhanced state and continued to increase before reaching a new steady state.
Moreover, by applying a positive current (+2 pA up to 6 h), this permanent effect was

completely reversed.

Due to the observed ‘‘permanent’’ effect after passing a current of -2 pA for 0.012 kPa CzHg,
the catalytic performance under open-circuit conditions was evaluated after 72, 96, and 144 h
after current interruption (Figure 6-8). Note that ‘“open circuit’’ indicates the catalytic rate

before polarization.

It is evident that the catalyst has been permanently altered through the application of a
negative current, with a more pronounced effect at low partial pressures of CoHa. It is
proposed that partial reduction of CeO2 might be responsible for the observed enhancement
in reaction rate. It is has been shown previously that the catalytic activity of an Au catalyst
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supported on reduced Ce>O3 exhibits much higher catalytic activity, due to stronger metal-
support interaction, compared to that supported on CeO2[104]. Catalytic activity of a metal-
ceria system is directly related to the number of oxygen vacancies in the crystal structure;
therefore, through the application of negative polarization, the following reaction could take

place.
Ce0, + 2xe™ - Ce0,_, + x0%~ 6-4

where Ce*" is electroreduced to a lower valence state due to the removal of oxygen species
from its structure. Through the partial reduction of CeO,, more oxygen vacancies in the ceria
interlayer are formed causing a stronger metal-support interaction and resulting in an
increase in the catalytic activity of Ru nanoparticles [227]. A similar relationship was
observed by Jiménez-Borja et al. [179] during the enhancement in catalytic activity of a
Pd/CeO,/YSZ catalyst. As seen in Figure 6-7, under negative polarization, initially a small
increase in the reaction rate is observed due to the slow rate of the reaction (Eq. 6-4). The
rate limiting step of (Eq. 6-4) is the diffusion of O? from CeO,to YSZ solid electrolyte.
Under positive polarization for up to 6 h or open circuit operation for up to 144 h, the
partially reduced ceria is oxidized and the opposite diffusion process of 0% from YSZ to
CeO- takes place. The latter leads to the catalytic rate decrease down to the initial rate values
or even lower (Figure 6-8); however, this could be explained by the nanoparticle
agglomeration as confirmed by STEM (Figure 6-2c and d). These results demonstrate the
role of the MIEC interlayer, CeO.., and its enhanced interaction with Ru upon
electrochemical reduction of ceria. A similar persistent effect was observed for a IrO,—TiO>
catalyst [223]. It was found that the more TiO> present, the longer it took for the catalytic

activity to return to its initial value.
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Figure 6-8: Persistent effect observed for the (a) catalytic rate and (b) permanent rate enhancement ratio
after negative polarization (-2 pA, 4 hours) for complete oxidation of ethylene over Ru/CeQ2 with varying
partial pressure of ethylene and constant oxygen partial pressure (3 kPa) under open circuit conditions
at 350°C.

6.3.3 XPS Analysis of RUNPs/CeO2 Before and After Electrochemical Enhancement
XPS results are discussed only qualitatively since the O abundance and the chemical state of
cerium can be influenced by the exposure of the samples to the atmosphere and/or the Ultra
High VVacuum/X-ray exposure as was mentioned above. In order to eliminate these effects,
the two samples (before and after electrochemical enhancement of catalytic activity under
negative polarization) were prepared and treated exactly in the same way. Figure 6-9a
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presents the wide XPS scan for an as-prepared RuNPs/CeO2 on YSZ sample (lower spectra)
and after the catalytic measurements under negative polarization, i.e., when RUNPs/CeO-

reaches the highest electrochemical enhancement in the catalytic rate (upper spectra).
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Figure 6-9: Wide scan (a), Ce3d (b) and O1s (c) XPS spectra of the RUNPs/CeO2 on YSZ sample before
(lower spectra) and after electrochemical enhancement of catalytic activity (upper spectra).

In the case of the as-prepared sample only ruthenium, cerium, oxygen and carbon are
detected. The absence of signal due to yttrium and zirconium, both in the wide scan but also
to the corresponding energy windows, denotes that the RUNPs/CeO; overlayer is
homogeneous and its thickness is high enough (>10 nm). On the other hand, after the
electrochemically enhanced catalytic measurements were performed, Zr and Y are also
detected. This means that, after the electrochemically enhanced catalytic measurements, the

layer of CeO> is ‘‘damaged’’, thus revealing the substrate (YSZ).

At this point, it cannot be excluded that the catalytic measurements caused the RUNPs/CeO>
to diffuse into the YSZ matrix. In this way, the substrate is revealed leading to the detection
of the characteristic XPS peaks of yttrium and zirconium. The Ru3p peak of the as-prepared
sample (as shown in Appendix, Figure A-2) and the sample after the catalytic measurements
(not shown here) are detected at 462.7 eV (Ru3pazr2). The peak is rather wide with a full
width at half maximum (FWHM) around 4.3 eV and is attributed to ruthenium atoms in
Ru02[248]. The existence of RuO; is further supported by the analysis of the O1s spectra.
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In Figure 6-9b, the Ce3d spectra of the as-prepared sample (lower spectra) and after the
electrochemically enhanced catalytic measurements (upper spectra) are presented. The
intensity of the Ce3d spectra after the electrochemically enhanced catalytic measurement
shows a decrease of about 30%. This supports the fact that the thickness and/or the
uniformity of the ceria overlayer were affected by the catalytic measurements. The Ce3d
XPS spectra is rather complex due to the existence of six different peaks corresponding to
Ce* and four peaks corresponding to Ce3*. The complexity of the Ce3d spectra arises from
electron correlation phenomena that cause changes on both the initial state and the final state
of the photoemission process. These phenomena involve the hybridization of spatially
extended valence band O2p orbitals with the Ce4f orbitals.

In the following discussion the nomenclature proposed by Burroughs et al.[249] was chosen.
In order of increasing binding energy, the 3ds, components that are attributed to Ce** are

nr

labeled as v, v’ and v’ while the 3ds> components are denoted as v, v’ and v'”’. The

v""" /" high binding energy doublet at around 897.8 and 916.1 ¢V is attributed to the final
state of Ce(I1V)3d°4f°02p®. The doublet v"’ /v"" at 888.5 and 906.9 eV is originated from the
state of Ce(1V)3d°4f102p® while the doublet v /v at about 882.2 and 900.9 eV correspond to
the state of Ce(1V)3d%4f202p*. On the other hand, the characteristic doublets due to Ce203
are labeled as v° and v’ (3ds;2 component) and v° and v’ (3ds2 component). The
deconvolution of the O1s XPS peak reveals the existence of four components at 529 (O"),
530.2 (O"), 531.4 (0" and 533.1 eV (0"Y). The% relative intensity of the O1s components
is 0":0":0":0"Y = 60.7:14.4:18.2:6.7. The O' and O'" are attributed to oxygen atoms in ceria
and in OH groups, respectively. The O'Y component is attributed to water molecules on the
oxide surface and structure but can be also related to C—-O—H or C—O-C groups due to
contamination [250]. The O" is characteristic of RuO [251]. Using the XPS intensities of O
and Ru3p3/2, and the corresponding atomic sensitivity factors, the atomic ratio of O'/Ru was

calculated to be 2.3 which is close to the theoretical value of 2.

In order to identify any changes that can be attributed to the electrochemically enhanced
catalytic measurements the two spectra of Ce3d were normalized relative to the signal of
v'", that is the only peak in which the signal is not affected by the presence of Ce®". The

normalized spectra are presented in Figure 6-10.
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Figure 6-10: Comparison of the Ce3d XPS spectra of the RUNPs/CeO: on YSZ sample before (black solid
line) and after the catalytic measurements under negative polarization (red dotted line).

As it can be seen, small changes are detected at around 880.5 eV and 885.8 eV, where the
Ce®" peaks (3ds/2) are detected, accompanied by changes in the energy region where their
corresponding 3ds/> components are detected around 899 and 903.6 eV, respectively. The
appearance of these changes can be attributed to a partial reduction of Ce** to Ce3* during the
catalytic experiments. The changes are rather limited, but this is expected due to the fact that
previous studies have shown that the reduction observed for nanoceria is lower compared to
micro-ceria [252]. The corresponding O1s spectra of the sample after catalytic measurements
(Figure 6-9c, upper spectra) shows the existence of, again, four components at similar BES
compared to the spectra of the sample before. The % relative intensity of the four
components is now 0":0":0"":0"Y = 51.5:18.9:23.1:6.5. The observed decrease of the O'is
relevant to the decrease of the intensity of the Ce3d. To this point, it should be mentioned
that the signal of oxygen might also be influenced due to the exposure of the samples to the
atmosphere and the introduction in the ultra-high vacuum chamber during the XPS
measurements. Additionally, after the electrochemically enhanced catalytic measurements,
the reveal of the YSZ substrate further affects the signal of the O1s peak; thus making it
rather difficult, at this point, the attribution of the observed changes to the decrease of the

O(I) peak or an increase in the other peaks.

The XPS results of the as-prepared sample and after electrochemical enhancement of

catalytic activity show that a small increase of the signal to the energy regions that the Ce3*
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peaks are detected. These changes support the results of the catalytic measurements in which
a partial reduction of Ce** to Ce®" occurs.

6.4 Conclusions

In the present work, electrochemically enhanced metal-support interaction (MSI) between
highly dispersed Ru nanoparticles and CeO- support was demonstrated for the complete
oxidation of ethylene. Ru nanoparticles were supported on CeO», a MIEC (1 wt% Ru/CeO)
and interfaced with YSZ, an O% conductor. Both negative and positive polarization (2 pA
and -5 pA) showed a pronounced effect on the catalytic rate of the RuNPs/CeO; catalysts.
The catalytic enhancement was attributed to the partial electroreduction of CeO>. This
reduction of ceria, after negative polarization, was confirmed through XPS analysis by
comparing of an as-prepared sample with an electrochemically promoted RUNPs/CeQy, i.e.,
after passing negative current for 6 h and when the closed-circuit reaction rate was at the
highest state. Partially reduced CeO2.x and Ru nanoparticles are proposed to form a stronger
metal-support interaction which could result in the observed higher catalytic activity. The
reduction process of ceria is a limiting step in the enhancement of the catalytic activity of
ethylene oxidation over the RUNPs/CeQ,/YSZ system. As the reaction temperature increases
from 350 to 400°C, the open circuit catalytic rate increases from ~9 x 10°2° mol C;Has-s™ to
~17 x 102° mol C2H4-s, while the change in catalytic rate (r — ro), as a result of passing
current at pcona = 0.012 kPa, decreases with increasing temperature, leading to a decrease in
the rate enhancement ratio, p, from 2.0 to 1.1 at 350 and 400°C, respectively. Once
electrochemically promoted, a ‘‘permanent’’ or ‘‘persistent’’ catalytic rate enhancement was
observed. The catalytic rate returned to its initial unpromoted state either under anodic
polarization for up to 6 h or after the open-circuit catalyst operation for up to 144 h due to
slow CeO»x oxidation. Overall, this study shows the feasibility of applying the concept of
electrochemical promotion to highly-dispersed heterogeneous catalysts and feasibility of in-
situ modification of MSI effect.
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Chapter 7: Quantifying Metal Support Interaction
In Ceria-supported Pt, PtSn and Ru Nanoparticles
using Electrochemical Technique

Dole, H.A.E., Costa, A.C.G.S.A., Couillard, M., Baranova, E.A. Journal of Catalysis, 333, 40-50 (2016).

Electrochemical promotion and metal-support interaction (MSI) have long been viewed as two separate
phenomena; however, more recently it has been shown that, functionally, for ionic and mixed ionic—electronic
conducting materials, both are linked by the transfer of ionic species at the interfaces. The purpose of this study
was to exhibit a relationship between these two concepts through the use of an electrochemical technique to
evaluate CeO,-supported Pt- and Ru-based nanoparticles. The presence of ceria was found to increase the
reaction rate when compared to free-standing Pt and Ru nanoparticles with the metal-support interaction rate
enhancement ratios, pmsi, Up to 14. Polarization measurements established that higher exchange current
density, io, values correspond to lower open circuit catalytic rates. An apparent self-induced Faradaic
efficiency was proposed and determined for each catalyst; lowest value (|4msi| = 20) was found for free-
standing nanoparticles, while highest value (|4wusi| = 1053) corresponded to 1 wt% Pt-1/CeOs.
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7.1 Introduction

For many years, the concepts of electrochemical promotion of catalysis (EPOC) and metal—
support interaction (MSI) were deemed as two separate phenomena. However, in the last two
decades, it has been shown that they are very closely related, through the phenomenon of
backspillover-spillover of promoting species, for ionic (doped zirconia and ceria) and mixed
ionic—electronic conducting (MIEC) supports (CeOz, TiOo, etc.) [14,32,109,223]. The
difference between the two phenomena has been shown to be only operational. It has been
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said that EPOC is electrochemically controlled MSI; likewise, MSI is considered as self-
induced EPOC [14]. EPOC does have, however, an operational advantage of in situ control
of the promoting species through the application of an electrical stimulus between a catalyst-
working electrode and an inert counter electrode. On the other hand, the extent of the MSI
effect mostly depends on the difference in work function of the two materials. It should be
noted that, in both cases, two competing reactions are occurring — electrocatalytic (i.e.,
reacting with O from the support) and catalytic (i.e., reacting with adsorbed O?) oxidation.
The extent to which these reactions take place depends on several factors, including
temperature, type of material, particle size and dispersion, ionic conductivity, and gas phase
composition [16,106,116].

In order to evaluate the EPOC phenomenon, two parameters can be determined, rate
enhancement ratio, p and an apparent Faradaic efficiency, A. Equation 7-1 shows A for 0%
conducting systems under closed circuit, applying a potential across the electrochemical cell
[14],

A= (r—ry/U/2F) 7-1

where r is the closed circuit catalytic rate (mol-s™), ro is the open circuit catalytic rate (mol-s-
Y, I'is the current (A), and F is Faraday’s constant (96 485 C-mol™). A reaction is said to
exhibit the EPOC effect when |4| > 1 (i.e., a non-Faradaic enhancement) [14]. Likewise, as
proposed previously [14,20], the apparent Faradaic efficiency can also usually be estimated

for any catalytic reaction using equation 7-2,
|A] = 2F 7o /1, 7-2

where lo is the exchange current (A); defined as the current in the absence of an electrical
stimulus or a measure of the electrocatalytic activity at the three phase boundary (tpb). lo is
known to predict the expected magnitude of 4 in EPOC studies. It is said that lower lg
values, i.e., interface is more polarizable, are required in order to obtain high values of 4,
i.e., astrong EPOC effect [175].
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Furthermore, the rate enhancement ratio (p) in conventional EPOC studies [14] is defined as,
p=r/ro 73

where r is the closed circuit catalytic rate (mol-s™) and ro is the open circuit catalytic rate
(mol-st). Similarly, in pioneering work by Nicole et al. [223], where the influence of adding
TiO2 to a IrO- catalyst was observed, the following relationship (Eq. 7-4) was defined as a

promotional (metal-support interaction) rate enhancement ratio (pwsi),

pms1 = I/Ty 7-4

where r is the catalytic rate of the promoted catalyst (mol-s™) and ry is the catalytic rate of

the unpromoted catalyst (mol-s™?).

Typically, EPOC experiments are carried out using a continuous film catalyst [141,225];
however, more recently, implementing nanocatalysts through the use of MIEC materials
[180,229] has made it possible to reduce the amount of metal catalyst required, while
maintaining the electrical conductivity of the electrode needed to complete the
electrochemical cell. CeO- is one MIEC material that has been used for this purpose as it
conducts O% ions due to oxygen vacancies in the crystallographic structure as well as
conducts electrons at elevated temperatures. Additionally, due to its non-stoichiometry, CeO>
has the ability to undergo conversion between Ce** and Ce®* quite easily [109,227]. In
heterogeneous catalysis, this reducibility and presence of oxygen vacancies are the reasons
ceria is considered an ‘“active support”, as it has been shown to greatly influence the rate of
various oxidation reactions, in comparison to “inert” non-reducible supports such as gamma
alumina [253,254]. These properties play a significant role in the interaction with the
supported metal nanoparticles. Specifically, this MSI effect has been shown previously for
YSZ- and CeOz-supported Pt systems for oxidation reactions [102,106,234]. It is said that
the O% ions from the support backspillover onto the catalyst, due to a difference in work
function between the metal and support, forming what is called an effective double layer,

resulting in enhanced catalytic activity. This enhancement is attributed to the O% ions acting
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as sacrificial promoters on the catalyst surface, which has been termed self-induced
electrochemical promotion [109,115].

Recently, a study of Pt nanoparticles supported on YSZ, ZrO, and SiO, demonstrated,
through the use of isotopic oxygen, a further understanding of the role of O% species present
in the catalyst support [106]. It was shown that predominately the lattice oxygen species
reacted with the propane for the Pt/YSZ catalyst, while the gas phase oxygen reacted
predominately with propane for Pt/ZrO; and Pt/SiO.. Therefore, in the presence of O?-
conducting supports, the absorption of gas-phase oxygen is strongly inhibited by the
backspillover of the promoting species. The participation of these O% species in reacting
with the oxidizable reactants (e.g., CaHe or CoHa) is referred to as the “sacrificial promoter”

type mechanism [109,225].

In the present work, very small (average sizes: 1 — 4 nm), ceria-supported Pt- and Ru-based
nanoparticle (typical state-of-the-art heterogeneous catalysts) for the complete oxidation of
ethylene were studied using a combined electrochemical and catalytic approach. To this end,
the free-standing (colloidal) Pt and Ru, and ceria-supported Pt/CeQO2, PtsoSnso/CeO-, and
Ru/CeO catalysts were incorporated in a solid-electrolyte (i.e., YSZ) electrochemical cell.
First, the open circuit catalytic activity with varying partial pressure of reactants and
temperature was evaluated, then electrochemical characterization of free-standing and CeO»-
supported Pt, PtSn and Ru nanoparticles was carried out using steady-state polarization
measurements. The effect of temperature and particle size, as well as the role of ceria as a
support and addition of tin to Pt (PtsoSnso/CeQ>), on the electrochemical response was
studied. The electrochemical data (i.e., the exchange current density) was correlated with the

catalytic rate of ethylene oxidation for each catalyst.

7.2 Materials and Methods

7.2.1 Synthesis of Free-standing Nanoparticles
Platinum, ruthenium, and platinum-tin nanoparticles (Pt-1, Pt-2, Ru, PtsoSnso) were first
synthesized using a polyol reduction method [68]. To synthesize the Pt-1 and Pt-2 only
colloids, 0.12 g PtCl4 (Alfa Aesar, 99.99% metals basis) precursor salt was dissolved in 25
mL and 95 mL, respectively, of ethylene glycol (anhydrous 99.8% Sigma Aldrich); then a
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volume of NaOH (EM Science, ACS grade) dissolved in ethylene glycol was added for a
total concentration of 0.06 M or 0.2 M (indicated as Pt-1 and Pt-2, respectively), depending
on the desired crystallite size (3.8 and 1.6 nm, respectively, as determine from XRD [255]).
Likewise, the colloid of Ru nanoparticles (indicated as Ru) was synthesized in 50 mL of
ethylene glycol, starting by adding 0.15 g RuCls (Alfa Aesar, 99.99% metals basis) with a
concentration of 0.08 M of NaOH. The PtsoSnso-1 colloid was synthesized by dissolving both
PtCls and SnCl, (Acros Organics, 98% anhydrous) salts (50:50, Pt:Sn molar ratio) in
ethylene glycol with a concentration of 0.08 M of NaOH (indicated as PtsoSnsp). The salt
solutions were stirred for 30 minutes at room temperature and subsequently refluxed for 3

hours at 160°C. The initial solution pH was 10 and after reflux, it dropped to pH 7-8.

7.2.2 Deposition of Nanoparticles on CeO2 Support

For the supported catalysts (Pt-1/CeQO2, Pt-2/CeO., Ru/CeO., and PtsoSnso/CeO3), the
synthesized colloidal solution was deposited on CeO> (Alfa Aesar, specific surface area ~30-
40 m2.g’t) at room temperature by mixing CeO2, deionized water and an appropriate volume
of the colloid for a desired metal loading of 1 wt% or 5 wt% . The solution was stirred for 48
h at room temperature; then the supported nanoparticles were extensively washed three times
with deionized water (18 MQ-cm) and separated by centrifugation. Finally, the supported
nanoparticles were dried in air using a freeze dryer for 3-4 h. The catalysts studied in this

work are summarized in Table 7-1.

Table 7-1: Summary of electrochemical characterization of nano-catalysts.

Av_eragg Nominal Exchange Current Self-induced
Particle Size o .
Catalyst (from STEM) Metal Density, io Faradaic
(nm) Loading (%) (nA/em?) at 350°C  Efficiency, Awms

Pt-1 (colloid) 3.8" N/A 7.5 20

1 wt% Pt-1/CeO, 3.0 1 1.3 1053

5 wt% Pt-1/CeO; 3.0 5 6.8 57

5 wt% Pt-2/CeO; 1.4 5 5.7 110

1 wt% Pt5oSnse/CeO> 1.9 1 3.6 327

Ru (colloid) 1.1 N/A 7.7 18

1 wt% Ru/CeO; 1.1 1 11 927

*crystallite size from XRD
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7.2.3 Preparation of Electrochemical Cells
To prepare the electrochemical cells, the colloids (Pt-1 or Ru), supported powders (1 wt% Pt-
1/Ce02, 5 wt% Pt-1/CeO2, 5 wt% Pt-2/CeO, 1 wt% Ru/CeO>, and 1 wt% PtsoSnso/CeOy) or
CeO> alone, were deposited on one side of a masked Y SZ disk as the working electrode
along with inert gold counter and reference electrodes on the opposite side. YSZ powder
(TOSOH, specific surface area ~13 m?.g%, average size of 0.3 um) containing 8 mol% yttria
was used to form solid electrolyte disks (18 mm diameter and 1 mm thickness) by a known
procedure[228]. The counter and reference electrodes were deposited by applying gold paste
(C2090428D4, Gwent Group, CAS: 98-55-5) followed by annealing at 500°C for 1 h.

The colloid was deposited directly onto the YSZ disk at the desired loading (0.10 mg
metal-cm); however, in order to deposit the supported powders as the catalyst-working
electrode, a solution of catalyst powder and ethanol was first prepared. Approximately 0.2 g
of powder was dispersed in 2 mL of ethanol via sonication. The slurry was then deposited
until the desired loading was obtained (0.10 mg metal-cm). It should be noted that the same
metal loading on the electrode resulted in different thickness of the catalyst layer and amount
of ceria, i.e., 9.9 mg CeO-cm or 1.9 mg CeO,-cm for the 1 wt% and 5 wt% metal loading
catalysts, respectively. After deposition, the catalyst layer was dried at 60°C for 30 min
between depositions. Finally, the catalyst was calcined in a mixture of Oz (3 kPa) and He
(balance) at 350°C for 1 h.

7.2.4 Catalyst Characterization
X-ray diffraction (XRD) measurements of colloidal Pt nanoparticles (Pt-1, Pt-2) were carried
out on a Rigaku Ultima-IV diffractometer using a Cu Ko X-ray source, 40 kV, 44 mA in
order to determine the crystallite size of Pt-based nanoparticles. The crystallite size analysis
of the Pt nanoparticles was based on the full-width at half maximum (FWHM) and full-width
at ¥% maximum (FW%M) of the Pt(111) peak and determined using the Debye formula for
scattering by randomly oriented molecules. Further details of the procedure carried out and
the resulting diffraction patterns can be found in a previous study [255]. A similar procedure

was carried out for the PtsoSnso colloid where the Pt(111) peak was analyzed.

Further characterization of the colloidal and supported particles was performed using
scanning transmission electron microscopy (STEM) and transmission electron microscopy
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(TEM) to determine the size distribution and uniformity of the deposited particles. TEM
micrographs of colloidal Pt nanoparticles (Pt-1 (colloid)) were obtained using JEOL JEM
2100F FETEM operating at 200 kV. Additional details of this characterization can be found
in a previous study [255]. The STEM analysis was done for the Ru colloid and supported Pt
and Ru particles using a FEI Titan3 80-300 microscope operated at 300 kV. Details of this

procedure are discussed previously [229].

Two-wire in-plane resistance measurements of the catalyst-electrodes (as deposited on the
YSZ electrolyte) for the free-standing Pt-1 and the supported 1 wt% Pt-1/CeQO,, 5 wt% Pt-
1/Ce0O3, and PtsoSnso/CeO, were carried out under an Oz (3 kPa) and He (balance)
environment, allowing the catalyst to stabilize for 30 mins. A multimeter (Agilent model
U1272A) was used to measure the resistance across two contacts attached on either side of
the catalyst-electrode (6 mm apart). The measurements were taken at 350, 400, and 450°C.
From these measurements, electrical resistances for Pt-1 colloid were determined to be 1.5
MQ-cm, 0.6 MQ-cm, and 0.1 MQ-cm, respectively; 1 wt% Pt-1/CeO> to be 3.3 MQ-cm, 0.9
MQ-cm, and 0.2 MQ-cm, respectively; 5 wt% Pt-1/CeO> to be 5.3 MQ-cm, 1.5 MQ-cm, and
0.2 MQ-cm, respectively; and 1 wt% PtsoSnso/CeO> to be 1.7 MQ-cm, 0.5 MQ-cm, and 0.1
MQ-cm. Similar measurements were performed for the 1 wt% Ru/CeO> catalyst in a
previous study[229] showing comparable resistances to the 1 wt% and 5 wt% Pt-1/CeO>
catalysts. Relatively, the thickness of the catalyst layer (i.e., the difference between 1 wt%
and 5 wt%) and presence of CeO> does not seem to be significant in this case. Therefore, the
effect of the catalyst layer thickness on the polarization curve measurements is considered

insignificant.

7.2.5 Catalytic and Electrocatalytic Measurements
Catalytic and electrochemical studies were carried out at atmospheric pressure in a single-
chamber capsule reactor (SCCR), which is described elsewhere [244]. In short, for
polarization measurements, the electrochemical cell was placed in contact with gold current
collectors (gold mesh) that were mechanically pressed onto the surface of the catalyst-
electrode on one side of YSZ, and onto the surface of counter and reference electrodes on the
other side of YSZ disk. This current collector arrangement ensured good electrical contact

from the top of the supported and free-standing nanoparticles, as well as allowed the gas
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flow to pass over the catalyst. The electrochemical cell was enclosed in a tight-fit ceramic
(McMaster-Carr, Mycalex) capsule that was held together with two metal clamps (Omega
Engineering, Nichrome wire, Ni80/Cr20). Both the ceramic capsule and metal clamps were
mechanically stable and chemically inert in the temperature range of interest. Once
assembled, the capsule sits on top of a glass inner tube where the Au current collectors,
enclosed in YSZ tubes (to ensure no electrical contact between the wires), are fed to the base
of the reactor [244]. A potentiostat/galvanostat (Arbin Instruments, MSTAT) was used to
polarize the cell for a desired duration and constant potential while measuring the current.
The reaction gases were C2Ha (Linde, 0.5% C2Ha in He), Oz (Linde, 20.9% O- in He), and
pure He (Linde, 99.997% He) as a carrier gas. The gas composition of C2H4, O2 and He was
controlled by mass flow controllers (MKS, 1259C and 1261C Series). The overall flow rate
was held constant at 6 L-h™. The product gases were analyzed with an on-line CO; gas
analyzer (Horiba, VA-3000). All open circuit catalytic studies (except the effect of
temperature; 0.012 kPa C2Ha, 3 kPa O, He balance) were carried out at a constant partial
pressure of oxygen (3 kPa) and varying partial pressure of ethylene (0.009 — 0.018 kPa)
through a forward (i.e., increasing partial pressure of ethylene) and reverse (i.e., decreasing
partial pressure of ethylene) scan at 350°C allowing the reaction to stabilize for 1 h between
each partial pressure. Electrochemical studies were carried out in a 0.012 kPa C2H4 and 3
kPa O> mixture and 3 kPa Oz phase only; no difference in performance was determined (See
Appendix, Figure A-1), indicating that O» evolution and Oz reduction are the main reactions
of the anodic and cathodic processes, respectively. Polarization curves were obtained through
the application of potentials to the working-catalyst electrode vs. pseudo-reference electrode
(Uw) (0%/%:0,) from -5 to +5 V, while measuring the current passing through the cell and
cell potential (Ucen). Using the anodic (positive potential) data, Tafel plots (See Appendix,

Figure A-4) were used to determine the exchange current density (io).

7.3 Results and Discussion

7.3.1 Catalyst Characterization
XRD measurements were carried out to determine the average crystallite size of the Pt-based
colloidal nanoparticles (Pt-1, Pt-2, and PtsoSnso) and whether the bimetallic catalyst showed

the presence of alloying. The XRD patterns for the Pt-only nanoparticles have been reported
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in a previous study (Pt-1: 3.8 nm; Pt-2: 1.6 nm)[255]. Figure 7-1 shows the diffraction
pattern for the PtsoSnso colloid; showing a full-range scan (Figure 7-1a) and focused on the
Pt(111) peak (Figure 7-1b).
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Figure 7-1: XRD pattern of PtsoSnhso colloid (a) full scan; (b) focused to Pt(111) peak.

From the full-range scan, Pt peaks at approximately 40, 46, and 68°20 were observed that
correspond to face-centered-cubic crystal planes (111), (200), and (220), respectively. The
sharp peaks around 32, 45, 56 °20 are due to crystalline NaCl present as a result of the
synthesis procedure [70]. There is no or little presence of reflections at 34 and 52°26,
corresponding to the crystalline-phase of SnO3, indicating possible alloying between Pt and
Sn. Fitting a third order polynomial to the top of the Pt(111) peak, 20max was determined to
be 39.2° (dashed line in Figure 7-1b). As shown previously, a shift in 26max can be attributed
to alloy formation as well as to the small particle size effect [70]. The shift from bulk Pt
(39.76°) can account for the particle size effect; however, the shift from pure Pt nanoparticles
(solid line in Figure 7-1b) of similar size (39.65°) [70] demonstrates alloying between the Pt
and Sn particles. Similar results were found for Pt;Sns catalysts prepared with NaOH

concentrations lower than 0.15 M in a previous study [71].

TEMs carried out for the Pt colloids showed a uniform distribution of the particles, as shown
previously [255]. Similarly, STEMs of the supported Ru catalyst (1 wt% Ru/CeO) were

shown previously [229], resulting in an average particle size of 1.1 nm. Representative
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images of the Ru colloidal nanoparticles, as well as the supported Pt-based nanoparticles, are
shown in Figure 7-2. Average particle sizes are summarized in Table 7-1.

(9) (h)
Figure 7-2: STEM images of (a and b) Ru (colloid); (c and d) 1 wt% PtsoShso/CeO2; (e and f) 5 wt% Pt-
1/Ce0z; (g and h) 5 wt% Pt-2/CeOs..
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7.3.2 Catalytic and Polarization Studies
The complete oxidation of ethylene has been used as a model reaction to study
electrochemical promotion for many years [14,15,141]. This model reaction was chosen to
carry out the following catalytic and electrochemical studies over the free-standing and
supported catalysts. Temperature (50 — 350°C) and partial pressure of ethylene (0.009 —
0.018 kPa C2H4) were varied in order to evaluate the open circuit catalytic rate of each
catalyst. The electrochemical responses of the electrocatalytic cells in the SCCR were
determined through the application of potentials to working-catalyst electrode vs. pseudo-
reference electrode (Uwr) (0%/%20;) from -5 to +5 V, while measuring the current passing
through the cell and cell potential (Ucen). Knowing the catalyst-working electrode has a
geometric area of 1 cm?, the current density was calculated for each cell. Polarization curves
showing current density versus Uwr Were used to evaluate the electrochemical performance of
each catalyst (as discussed in further sections). Using the anodic (positive potential) data,
Tafel plots (See Appendix, Figure A-4) were plotted to determine the exchange current

density (io) for each one.

7.3.2.1 Effect of Temperature
To evaluate the effect of temperature on the catalytic activity, a forward and reverse scan at a
constant partial pressure of CoH4 (0.012 kPa) and oxygen (3 kPa) was carried out. Figure
7-3a shows, as a representation, the forward and reverse catalytic rate of 1 wt% Pt-1/CeO>
over a temperature range from 50 to 350°C. A comparison of the forward scans for all

catalysts is shown in Figure 7-3b.
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Figure 7-3: Open circuit catalytic rates (ro) of (a) 1 wt% Pt-1/CeO: (forward and reverse scans); (b) all
catalysts (forward scans) from 50-350°C (0.012 kPa C2Ha, 3 kPa O3, balance He; total flow: 6 L-h™2).

In Figure 7-3a, it is evident that as the temperature is increased, the catalytic rate increases,
reaching a maximum rate at 300°C. No significant hysteresis effect was observed between
the forward and reverse scans indicating that the nanoparticles are stable on the support in
the corresponding temperature range. It should be noted that, even though maximum
conversion for Pt-1/CeO> was achieved at 300°C, a temperature of 350°C was chosen to
carry out the electrochemical studies as it was required for the YSZ electrolyte to be ionically

conductive.
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From the comparison of all catalysts in Figure 7-3b, it was found that 1 wt% Pt-1/CeO-
reached the highest catalytic rate, followed by 1 wt% Ru/CeO., while the free-standing (Pt-1,
Ru) and CeO; alone showed low catalytic rates. These results demonstrate the synergistic
effect of supporting the metal nanoparticles on a MIEC material such as CeO,, which was as
expected from previous studies [16,102,234,253,254]. Overall, similar catalytic rates were
obtained for 1 wt% PtsoSnso/CeOz, 5 wt% Pt-1/CeO. and 5 wt% Pt-2/CeO, however the
rates deviated as the temperature approached 350°C. This could be attributed to the increase
in ion conducting of the support with increasing temperature, allowing the O% ions to
influence the catalytic rate. It is interesting to note that the 1 wt% PtsoSnso/CeQO> catalyst had
less mass of Pt present compared to all other Pt catalysts; however, still demonstrated good
performance. The role of the O% ions as well as the addition of Sn will be further discussed

along with the following results obtained from this study.

The electrochemical response of the Pt-1 and 1 wt% Pt-1/CeO- cells was determined at three
different temperatures: 350, 375 and 400°C. The results for the 1 wt% Pt-1/CeQ; catalyst are
shown as a representation of the effect (Figure 7-4a). In Figure 7-4a, the current increase in
the anodic (positive) region corresponds to oxygen evolution reaction, whereas the negative
current growth in the cathodic region is due to oxygen reduction reaction at the three-phase
boundary (tpb). It should be noted that for all catalysts, the magnitude of the current density
in oxygen only (po,= 3 kPa) and in the reaction mixture (po, =3 kPa, pcy, = 0.012 kPa) was
identical (See Appendix, Figure A-1) indicating that oxygen evolution/reduction is a
dominant reaction, while contribution of ethylene oxidation is negligible. As the temperature
is increased, the current density is increased due to the enhancement of the reaction rate of
both anodic and cathodic processes at tpb, in addition to the increased ion conductivity of
YSZ.

From the exchange current densities (i) obtained from the polarization curves at different
temperatures, Arrhenius plots, using the following general relationship (Eq. 7-5), were
constructed for Pt-1 (colloid) and 1 wt% Pt-1/CeO: (Figure 7-4b).

In(ig(uAd-cm™2)) = —E,/R-1/T +1nA 7-5
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E. is the apparent activation energy (J-mol™?), R is the gas constant (8.314 J-molK™?), T is

the temperature (K), and A is the pre-exponential factor.
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Figure 7-4: Temperature effect shown through (a) steady-state polarization curves for 1 wt% Pt-1/CeOz;
(b) Arrhenius plots of Pt-1 (colloid) and 1 wt% Pt-1/CeO:2 (3 kPa Oz, balance He; total flow: 6 L-h1).

From Figure 7-4b, the apparent activation energies of Pt-1 and 1 wt% Pt-1/CeO; were
calculated to be 81 and 90 kJ/mol, respectively. Compared to a previous study for complete
oxidation of ethylene over thick Pt films (159-188 kJ/mol[20]), the values obtained in this
study are approximately half. This may be due to the difference in catalyst structure (i.e.,
thick continuous metal film compared to highly-dispersed metal nanoparticles). The smaller,
dispersed particles allow for easier transport of O% species to the tpb sites. Furthermore, in
the same previous study [20], similar activation energy values were found for all Pt catalysts
tested even though the exchange current densities were different; as was the case in the

present study.

7.3.2.2 Pt and Ru Nanocatalysts: Role of CeO, and Addition of Tin
Due to its oxygen vacancies and ability to easily convert between Ce** and Ce®*, ceria has
been shown to influence the catalytic activity of several metal nanoparticle catalysts
[234,253,256-258]. Therefore, to determine the role of CeOz on the catalytic activity of the
Pt and Ru nanoparticles, the catalytic rates of supported and free-standing Pt and Ru, as well
as different metal loadings of Pt were compared (Figure 7-5a and b). Moreover, it has also

been shown that the presence of a second metal can change the catalytic properties of a
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catalyst due to the alloy formation and the synergetic effect between two metals[259];
therefore, the effect of adding Sn to Pt to form a bimetallic catalyst (1 wt% PtsoSnso/CeO5)
was studied (Figure 7-5b). In addition, the electrochemical response of all catalysts was

evaluated by means of steady-state polarization curves (Figure 7-5¢ and d).
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Figure 7-5: Comparison of free-standing and supported catalysts through open circuit catalytic rates (ro)
(forward scans) of (a) Ru- and Pt-based catalysts comparison between the free-standing and ceria-
supported catalyst, (b) Pt-based catalysts; and steady-state polarization curves of (c) Pt-based catalysts;
(d) 1 wt% PtseSnso, Pt-1, and Ru supported on CeO: at 350°C (3 kPa Oz, balance He; total flow: 6 L-h1).

As shown in Figure 7-5a and b, the catalytic performance of the 1 wt% Pt-1/CeO, and 1 wt%
Ru/CeO> have a much higher catalytic rate compared to the free-standing nanoparticles (Pt-1
and Ru, respectively) and CeO. support alone. It is also shown in Figure 7-5b that 1 wt% Pt-
1/CeO: is more active than 5 wt% Pt-1/CeO., indicating that the presence of a higher amount
of CeO: (thicker catalyst layer on YSZ) enhances the catalytic activity of the supported Pt
nanoparticles (1 wt%: 9.9 mg CeOz-cm2; 5 wt%: 1.9 mg CeOz-cm™).
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Therefore, the addition of ceria increases the rate of both Pt and Ru nanoparticles due to an
electronic interaction between the metal and the support. The difference in the metal-support
work function (electrochemical potential of electrons) between Pt (pp.=5.93 eV) [260], Ru
(pry=4.71eV) [260] and CeO2 (¢ce0,= 4.69eV) [261] would cause a charge transfer (0%)
from ceria to Pt and Ru nanoparticles. This ion backspillover to Pt and Ru active surface
promotes the ethylene oxidation reaction by modifying the adsorption strength of the
reactants, similarly to the closed circuit state in the EPOC studies [14]. In addition, in
agreement with the previous studies [73,262], the supported Pt nanoparticles have a higher
catalytic activity than the Ru/CeO; catalyst, because Pt is a superior catalysts for the
complete oxidation of ethylene and possibly due to the lower work function difference
between Ru and CeO..

Figure 7-5b compares the reaction rate of 1 wt% Pt-1/CeO; and bimetallic 1 wt%
PtsoSnso/CeOs. It can be seen that the addition of tin decreases the reaction rate; however, the
comparison becomes advantageous per mass activities (See Appendix, Figure A-5), which
represents an advantage for practical applications. As previously reported, the presence of Sn
can be responsible for the partial reduction of ceria [259]. The catalytic rates of 1 wt% Pt-
1/Ce0:z is higher than 1 wt% PtsoSnso/CeO2; however, the PtsoSnso/CeOz catalyst shows
higher activity than the 5 wt% Pt/CeO: catalysts. This enhanced activity could be attributed
to the electronic interaction between Pt and Sn in the alloy and/or partial reduction of ceria,
as proposed previously [229], resulting in a stronger metal-support interaction between the
ceria and the bimetallic catalyst. This partial reduction can be attributed to the slight
difference in work function between Sn [260] and CeO2 [261]: ¢, = 4.42 eV and @ .o, =
4.69 eV. This could explain the resulting similar catalytic activity per mass of Pt of the 1
wit% PtsoSnso/CeO: catalyst compared to that of 1 wt% Pt/CeO..

Furthermore, as shown in previous studies [116,255], ethylene has been known to be
structure sensitive; therefore, particle size has a strong effect on catalytic activity. This is
shown by the higher catalytic rate of 5 wt% Pt-1/CeO> (1.6 nm) compared to 5 wt% Pt-
1/Ce0O2 (3.8 nm).
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In Figure 7-5c, it was observed that during polarization, a higher electrochemical response
was measured for the free-standing (colloid) in comparison to the supported catalysts. Using
the Tafel plots, the exchange current densities (io) of all catalysts have been determined.
Table 7-1 reports values of 1.3, 5.7, 6.8 and 7.5 pA/cm? for 1 wt% Pt-1/CeO2, 5 wt% Pt-
2/Ce0O2, 5 wt% Pt-1/CeO», and Pt-1 (colloid), respectively; therefore, showing the higher rate
for the Pt colloid. It is possible that since there is no CeO- present in the catalyst-working
electrode for the colloid, there are more available tpb sites, resulting in a higher
electrochemical rate; therefore, indicating that the electrocatalytic reaction is more dominant
causing lower overall catalytic activity (Figure 7-5a). With a higher exchange current
density, the electrocatalytic reaction becomes more dominant than the catalytic reaction. On
the other hand, with a low exchange density, the catalytic reaction becomes dominant
[160,229]. This difference in exchange current densities for the two different metal loadings
is attributed to the increased resistance in the presence of higher total mass of CeO: (i.e., in
the 1 wt% catalysts) compared to that of the 5 wt% catalysts; resulting in less tpb sites for the
O? species to be available. It should be noted that agglomeration for the 5 wt% Pt-1/CeO;
catalyst was observed (Figure 7-2e); therefore, resulting in a reduction of tpb sites. Similarly,
the 5 wt% Pt-1/CeO> showed a higher electrochemical response compared to 5 wt% Pt-
2/CeO2, which could also be attributed to more resistance of CeO». Since the particles are
smaller for the 5 wt% Pt-1/CeO: catalyst, there should be more tpb sites; however, the
presence of CeO, adds more resistance than that of the 5 wt% Pt-1/CeQ; catalysts, as the

particles are in more intimate contact with the CeOo,

In general, the electrochemical rate (Figure 7-5c and d) of 1 wt% PtsoSnso/CeO> was
observed to be higher than the electrochemical rate of 1 wt% Pt-1/CeQO>. The corresponding
exchange current densities were determined to be 1.3 pA/cm? for 1 wt% Pt-1/CeO, and 3.6
nA/cm? for 1 wt% PtsoSnso/CeO2 (Table 7-1); thus confirming the slightly higher
electrochemical rate of the PtsoSnso-1/CeO; catalyst. This difference could be attributed to
the fact that the addition of Sn may assist the oxygen evolution reaction at the tpb in a similar

way as in aqueous electrocatalytic studies [71].
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7.3.3 Relating Catalytic Activity and Electrochemical Behaviour
Knowing the exchange current, the following relationship (Eq. 7-6) (adapted from that
proposed previously (Eg. 7-2) in EPOC theory [14]) was used to determine the magnitude of

the self-induced Faradaic efficiency (Awmsi),
| Apsi| = 2F1y/ 1, -6

where F is Faraday’s constant (96 485 C-mol™), ro is the open circuit catalytic rate (mol-s™)
at a specific temperature, and lo is the exchange current (A). These results are summarized in
Table 7-1.

From the values obtained, it can be seen that there are three levels of magnitude for the
catalysts tested (1 wt% catalysts > 5 wt% catalysts > colloids). It is said that highly
polarizable catalysts are required to obtain large Faradaic efficiencies; therefore, 1 wt% Pt-
1/Ce02, 1 wt% Pts50Snso/CeO2 and 1 wt% Ru/CeO; are more polarizable than the other
catalysts studied. This could be attributed to the influence of CeO; through its oxygen
storage capacity. The presence of CeO; allows for more readily available O% species at the
tpb to participate in enhancing the catalytic reaction rather than only being consumed in the

electrocatalytic reaction.

Based on the catalytic and electrochemical results, a preliminary relationship between the
open circuit catalytic rate (normalized for the mass of Pt or Ru) of the Pt- and Ru- based
nano-catalyst systems and their corresponding electrochemical responses was determined
(Figure 7-6a). Additionally, as defined previously by Vayenas and co-workers[14], the rate
enhancement ratio for MSI (pwmsi) was established for 1 wt% Pt-1/CeO2, 5 wt% Pt-1/CeOz,
and 1 wt% PtsoSnso/CeO> with respect to the Pt-1 (colloid), and 1 wt% Ru-1/CeO> with
respect to Ru (colloid) (Figure 7-6b) using equation 7-4, where r corresponds to the
promoted catalytic rate (i.e., for 1 wt% Pt-1/CeO,, 5 wt% Pt-1/CeO, 1 wt% Pts50Snso/CeOo,
and 1 wt% Ru/CeO3) and ry corresponds to the unpromoted catalytic rate (i.e., for Pt-1
(colloid) and Ru-1 (colloid)). It should be noted that the catalytic rates are normalized for the

mass of Pt or Ru, respectively.
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Figure 7-6: Open circuit (350°C; total flow: 6 L-h) (a) relationship between the normalized catalytic
rate (ro) (0.012 kPa CzH4, 3 kPa O3, balance He) and the exchange current density (io) of colloidal and
supported (1 wt%o) catalysts; (b) metal-support interaction rate enhancement ratio (pmsi) over range of
C2H4 partial pressures (3 kPa O2 and He balance) of supported catalysts.

As can be seen (Figure 7-6a), it was found that the catalytic rate for each metal decreases
with increasing exchange current density, due to the competition between the electrocatalytic
and catalytic oxidation reactions. A higher exchange current density indicates that the
electrocatlytic reaction is more dominant; resulting in the O species being consumed in the
electrochemical reaction at the tpb without significant backspillover of ion promoters to the
gas exposed catalytic active sites. Therefore, the catalytic reaction is not subject to a
promotional effect. The obtained relationship is in excellent agreement with the classical
EPOC relationship (Eq. 7-2) that was verified for numerous catalytic systems, reactions and
solid electrolytes [14].

Previously, it has been shown that certain metal-support combinations can reach a promoted
state that is equivalently to that of the electrochemically promoted state [223]. This could be
the case for the supported Pt catalysts as a result of the MSI; while the supported Ru catalyst
has not reached that point yet. This could explain why it was possible to alter the MSI
between the Ru nanoparticles and CeO> in a previous study [229].

Figure 7-6b shows that the metal-support interaction rate enhancement ratios for the 1 wt%
Pt-1/CeO2, 5 wt% Pt-1/CeO2, 1 wt% Pts50Snso/CeO2, and 1 wt% Ru/CeO- catalysts are all
greater than 1, indicating the enhancement is a result of the interaction between the metal and

support. In general, the rate enhancement ratio is greater, at lower pc,,, for 1 wt% Pt-
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1/CeO2 compared to 1 wt% Ru/CeO2 and PtsoSnso/CeO2 which is then significantly greater
than Ru/CeQz. This can be attributed to the stronger metal-support interaction of the Pt with
Ce0Oz in comparison to Ru. Similarly, the enhancement of 1 wt% Pt-1/CeO; is much greater
than that of 5 wt% Pt-1/CeO> which could be a result of a greater mass presence of CeO> or
higher particle dispersion in the 1 wt% catalyst causing a stronger interaction. Furthermore,
pmsi appears to be effected by the partial pressure of CoH4 for the 1 wt% Pt-1/CeO: catalyst,
but not significantly for the 5 wt% Pt-1/CeO2, 1 wt% PtsoSnso/CeO2, and 1wt% Ru/CeO:
catalysts. It is said that the adsorption of electropositive species (i.e., C2Has) can cause a
decrease in the work function. Since the work functions of Ru and CeO: are close in value,
the adsorption of C2Hs may not have a significant effect in changing the work function due
to this interaction, resulting in the same enhancement ratio for the partial pressure range
observed. However, Pt and CeO- have a much greater difference in work function, which
could mean that it is vulnerable to a change in work function that CoHs would impose;
therefore, altering the extent of enhancement in the catalytic activity. The difference between
the 1 wt% Pt-1/CeO; and 1 wt% PtsoSnso/CeQ: catalysts at lower partial pressures could be a
result of the influence of Sn. With less CoHa present, the partial reduction of CeO2, with the
influence of Sn, may happen to a lesser extent. This would result in a weaker interaction
between the Pt and CeO and a lower rate enhancement ratio.

7.4 Conclusions

A combination of open circuit catalytic and electrochemical measurements was used to
evaluate and understand the catalytic performance of highly dispersed Pt- and Ru-based,
free-standing and CeO,-supported catalysts with regards to metal-support interaction and the
effect of O ions from the support. The presence of CeO, was shown to play a significant
role in increasing the catalytic activity of Pt and Ru nanoparticles. It was observed that the Pt
and Ru colloids had similar catalytic performance (~3 — 16 x 10 mol C2Ha-(g metal)*-s™2);
however, when supported on CeOz, the Pt nano-catalyst had higher catalytic activity (53 —
120 x 10°® mol CH4-(g metal)*-s) than the supported Ru catalyst (41 — 75 x 10 mol
C2Ha4-(g metal)*-s1). Furthermore, the addition of Sn was shown to help in a promoting the
catalytic activity (per mass of Pt) of the CeO,-supported Pt catalyst (15 — 58 x 108 mol
C2Ha4+ (g Pt)1-s) through what is thought to be the partial reduction of ceria. Both of these
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observed enhancements in catalytic activity are attributed to a stronger interaction between
the metal catalyst and support and are shown through the observed MSI rate enhancement
ratios of ~8 — 14 for 1 wt% Pt-1/CeOy, ~8 for 1 wt% Ru/CeO>, ~ 8 for 1 wt% PtsoSnse/CeOs,
and ~3 for 5 wt% Pt-1/CeO.. The parameter of an apparent self-induced Faradaic efficiency
was proposed to quantify the MSI effect for the first time. The calculated values showed
orders of magnitude difference between the colloids (|4msi| = 18 — 20), 5 wt% catalysts
([4msi| = 57 — 110), and 1 wt% catalysts (|4msi| = 327 — 1053). Finally, a preliminary
relationship was established between the catalytic rate and electrochemical response (i.e.,
exchange current density) for the Pt- and Ru-based catalytic systems; indicating that the
lattice O% species play a key role in the overall catalytic activity of the nano-catalysts
supported on active conductive supports. Further research into this intriguing area and

studies of other nano-structured catalysts and reactions are required.
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Chapter 8: Ethylene oxidation in an oxygen
deficient environment: Why ceria is an active
support?

Dole, H.A.E., Baranova, E.A. ChemCatChem DOI: 10.1002/cctc.201600142.

Pt/CeO2, Ru/CeOy, Ir/CeO, and corresponding free-standing nanoparticles (Pt. Ru, and Ir) were evaluated for
their performance for the complete oxidation of ethylene in the presence and absence of oxygen. The lattice
oxygen and storage capability of CeO, was found to have a significant influence on the interaction with the
supported metal nanoparticles causing different catalytic behaviours in the absence of oxygen. Overall,
Ru/CeO- was found to have superior stability in comparison to 1r/CeO; and Pt/CeO,, resulting in transient
promotional rate enhancement ratio (pwsi) values reaching 200 in the first 25 min. These results were attributed
to the oxygen adsorption strength of the metal and the corresponding interaction with CeO». A proposed
relationship between pysi and the O% consumed from the support is discussed, which was suggested as a
possible tool to estimate the extent of MSI. In general, it was found that an increase in pwsi corresponded to an
increase in O consumed.
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8.1 Introduction

The concept of metal-support interaction (MSI) has been studied by many research groups in
order to determine the effect that the support, especially “active” supports, has on the
supported metal catalyst for several different reactions [31,32,263,264]. More specifically,
Tauster et al. [30,31] deemed the term strong metal-support interaction (SMSI) after it was
observed that TiO> as a support has a great effect on the catalytic properties of Pt. This was

attributed to the presence of the migration of reduced titanium oxide onto the metal surface
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[31]. The pioneering work by Nicole et al. [223] also observed an enhanced effect from
adding TiO2 to CeO2, which led to the introduction of the following relationship (Eg. 8-1),

referred to as the promotional (MSI) rate enhancement ratio (pwsi),

pms1 = T/Ty 8-1

where r is the catalytic rate of the promoted catalyst (mol-s™) and ry is the catalytic rate of
the unpromoted catalyst (mol-s™). This relationship was adapted from the rate enhancement
ratio (p) that was established for the phenomenon of electrochemical promotion of catalysis
(EPOC) [14]; the electrochemically controlled addition or removal of ionic promoters from
the support. From the results obtained by Nicole et al. [223] and the development of this
relationship (Eqg. 8-1), it was concluded that the well-known concepts of EPOC and MSI are
functionally equivalent for IrO. and Rh catalysts supported on YSZ, TiO2 and TiO-doped
supports even if an external electrical circuit is required for the former and spontaneous
charge transfer occurs in the latter. A similar conclusion was also obtained in a previous
study for Pt/CeO2, Ru/CeO. and PtSn/CeO; catalysts for the complete oxidation of ethylene
[265].

In conventional EPOC studies, an apparent Faradaic efficiency (A) is used to evaluate
whether the catalytic enhancement is non-Faradaic in the presence of an electrical stimuli
(i.e., |A] > 1). It has also been shown that A can usually be estimated for any catalytic

reaction using equation 2 when the exchange current (lo) is known, as follows,
|A| = 2Fry /1, 8-2

where F is Faraday’s constant (96 485 C-mol™) and ro is the open circuit catalytic rate
(mol-s™). In relation to MSI, a self-induced Faradaic efficiency (Amsi) was proposed (Eq. 8-
3) previously to determine the magnitude of non-Faradaic behaviour caused by self-induced

backspillover-spillover of the O% ions from the catalyst support [265].
| Amsi| = 2F 1o /1o 8-3

More recently, the term electronic metal-support interaction (EMSI) [33-37] has been used

to describe the influence of the d-orbital electrons on the interaction between the metal and
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support. It has been shown that platinum group metals, when in contact with ceria, disturb
the electronic band structure of ceria [34,35]; however, without exchanging any surface
chemical species, unlike what is proposed for SMSI. This electronic effect has also been
referred to previously as the junction effect theory [33], which relates metals having high
work functions with metal oxides with high band gap in terms of the presence of a new
equilibrium being established by the re-distribution of electrons between the oxide

conduction band and Fermi level of the metal.

The electrons that are re-distributed are said to come from the ionization of the oxygen
vacancies [33]. In the case of CeO,, a material that easily converts between Ce** and Ce**
and is known for its oxygen storage capability (OSC) [266—269], the interaction with the
supported metals is greatly influenced, especially in the case of oxidation reactions
[106,269,270]. The involvement of the lattice oxygen from the support in the reaction
mechanism has been termed as a Mars van-Krevelen type reaction [270,271].

Furthermore, it has been shown previously that depending on the oxygen mobility in the
support, different reaction pathways can occur with the gaseous hydrocarbon (in this case,
C2oHa):

(i) gaseous oxygen reacts with C2H4 through catalytic oxidation (Eq. 8-4),
C2H4, + 302 - 2H20 + 2602 8-4
(ii) lattice oxygen (O%) reacts with CoHa through electrochemical oxidation at the three-

phase boundary (tpb), i.e., 0%, and/or C2H4 reaction with ionic “sacrificial” promoters
adsorbed at the catalyst surface, i.e., O%cataiyst (Eq. 8-5),

C,H, + 60%" - C0, + 2H,0 + 12e~ 8-5
with the corresponding partial reduction of CeO- at the cathode (Eqg. 8-6),

Ce0, + 8e™ + 6Vy —» CeOy_5 + 60, 8-6
giving the overall reaction (Eq. 8-7):

SCyH, + 12Ce0, + 126V; — Ce0,_5 + 80 8-7
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This observation of mobile oxygen from the support material has been confirmed through
isotopic oxygen studies for catalytic systems involving conductive supports (i.e., YSZ, CeO»)
in comparison to non-conductive supports (i.e., SiOz, ZrO., Al203), which do not show
lattice oxygen mobility [106,221,266].

An alternate approach for confirming the role of the lattice oxygen has been carried out
previously by measuring the catalytic performance in the absence of gaseous oxygen
[73,103,271,272]. This implies that only the O from the support can react with the
hydrocarbon in an electrochemical reaction. It was found that the support with higher ionic
conductivity (i.e., samarian-doped ceria (SDC) compared to ceria or YSZ) showed higher
catalytic activity in the absence of oxygen for both ethylene and carbon monoxide oxidation
[103]. A similar observation was determined for CeO> catalysts containing various metal
loadings of SnO; for the complete oxidation of CO [271]. In the absence of oxygen, the
CeO2-supported SnO; catalysts showed higher catalytic activity than CeO alone, which is as
expected since SnOz is known to partially reduce ceria [259].

The following study investigates the role of lattice oxygen and OSC of CeO; and its
influence on the interaction with and behaviour of the supported metal nanoparticles. Three
different supported metal catalysts as well as their corresponding free-standing metal
catalysts — Pt/CeO> and Pt, Ru/CeO- and Ru, and Ir/CeO2 and Ir, were evaluated for their
catalytic performance for the complete oxidation of ethylene at 350°C. Depending on the
experiment performed, the effect on the catalytic rate in the presence or absence of oxygen or
ethylene was determined. It should be noted that to the authors’ knowledge, this is the first
time Ir/CeO2 and Ir catalysts have been used for the complete oxidation of ethylene. Previous
studies have only shown its catalytic performance for steam reforming of ethanol [267,273—
275].

8.2 Materials and Methods

8.2.1 Synthesis of Pt, Ru and Ir Nanoparticles
Platinum, ruthenium, and iridium nanoparticles were first synthesized using the polyol
reduction method [68]. To synthesize the Pt colloid, 0.12 g PtCls (Alfa Aesar, 99.99% metals

basis) precursor salt was dissolved in 25 mL of ethylene glycol (anhydrous 99.8% Sigma
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Aldrich); then a volume of NaOH (EM Science, ACS grade) dissolved in ethylene glycol
was added for a total concentration of 0.06 M. Likewise, the colloids of Ru and Ir
nanoparticles were synthesized in 50 mL of ethylene glycol, starting by adding 0.15 g RuCls
(Alfa Aesar, 99.99% metals basis) and 0.10 g of H2IrCle-xH2O (Aldrich, 99.98% metals
basis), respectively, with a NaOH concentration of 0.08 M. The salt solutions were stirred for
30 minutes at room temperature and subsequently refluxed for 2-3 hours at 160°C. The

initial solution pH was 10 and after reflux, it dropped to 8.

8.2.2 Deposition of Nanoparticles on CeO2 Support
For the supported catalysts (Pt/CeO2, Ru/CeOz, and Ir/Ce0,), the synthesized colloidal
solution was deposited on CeO, (Alfa Aesar, specific surface area ~30-40 m2-g*) at room
temperature by mixing CeOg, deionized water and an appropriate volume of the colloid for a
desired metal loading of 1 wt%. The solution was stirred for 48 hours at room temperature;
then the supported nanoparticles were extensively washed three times with deionized water
(18 MQ-cm) and separated by centrifugation. Finally, the supported nanoparticles were dried

in air using a freeze dryer for 3-4 hours.

8.2.3 Deposition of Catalyst on YSZ disk
To prepare the catalyst for evaluation, the colloids (Pt, Ru, Ir) or supported powders (1 wt%
Pt/Ce0O2, 1 wt% Ru/CeO2, and 1 wt% Ir/CeQz), was deposited on a YSZ disk (Figure 8-1)
having a geometric surface area of 1 cm?. YSZ powder (TOSOH, specific surface area ~13
m?2-g%, average size of 0.3 pm) containing 8 mol% yttria was used to form electrolyte disks
(18 mm diameter and 1 mm thickness) by a known procedure [228]. The colloid was
deposited directly onto the YSZ disk at the desired loading; however, in order to deposit the
supported powders, a solution of catalyst powder and ethanol was first prepared.
Approximately 0.2 g of powder was dispersed in 2 mL of ethanol via sonication. The
solution was then deposited until the desired loading was obtained (0.10 mg metal-cm
corresponding to 9.9 mg CeO2-cm?), drying at 60°C for 30 minutes between depositions.
Finally, the catalyst was calcined in a mixture of O2 (3 kPa) and He (balance) at 350°C for 1

hour.

118



ceria-supported free-standing

nanoparticles .
CeO, nanoparticles
\ L ° °
)_9))!))\)_)));) ...“........... e® o
0% YSZ (0L J 0% YSZ 0

Figure 8-1: Schematic of catalytic evaluation cell.

8.2.4 Catalyst Characterization
Characterization of the free-standing and supported particles was performed using both
annular dark-field scanning transmission electron microscopy (ADF-STEM) and
transmission electron microscopy (TEM) to determine the size distribution and uniformity of
the deposited particles. TEM micrographs of the free-standing Pt nanoparticles were
obtained using JEOL JEM 2100F FETEM operating at 200 kV. The ADF-STEM analysis
was performed for the free-standing Ru and Ir nanoparticles and supported Pt, Ru and Ir
using a FEI Titan® 80-300 microscope operated at 300 kV and equipped with a CEOS
aberration corrector for the probe forming lens and a monochromated field-emission gun.
Due to the very small size of the nanoparticles studied, ADF-STEM was used instead of
conventional TEM to achieve a higher sensitivity in the micrographs. Previously, this
technique has been shown to be able to obtain images of a single atom [276]. Additional
details of these characterizations can be found in previous studies [229,255,265]. ImageJ

software was used to determine the particle size distribution of at least 200 nanoparticles.

8.2.5 Catalytic Measurements
Catalytic studies were carried out at atmospheric pressure in a single-chamber capsule
reactor (SCCR) [244]. The reaction gases were C2H4 (Linde, 0.5% C2Ha in He), O (Linde,
20.9% O2 in He), and pure He (Linde, 99.997% He) as a carrier gas. The gas composition of
C2Ha, O2 and He was controlled by mass flow controllers (MKS, 1259C and 1261C Series).
The overall flow rate was held constant at 6 L-h™. The product gases were analyzed with an
on-line CO> gas analyzer (Horiba, VA-3000). The catalytic studies in the presence of oxygen
were carried out at a constant partial pressure of oxygen (3 kPa) and varying partial pressure
of ethylene (0.009 — 0.018 kPa) through a forward (i.e., increasing partial pressure of
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ethylene) and reverse (i.e., decreasing partial pressure of ethylene) scan at 350°C, allowing
the reaction to stabilize for 1 hour between each partial pressure. In the absence of oxygen or
ethylene, the catalytic studies were carried out at corresponding constant partial pressures of
0.012 kPa Cz2H4 or 3 kPa Oz, and He balance at 350°C.

8.3 Results and Discussion

8.3.1 Catalyst Characterization
TEM and ADF-STEM characterization of the Pt and Ru catalysts were shown previously,
showing a uniform distribution of particles [229,255,265], resulting in an average particle
size of approximately 3.0 nm and 1.1 nm, respectively. ADF-STEM images of the free-
standing Ir nanoparticles and 1 wt% Ir/CeO. are shown in Figure 8-2. An average particle
size for both free-standing Ir and Ir/CeO; was found to be 1.0 nm; thus showing no

significant agglomeration during the deposition on CeOs..

(a e L -

Figure 8-2: ADF-STEM micrographs of (a) free-standing Ir nanoparticles and (b) 1 wt%o Ir/CeO..

8.3.2 Catalytic Studies in the Presence of Gaseous Oxygen
The complete oxidation of ethylene was chosen as a model reaction for this study. Each
catalyst was exposed to the gas mixture at a constant partial pressure of O (3 kPa), varying
partial pressure of CoH4 with He to balance (as shown in Figure 8-3a). Furthermore, as

defined previously by Vayenas and co-workers [14], the rate enhancement ratio for MSI

120



(oms1) was established for Pt/CeO2 with respect to the Pt, Ru/CeO- with respect to Ru, and

Ir/CeO> with respect to Ir (Figure 8-3b) using equation 8-1, where r corresponds to the

promoted catalytic rate (i.e., for Pt/CeO., Ru/CeO, and Ir/CeO.) and ry corresponds to the

unpromoted catalytic rate (i.e., for Pt, Ru and Ir).
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Figure 8-3: Comparison of free-standing and supported catalysts through (a) catalytic rates (forward
scans) and (b) metal-support interaction rate enhancement ratio (pmsi) with varying ethylene partial
pressure at 350°C (3 kPa Oz, balance He; total flow: 6 L-h'?) (dashed lines: reaction condition for further
evaluation).

It is evident that the free-standing nanoparticle catalysts (Pt, Ru, Ir) have lower catalytic
activity in comparison to their corresponding CeO2-supported catalysts. This is expected due
to an interaction between the metal and support likely caused by the difference in metal-
support work function between Pt (¢p,= 5.93 eV) [260], Ru (g, = 4.71 eV) [260] or RuOx
(©ruo,= 4.6 V) [277], Ir (¢;,=5.76 eV) [260] or IrOx (¢;r0,= 4.23 V) [278], and CeO>
(@ceo,= 4.69eV) [261]. In addition, the CeOz-supported Pt nanoparticles have a higher
catalytic activity than the Ru/CeO: catalyst, because Pt is known to be a highly active
catalyst for the complete oxidation of ethylene [73,262] and possibly due to the lower work
function difference between Ru and CeOa. A higher work function difference is said to lower
the barrier for the formation of oxygen vacancies, causing the CeO> to become more
reducible [34] which results in higher activity as shown previously [229]. However, the
Ir/CeO: catalyst shows the lowest activity of the supported catalysts, even though there is a

larger difference in work function between Ir and CeO, compared to Ru and CeOa. This is
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likely due to the presence of IrOx (¢;r0,= 4.23 eV) [278] rather than metallic Ir on the CeO>
(@ceo,= 4.69eV) [261] support; therefore, in this case, CeO> has a higher work function than
IrOx causing a weaker interaction and lower catalytic activity. Similar low catalytic activity
of Ir/CeO2 was found in a previous study for ethanol steam reforming where the activation
energy was found to be much higher (58 kJ/mol) for Ir/CeO in comparison to Pt/CeO- (18
kJ/mol) [273].

Recently, Acerbi et al. [37] discussed the interaction of precious metals with CeO, using
what is called the d-band center model. Three properties are identified which are shown to
influence the ability for a surface to make and break adsorbate bonds; two of which are the
degree of filling of the d-bands and the position of the d-band centres. For the case of the
degree of filling, Pt ([Xe]4f'*5d%6s!) has more electrons in its d-band compared to both Ru
([Kr]4d’5st) and Ir ([Xe] 4f45d"6s?), thus resulting in an easier ability to make and break
bonds causing the higher catalytic activity. Similarly, Pt has a lower d-band center (~ -2.2
eV) [37,279], relative to the Fermi level, in comparison to Ru (~ -1.4 eV) [37,279],
indicating weaker bonding with the adsorbate which results in higher catalytic activity.
Contrary to this, the d-band center of Ir (~ - 2.1 eV) [279], relative to the Fermi level, is
similar to that of Pt; however, it has been shown by O> reduction that the oxygen adsorption
strength to Ir is much stronger in comparison to Pt [279]. The higher adsorption strength
causes high coverage of oxygen on the surface which slowly desorbs, resulting in lower

catalytic activity; thus confirming the likely presence of IrOx.

Figure 8-3b shows the metal-support interaction rate enhancement ratio for all three
catalysts. Firstly, these results show that CeO: has a significant role in the catalytic activity
of the metal catalysts, as all of the pmsi values are greater than 1. In general, it is shown,
through higher rate enhancement ratios, that Pt has a stronger interaction with CeO
compared to Ru and an even stronger interaction compared to Ir. This can be attributed to the
difference in electronic nature of the interaction of these metals with CeO». Further

investigation into this interaction is shown and discussed in the following sections.
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8.3.3 Catalytic Studies in the Absence of Gaseous Oxygen

8.3.3.1 Stability of Pt, Ru and Ir Nanocatalysts in the Absence of Oxygen
Each catalyst was evaluated for its performance in the absence of oxygen in the gas feed. The
catalyst was allowed to stabilize in the reaction mixture (0.012 kPa C2Ha, 3 kPa Oz and He
balance) for at least 2 hours (Time: 0-0.75 h interval in Figure 8-4a); then the oxygen supply
was stopped while maintaining the same partial pressure of CoHa (Time: 0.75 — 3.5 h interval
in Figure 8-4a). Figure 4a compares the stability of all catalysts, supported and freestanding,
in the absence of oxygen up to approximately 2.5 hours, while Figure 8-4b shows the change
in the promotional rate enhancement ratio (pwmsi) (i.e., supported vs. free-standing) for the
first 25 minutes in the absence of oxygen. It should be noted that after 25 minutes, pmsi

approaches infinity due to the diminishing catalytic rate of the free-standing nanoparticles.
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Figure 8-4: Transient C2H4 oxidation (a) reaction rate over free-standing and supported catalysts and (b)
rate enhancement ratio in the presence and absence of oxygen at 350°C (0.012 kPa C2H4, 3 kPa O,
balance He; total flow: 6 L-h). Inset shows focused area of the first 20 min in the absence of O..

In the first 0.75 h, two reactions occur; between molecular oxygen and ethylene (Eg. 8-4)
and electrochemically between O and C2Hs at the tpb, together with the backspillover of O
to the catalyst surface (Eg. 8-5). In the absence of oxygen (> 0.75 h), only the
electrochemical reaction (Eq. 8-5) takes place, which is accompanied by the partial reduction
of ceria. As was shown previously, Pt nanoparticles prepared by the polyol method are

mostly metallic [96,255], whereas Ru and Ir nanoparticles are present as oxides [146,229].
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Consequently, their reduction can take place in the absence of molecular oxygen. As can be
seen (Figure 8-4a), in general, the free-standing nanoparticles (Pt, Ru, Ir) as well as CeO>
alone, have almost an immediate decline in the catalytic rate. The CeO-supported catalysts,
on the other hand, show different behaviours. In the absence of oxygen, the catalytic rate of
the Pt/CeO> and Ru/CeO; catalysts decline by about 60%, reaching a plateau that remains for
about half an hour; Ir/CeO> does not show this behaviour. The observed plateau is attributed
to the reaction of ethylene with the readily available surface lattice oxygen ions from ceria.
After the plateau, Pt/CeO; activity declines gradually and reaches the steady-state after 3 h
that is characterized by 8 times lower reaction rate than in the presence of oxygen. The
continuous decline in the reaction rate is due to the consumption of surface lattice oxygen
ions from ceria, as well as due to catalyst surface poisoning by carbon deposition as was
shown earlier [103,116] and will be discussed in section 8.3.4. The deposited carbon is
oxidized by O :

C +20% - CO, + 4e~ 8-8

However, deposited carbon will block active catalytic sites and render them unavailable for

C2Hg adsorption and reaction.

Furthermore, for Ru/CeO, (after the plateau at 1.25 h) and for Ir/CeO5, an initial decline in
the rate is observed which then increases within the following hour, and finally slowly
declines once again. During the initial decline, oxygen ions from ceria surface are consumed
via the electrochemical reaction (Eg. 8-5) and at the same time IrOx and RuOx are becoming
reduced [146,229]. Then at ~1.75 h the reaction rate starts increasing, because more catalyst
surface sites become available for ethylene adsorption and reaction with the lattice oxygen,
however because O% continues to be depleted from CeO the reaction rate declines again. As
it was shown previously, backspillover of oxygen results in the partial reduction of CeOy,
resulting in enhanced catalytic activity [229]; hence the temporary increase in the catalytic
rate for Ru/CeO> and Ir/CeO.. Overall, the stability of Ru/CeO., in the absence of oxygen, is
higher (61% decline after 3.5 h) than for ceria-supported Pt (88%) and Ir (37%), and it
appears to be the superior catalyst, with Pt/CeO and Ir/CeO: reaching a similar stability after

approximately 2.5 hours.
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This difference in behaviour of the Pt/CeO; catalyst compared to Ru/CeO- and Ir/CeO: is
also evident in terms of pmsi in the absence of oxygen (Figure 8-4b). The rate enhancement
for both Ru/CeO; and Ir/CeO:; initially increases, more rapidly for Ru/CeO., in the absence
of oxygen, while the rate enhancement of Pt/CeO- slowly decreases. Again, these results are
attributed to the weaker oxygen adsorption strength of Pt compared to that of Ru and Ir. The
O? ions are immediately consumed at the tpb instead of migrating onto the catalyst surface
which cause promotion of the catalytic performance. Furthermore, previously, it has been
shown that certain metal-support combinations can reach a promoted state that is
equivalently to that of the electrochemically promoted state [223]. This could be the case for
the supported Pt catalysts as a result of the MSI with CeOy; that is, in the absence of oxygen,
the catalytic properties of Pt cannot be further enhanced. While it may be that the supported
Ru and Ir catalysts have not reached this point yet; hence the significant increase in pmsi

when gaseous oxygen is removed.

8.3.3.2 Role of the Oxygen Storage Capacity of CeO>
To gain further insight in the role of the OSC of CeO; and its relation to the supported metal
catalyst, transient interval experiments were performed. Each catalyst was exposed to
alternating reaction gas (0.012 kPa C2H4, 3 kPa Oz and He balance) and absence of oxygen
(0.012 kPa CzH4 and He balance) conditions every 2 hours, as shown in Figure 8-5. Overall,
each catalyst demonstrated repeatable and reversible behaviour in the presence and absence
of oxygen. This is as expected as ceria is known to easily convert between Ce** and Ce** due

to the small electric potential of oxygen (i.e., 1.7 V) between this redox couple [280].
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Figure 8-5: Catalytic rate in the absence of oxygen for 2 hour intervals for (a) Pt/CeOz; (b) Ru/CeO2; (c)
Ir/CeOz; (d) Ru colloid at 350°C (0.012 kPa C2Hs, 3 kPa O3, balance He; total flow: 6 L-h™).

In comparison to each other, different behaviour was observed in the absence of oxygen for
each catalyst (as shown in Figure 8-5). These different behaviours are due to the adsorption
strength of oxygen on the catalyst surface as well their individual interaction with CeO3, as
discussed previously. In terms of oxygen storage, it is evident from these results that the
oxygen in the support can be replenished in the 2 h exposure interval in the reaction gases.
This is as expected, as CeO is known be able to convert between Ce3* and Ce** quite easily
[109,227]. To further investigate this oxygen storage capability of CeO, the percent 0%
consumed was calculated for each catalyst over different durations in the absence of oxygen
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(Figure 8-6). A preliminary relationship between the O% consumed (in the absence of
oxygen) and the promotional rate enhancement (in the presence of oxygen) was established.
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Figure 8-6: Consumption of O? ions in the absence on gaseous oxygen at various durations over 1 wt%
Pt/CeO2, Ru/CeO:2 and Ir/CeO: at 350°C (0.012 kPa C2H4, balance He; total flow: 6 L-h1).

In general, it was determined that as the promotional rate enhancement ratio increased, the
percent O% consumed increased. This is as expected due to the promotional effects of
backspillover of O species onto the surface of catalysts. Therefore, it is possible that by
estimating the amount of O consumed, the extent of MSI could be predicted. Moreover, as
the exposure duration was increased, more O% ions from the support should be available to
migrate to the surface of the catalyst; therefore, resulting in an increase in the percent O%
consumed. This was the case for Ru/CeO and Ir/CeOz2; however not for the Pt/CeO, catalyst.
After 1 hour in the absence of oxygen, the percent O% consumed did not increase for Pt/CeO>
according to the expected trend. These results are attributed to possible carbon deposition,
more specially at the tpb, causing a decrease in available O% species to react with the CoHa.

This rationale is discussed further as follows.

8.3.4 Ethylene Cracking and Carbon Formation
In order to examine the different behaviours observed of each catalyst and OSC of CeO>
further, transient experiments in the absence of both O, and C2H4 individually were carried

out. These experiments also explored this possibility in the absence of oxygen. It has been
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shown previously that deposition of carbon on Group VIII metal catalysts can occur through
the Boudouard reaction (i.e., CO disproportionation) [281-283], methane decomposition
[282], or ethylene cracking [284]. In applications, such as fuel cells [285], carbon deposition
has been identified as one of the main reasons for electrode degradation. Furthermore, in the
absence of oxygen, for ionically conductive (i.e., SDC, CeO», YSZ) supports, carbon
deposition has been proposed to be a possibility [103,283], while for non-ionically
conductive (Al2.Oz) supports , no significant carbon deposition was observed [282]. For
ionically conductive supports, it is said that the deposited carbon can be oxidized by the 0%
ions from the support material. Previously, this occurrence of oxidation was shown to be
possible for CeO; for soot oxidation [286]. Since the O? ions can react with the carbon, in
order to determine the presence of deposited carbon, a carbon balance can be performed by

observing the production of CO..

Each catalyst was stabilized in the reaction gas (0.012 kPa C2Hs, 3 kPa O. and He balance)
for 2 hours, then alternating between C>H4 or O2 (He balance) only environments for 1 hour
(Figure 8-7).

It is evident that similar behaviour was observed in the absence of oxygen (as in Figure 8-5);
however, the interesting part is the behaviour in the subsequent absence of ethylene and
absence of oxygen. In the absence of ethylene, the catalytic rate decreases towards zero;
however, in the subsequent presence of ethylene and absence of oxygen, the catalytic rate
behaviour is repeated. The catalytic rate for Pt/CeO> (Figure 8-7a) and Ru/CeO> (Figure
8-7b) return to the same plateau state shown before (Figure 8-4 and Figure 8-5), while the
free-standing nanoparticles do not (i.e., Ru (Figure 8-6d), Pt and Ir). In addition, Ir/CeO>
shows again the slight decline, increase, then decline in the catalytic rate in the absence of
oxygen. These observations emphasize the involvement of the adsorbed surface and lattice
oxygen in the oxidation of the gaseous ethylene. After being exposed to gaseous oxygen, the
surface lattice oxygen is slowly released resulting in the plateau for Pt/CeO, and Ru/CeO..
Similarly, the temporary increase in catalytic rate is again observed for the Ir/CeO- catalyst,

but not the Ru/CeO- due to the shorter absence of oxygen compared to in Figure 8-5b.

128



180
) ~
9‘. 150 S'. 150 F
o N S > > o S > el S
= o| € = = — ol | 1]< ~|<]°
x 120 + o=l =s] ° x 120 F |18 |>|8| |68 |5
< < < < < < e < ~| € ~ c < |
— T || oS T~ T |T.|° || ST
‘v ook olJlojJojlo|]o @) ‘v 90} ojJo|J]Oo|oO (O}N NGN ©)
~ -
IN IN -
60 60
° ©
o o
£ 30 ’_\ r\ E wf L\_ o !"L
[N —
0 1 1 1 I 1 I 1 0 1 al J lﬁ
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time (h) Time (h)
(a) (b)
40 40
o"\ )
= s |2 > 2 |5 S S > 2|5
S 3} T S1>85)1 =28 [5] S 30F 168l >168]|=>| 8 ]|s
< < [ = < |4 < < c c < | <
\>'</ IN I ON IN ON IN IN \>'</ IN IN ON IN ON IN I('\l
— ojlofjolofjo|o ol —~ olololo]|lo]|olo
'n 'n B
20 M L
I | I
N N
) ©)
S 1w} | | S 10}
£ 2 -
N—r N
| . 1S
0 L 0 .
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time (h) Time (h)
() (d)

Figure 8-7: Catalytic rate in the absence of ethylene and oxygen for 1 hour intervals for (a) Pt/CeOz; (b)
Ru/CeO2; (c) Ir/CeO2; (d) Ru colloid at 350°C (0.012 kPa C2Ha4, 3 kPa O3, balance He; total flow: 6 L-h™).

In order to determine possible carbon formation, a carbon balance was carried out for each
catalyst at the CO> peaks formed (Figure 8-7) once only oxygen was introduced into the
system. The following trend was observed: Pt/CeO> (-120%) >> Pt (-35%) > Ir/CeO> (-16%)
~ Ru/Ce0> (-15%) >> Ru (+2%) > Ir (+10%). A negative percentage value indicates that
more CO, was produced than theoretically possible from the catalytic oxidation of ethylene;
indicating possible carbon deposition [286]. A positive percentage value indicates that less
CO2 was produced than theoretically possible; therefore, the observed peak is less likely
caused by carbon deposition but rather adsorbed CO> from the oxidation of ethylene being
desorbed. It is well studied, especially for fuel cells, that Pt is poisoned my carbonaceous

species, specifically CO; therefore, explaining the higher deposition of carbon on the Pt
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catalysts [287,288]. The similar behaviour between Ir/CeO. and Ru/CeO> could be due to
their common formation of oxides more readily than Pt; allowing for less deposition of

carbon as the surface is already covered by oxygen species [279].

Further investigation into the possibility of carbon deposition was conducted through
transient interval experiments in the absence of C2Hs or O, individually, where the exposure
to ethylene (i.e., in the absence of O2) was varied (Figure 8-8). It is evident for Pt/CeO>
(Figure 8-8a) that as the exposure to ethylene was increased, the peak (indicated by *) height
increased, suggesting the deposition of carbon; however, this increase was not observed for
Ru/CeO: (Figure 8-8b) or free-standing Ru (Figure 8-8c).

From the results shown in Figure 8-8, the peak maximum (mol C2H4-s?) was determined, as
well as the area under each peak (mol C2H4) which was used to determine the possible moles
of carbon formed (shown in Figure 9). The overall increasing trend for Pt/CeO3, but not for
Ru/CeO> or Ru colloid, for both moles of carbon and peak maximum, with C2H4 exposure

time is more apparent.
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Figure 8-8: Catalytic rate in the absence of oxygen for varying intervals (5, 10, 15, 20 minutes) and
absence of ethylene for a constant duration for (a) Pt/CeOz2; (b) Ru/CeOz; (c) Ru colloid at 350°C (0.012

kPa C2Ha4, 3 kPa O3, balance He; total flow: 6 L-h).
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8.4 Conclusion

Three different highly-dispersed CeO2-supported (Pt/CeO., Ru/CeO», and Ir/CeQO>) and free-
standing (Pt, Ru, and Ir) nano-catalysts were evaluated for their catalytic performance in the
presence and absence of oxygen. It was evident that the CeO, support greatly enhanced the
catalytic rate of each metal catalyst in comparison to its corresponding free-standing catalyst:
Pt/CeO, > Ru/CeO- > Ir/CeO2 > CeO> > Ir > Pt > Ru. In the absence of oxygen, it was found
that the storage capability of CeO- assisted in the overall stability of the metal nano-
catalysts; however, different behaviours were observed for each catalyst. Both the catalytic
rates of the Pt/CeO> and Ru/CeO: catalysts declined slightly, reaching a plateau that
remained for about half an hour; Ir/CeO: did not show this plateau. The catalytic rate then
gradually declined; however, in the case of both Ru/CeO> and Ir/CeQz, the catalytic rate
increased within the following hour, and then finally slowly declined again. These
observations were attributed to increase in available active sites for CoH4 adsorption of Ir and
Ru in comparison to Pt and its effect on the electronic interaction with the CeO, support. As
a result, in the absence of oxygen, Ru/CeO, demonstrated to have superior activity compared
to Ir/CeO2 and Pt/CeO. A relationship between the promotional rate enhancement ratio
(pmsi) and the O consumed from the support was proposed, which was suggested as a

possible tool to estimate the extent of MSI. In general, it was found that an increase in pmsi

132



corresponded to an increase in O consumed, as expected. However, this was not the case
for Pt/CeO., where carbon deposition was found, inhibiting the available active catalytic
sites where C2H4 can be adsorbed. Overall, these results show the significant impact that the
interaction of the metal and support can have on its catalytic performance, especially in the
case of “active” supports such as CeO2 and confirm the important role of backspillover of

O%. Quantifying this influence could help in the design of catalysts for a specific purpose.
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Chapter 9: Conclusions and Recommendations

Highly-dispersed nano-catalysts were studied with regards to the concepts of metal-support
interaction (MSI) and electrochemical promotion of catalysis (EPOC) in order to improve the
catalytic performance for the oxidation of various volatile organic compounds (VOCSs). The
overall objective was to study MSI and EPOC separately; then to determine a connection
between these two phenomena. It has been said that EPOC and MSI are closely related and

this project has furthered understanding this notion.

In order to achieve the overall objective, several sub-objectives were executed. Firstly,
nanoparticle catalysts (Au, Pt, Ru, Ir, PtSn) were synthesized having average particle sizes in
the range of less than 10 nm. The synthesis of these nano-catalysts was carried out using a
polyol method, as discussed in Chapters 4-8. The first study (Chapter 3), however,
demonstrated a modified synthesis method for Au nanoparticles using a stabilizing polymer,
which resulted in particles with an average size greater than 10 nm. The synthesized nano-
catalysts were supported on different materials, including y-Al.O3 (non-ionically
conductive), YSZ (ionically conductive), and CeO> (mixed ionic-electronic conductive,
MIEC).

The supported and free-standing nano-catalysts were evaluated for their catalytic
performance for different VOC oxidation reactions to better understand the concept of MSI.
YSZ was shown to be a promising catalyst support for both Au and Pt nanoparticles for the
reaction of CO oxidation (Chapter 3) and toluene oxidation (Chapter 4), respectively. Due to
the larger size of the Au nanoparticles resulting in lower catalytic performance, and
corresponding difficulty to remove the stabilizing polymer, these nano-catalysts were not
studied further. The YSZ-supported Pt nano-catalysts demonstrated a higher reaction rate
compared to a y-Al,Oz-supported Pt nano-catalyst for the oxidation of toluene, despite the
lower dispersion of the nanoparticles on YSZ. These findings were attributed to a stronger
MSI between Pt and YSZ due to the ionic conductivity of YSZ and presence of oxygen
vacancies. Overall, it was evident that the support material significantly influences the

catalytic activity of the supported metal.
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In order to study the highly-dispersed nano-catalysts with regards to the concept of EPOC, a
reactor setup was developed and the form of the catalyst was adjusted. A single-chamber
capsule reactor (SCCR) was designed to allow for easy assembly and disassembly as well as
improved current collection in comparison to the plug flow (PF)-type reactor. Open circuit
experiments were carried out to show that similar catalytic performance was achieved for the
SCCR compared to the PF-type. Therefore, the feasibility of this new reactor design was
deemed acceptable for the application of the concept of electrochemical promotion to highly-

dispersed heterogeneous catalysts.

Even though YSZ proved to be a promising catalyst support, this material was not adequate
for a catalyst-working electrode for the electrochemical cell since it is not electrically
conductive. Therefore, a similar ionic (i.e., 0%) conducting material (i.e., CeO,) that also
possessed electrical conductivity properties was used instead as a catalyst support. Before
applying the concept of EPOC, the open circuit heterogeneous catalytic performance of the
CeO»-supported catalysts was evaluated which showed that CeO- plays a key role in
enhancing the performance of the metal catalyst (Chapters 6-8). This was determined by
comparing the supported and free-standing metal catalysts for the complete oxidation of

ethylene.

By implementing CeO as a support material for the Ru nano-catalysts, EPOC was
successfully applied to highly-dispersed catalysts (Chapters 5 and 6). It was shown that both
negative and positive polarization (£2 pA and -5 pA) resulted in a pronounced effect on its
catalytic rate. The catalytic enhancement, as a result of negative polarization, was attributed
to the partial electroreduction of CeO> which was confirmed through XPS analysis. Partially
reduced CeO..x and Ru nanoparticles was proposed to form a stronger metal-support

interaction. As a result, the connection between EPOC and MSI was further investigated.

Chapter 7 discussed a combination of open circuit catalytic and electrochemical

measurements which was used to evaluate and understand the catalytic performance of Pt-

and Ru-based, free-standing and CeO.-supported catalysts with regards to MSI and

electrochemical movement of O% ions from the support. The addition of Sn was also shown

to help in a promoting the catalytic activity of the CeO2-supported Pt catalyst through what is

thought to be the partial reduction of ceria. Both of these observed enhancements in catalytic
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activity are attributed to a stronger interaction between the metal catalyst and support.
Through this study, the parameter of an apparent self-induced Faradaic efficiency (|4msi|)
was proposed to quantify the MSI effect for the first time. In addition, a preliminary
relationship was established between the catalytic rate and electrochemical response (i.e.,
exchange current density) for the Pt- and Ru-based catalytic systems; indicating that the
lattice O% species play a key role in the overall catalytic activity of the nano-catalysts

supported on active conductive supports.

Finally, three different highly-dispersed CeO2-supported (Pt/CeO2, Ru/CeOz, and Ir/Ce0O>)
and free-standing (Pt, Ru, and Ir) nano-catalysts were evaluated for their catalytic
performance in the presence and absence of oxygen in order to determine the influence of the
oxygen storage capability of CeOs.. In the absence of oxygen, it was found that the storage
capability assisted in the overall stability of the metal nano-catalysts; however, different
behaviours were observed for each catalyst. The difference was attributed to the oxygen
adsorption strength on Ir, Ru, and Pt and its effect on the electronic interaction with the CeO>
support. From this study, a preliminary relationship between the promotional rate
enhancement ratio (pmsi) and the O% consumed from the support was proposed, which was
suggested as a possible tool to estimate the extent of MSI. Overall, these results showed the
significant impact that the interaction of the metal and support can have on its catalytic
performance, especially in the case of “active” supports such as CeO2. Quantifying this

influence could help in the design of catalysts for a specific purpose

From this project, it is evident that further research into this intriguing area of EPOC and
MSI would be recommended. Evaluating other metal nanoparticle catalysts, possibly less
expensive, non-precious metals, would prove to be valuable to further understanding the
relationship between MSI and EPOC, as well as for implementing EPOC for highly-
dispersed catalysts. Similarly, it would be beneficial to study other O?-conducting MIEC
materials as supports (e.g., samarium-doped ceria or titania), to determine the validity of the
proposed relationship for different combinations of metals and support materials. As well,
electron donor promotor supports (e.g., Na*, K*) should be considered in order to determine
the influence of the type of promoter species on the MSI and movement of ions from the

support.

136



In this study, model reactions were used to evaluate the catalytic performance. This was done
in order to simplify the interpretation of the behaviour of the different catalysts. Once the
fundamental connection of these phenomena are understood and quantified, it would be
useful and more practical to involve a more complex or realistic reaction mixture. Therefore,
the applicability of such techniques and catalysts to commercial applications could be

assessed.

Furthermore, a recent study by Jiménez-Borja et al. [289] demonstrated the applicability of
modelling the Kinetics of the catalytic oxidation of CHa in order to determine the likely
mechanism of the adsorbed species. A relationship between the mechanism and the
electrochemical promotion was also proposed. Just as this project demonstrated a
fundamental connection between MSI and EPOC through carrying out experiments, using
this type of modelling could be beneficial in quantifying this relationship in a more efficient

manner.

Finally, experimentally, two challenges encountered through this project included physical
instability of the catalyst in the electrochemical cell, as well as fragile gold wires for the
current collectors in the new reactor design. It is recommended that the method for
depositing the supported catalysts on the YSZ disc be improved to ensure good adhesion to
the disc surface; however, without introducing any or minimal interference to the
performance of the catalyst. Due to the prototype nature of the newly designed reactor, it is
recommended that overall improvements should be performed in the future to obtain the
complete potential ease of the design. However, of main concern is the fragility of the gold
wires which could be addressed by either increasing the thickness of the wires or enclosing

them in a more stable arrangement.
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Appendix: Supplementary Material

Several experimental methods and characterization techniques were used during this project. The
experimental methods include synthesizing the nano-catalysts, preparing the electrochemical
cells, and evaluating the catalytic and electrocatalytic performance of the catalysts. X-ray
diffraction (XRD) and transmission electron microscopy (TEM) were used to characterize the
physical properties of the nano-catalysts. Other characterization techniques used throughout the
project included X-ray photoelectron spectroscopy (XPS), inductively-coupled plasma optical
emission spectroscopy (ICP-OES), and CO titration. Details of each of these techniques are
summarized in each corresponding chapter; however, further explanation and supporting

information for some of the techniques are shown as follows.

A.1 Catalytic Measurements
The catalytic activity measurements (Chapter 3, 4) of the supported nano-catalysts are carried out

at atmospheric pressure in a continuous flow U-tube reactor (Figure A-1).
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Figure A-1: Schematic of the continuous flow U-tube reactor.

In order to evaluate the performance of each nano-catalyst, several calculations are performed,
including reactant conversion (Xr) (i.e., R = CO, C2Hg, or C7Hs), turnover frequency (TOF), and

activation energy (Ea). The reactant conversion is calculated as a basic evaluation of the catalytic
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performance of a catalyst and is calculated for CO (Eq. A-1), C2H4 (Eq. A-2) and C7Hs (Eq. A-

3), assuming complete oxidation, with the respective equations,

[COZ]out A-l
Xco(%) = X 1009
008 = (00T e + (€O T < 1007
[COZ]out/Z A-2
XC2H4(%) = m X 100%
[COZ]out A-3

X 100%

Xc,Hg =
78 7 [C7H8]out + [COZ]out
Note: equations were adapted to fit the gas analysis equipment available for each reaction

where [S]i represents the concentration of the corresponding gas species which was measured in
the inlet or outlet of the reactor system.

Another common form of representing catalytic performance is through the TOF (s) of the
reactant species. This parameter evaluates the units of reactant species that is converted over a

period of time and calculated using equation A-4,

To A-4
TOF = —
Ne

where Ng is the moles of active metal species available (mol) (determined from the dispersion)

and ro is the intrinsic catalytic rate (mol-s™) which is calculated using equation A-5.
ro :TMF[R]lnXR A-5

where TMF represents the total molar flow rate (mol-s™) (adjusted for room temperature), and

[R]in is the concentration of the reactant gas species in the inlet of the reactor (mol frac).

Finally, the activation energy for the initial activity of each nano-catalyst is determined to
evaluate the energy required for the oxidation reaction to occur (below 20% conversion). Using
the following Arrhenius equation (Eg. A.6),
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mry=—20 1 ik Ao
nry=——o 7t

where R is the universal gas constant (8.314 J-mol™-K™), T is the reaction temperature (K)
corresponding to the catalytic rate (ro), and k is the rate constant (which is not calculated for the
purpose of these experiments), In ro vs. 1/T is plotted and a linear relationship is fitted to the data
to obtain the slope. The activation energy (Ea, in J-mol™?) is then determined by multiplying the

slope by —R.

A.2 Dispersion Measurements: CO Titration
Supported Pt nano-catalysts were subject to dispersion testing using an established CO titration
method[175]. This method is used to determine the amount of active metal available by the
adsorption of CO, assuming that only one CO molecule adsorbs on one Pt atom. In short, a
known mass of catalyst is placed in the continuous flow U-tube reactor (Figure A-1) which is
heated in helium to a temperature in which adsorption of CO is considered adequate. In order to
saturate the surface of the Pt nanoparticles, CO (1% in helium) is fed into the system for a
specified time. Next, pure helium is purged through the system for a determined time period in
order to remove any gaseous CO. Finally, pure oxygen is fed to react with the adsorbed CO
molecules to produce CO. which is measured by an on-line CO> gas analyzer. This procedure is
repeated for several different helium purge durations. By plotting the moles of CO2 produced
versus the helium purge time and extrapolating to a purge time of zero, the maximum moles of
COz that can be produced can be determined. Assuming every mole of CO, produced
corresponds to one mole of active Pt and knowing the total mass of Pt present, the dispersion can
be calculated using equation A-7.

moles of active metal sites A-7

Di ) o) — X 1009
ispersion (%) moles of metal in reactor &

The moles of metal in the reactor is calculated using equation A-8.

mass of catalyst added to reactor X metal loading fraction A-8

moles of metal in reactor =
molar mass of metal
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The moles of active metal sites is determined by plotting In N¢o, versus He Purge Time, where

N¢o,is the moles of CO> produced and is calculated as follows.

area under peak (ppm.min) X flowof 0,(mol/min) CO, . . . A-9
Neo, = X —=stoichiometric ratio
2 10%ppm 0,

A.3 Carbon Balance for Toluene Oxidation

In order to determine whether complete toluene oxidation was occurring during the experiments,
a carbon balance was calculated for each temperature (Table A-1). It is noted, that a value greater
than 5% was considered to be the presence of carbon deposition or the formation of other

intermediates.

Table A-1: Representative carbon balance data from toluene oxidation experiments (first cycles shown).

Pt/y-Al203 Pt/YSZ2

Temperature (°C) Carbon Balance (%) | Temperature (°C) Carbon Balance (%)
22.3 9.4 22.8 52.9
21.8 4.4 27.1 36.9
21.8 2.1 48.5 100.0
22.0 0.3 59.0 1.9
34.8 -32.3 76.2 -44.9
48.8 -5.9 93.3 -9.7
70.8 -114 105.3 -8.9
80.9 6.5 118.1 -17.2
98.1 1.2 136.3 -1.3
115.1 5.0 153.3 14.7
130.5 6.9 169.2 22.4
144.2 17.1 184.5 21.9
157.6 174 199.1 12.6
171.4 2.7 227.6 8.9
186.6 2.5 240.0 6.7
202.4 2.0 250.6 7.4
219.4 0.9 239.2 6.6
236.7 0.0 228.5 6.9
251.8 -1.0
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A.4 X-ray Photoelectron Spectroscopy of Ru/CeO2 Catalyst
XPS characterization was performed for the Ru/CeO; catalysts that was tested before and after

polarization (Chapter 6). Figure A-2 shows the XPS spectra of the Ru3p peaks.

Intensity /a.u.

450 460 470 480 490 500
Binding Energy /eV

Figure A-2: Ru3p XPS spectra of the RuNPs/CeO2 on YSZ sample before electrochemical enhancement of
catalytic activity.
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A.5 Polarization Curves and Tafel Plots

Validation of the applicability of equation 7-2 was carried out in the reaction mixture (C2Hs and
0.) and in the presence of only oxygen (helium carrier gas). Steady-state polarization curves are
shown in Figure A-4 of the catalyst-working electrode potential (Uwr) versus current density (i)
in the presence and absence of CoH4 for 1 wt% Pt-1/CeQO>; and 1 wt% PtsoSnso/CeOo.

1 wt% Pt-l/CeO2 1 wt% PtSOSnSOICeO2
10 10 4+

i (WA.cm™)
i (WA.cm™)

-15 4 e -10 T I
UWI’ (V) Uwr (V)
() (b)

Figure A-3: Steady-state polarization curves for 1 wt% Pt-1/CeO:2 and 1 wt% PtsoSnso/CeO2 at 350°C (0.012
kPa C2Hs, 3 kPa O, balance He; total flow: 6 L-h2).
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Tafel plots using the anodic data of the steady-state polarization curves (Uwr — 0.5 - 5 V) were
plotted to determine the exchange current density (io) for each catalysts. Representative plots of
Pt-1 (colloid), 1 wt% Pt-1/CeO2 and 1 wt% PtsoSnse-1/CeO2 are shown in Figure A-4. Exchange
current densities were determined when Uwr = 0 (i.€., log io) using correlations of the linear

segment of the Tafel plots.
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Figure A-4: Tafel plots of Pt-1 (colloid), 1 wt% Pt-1/CeO2 and 1 wt% Pts0Snso/CeO:2 (3 kPa Oz, balance He;
total flow: 6 L-h?).
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Open circuit catalytic rates, normalized for the mass of Pt, are shown to compare Pt-1

(colloid), 1 wt% Pt-1/CeO2 and 1 wt% PtsoSnso-1/CeOo.

r,' (mol C,H,s™.(g Py )(x 10)
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Figure A-5: Open circuit catalytic rates (ro) (a) over a temperature range of 50 - 350°C (0.012 kPa C2Hg,
3 kPa Oz, balance He) for Pt-1 (colloid), 1 wt% Pt-1/CeO2 and 1 wt% PtsoSnso-1/CeO3; and (b) over a
partial pressure of C2Hs4 of 0.009 — 0.018 kPa (3 kPa O3, balance He; total flow: 6 L-h1).
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