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Abstract

The greenhouse gas carbon dioxide {C€an be transformed into carbon
monoxide (CO) viathe reverse water gas shift (RWGS) reaction. This process not
only mitigates C@emissions but alsecyclesit into valuable chemicals, as CO is an
essential precursor in hydrocarbon production through the Fi3cbpsch process.
Nanostructured metalsnmobilized on oxide supportserve as catalysts for this
reaction, where the formation of metasupport interactions (MSl)nfluence both
catalytic performance and thermal stability. Additionally, ¢tagalytic activitycan be
regulated ananodified through the electrochemical promotion of catalysis (EPOC),
also known as noRaradaic electrochemical modification of catalytic activity
(NEMCA) by applying electrical potential or current across the catadiggiositedbn
solid electrolyte

In pursuit of a coseffective and higiperformance EPOC system, copper (Cu)
is investigated as a promising nnable metal catalyst for the RWGS reaction due to
its affordability, high activity, and selectivity. When deposited on y#tadilized
zirconia (YSZ) solid electrolyte, the electrochemical polarizatibr2V leads to the
migration of oxygen ions (€ toward Cu, inducing its partial oxidation from Qo
Cu'* and enhancing the reaction rég 20% Non-noble metal oxides such as cobalt
oxide (Ca@0s) and zincoxide (ZnO) are explored as supports for Cu to prevent its
deactivation due to oxidation and sintering at elevated temperature®s, Go
particular, acts as an active phase and an oxygen reservoir in the@QuéGaatalyst.
Under positive potential, Otransfer from CgO4to Cu decreases the reaction rate by
42%, while the reverse process at negative potential increases it by 16%. Additionally,
studies on Cu/ZnO catalysts with Cu loadings betwetrtd wt.% confirm that ZnO
effectively prevents Cu from sintering and complete oxidatzom the MSI between
Cu and ZnOimprovesthe catalytic rate by 75%Under positive polarization at
+400¢ A, al | catal ysts e &hO dhowing thePlddgest ef f e c t
increase of 14%Density functional theory (DFTnodelling further investigates the

migration of & from ZnO to Cuandthesubsequent formation of @D. A correlation



is established between the electrochemical active surface area (ECSA) and the
magnitude of the EPOC effect, offering insights into the selection of suitable oxide
supports foEPOC studies

To expand the application of EPOC to reactions favorable at lower
temperatures, #thium-ion (Li*) conductor, lithium lanthanum titanate (LLTO), is
introduced as an alternative solid electrolyte because of its high ionic conductivity at
reduced temperatureBor the first time, Liis shown to act as a promoter of catalytic
RWGSreactionand CO oxidation ilePOC experimentd&Jnique interactions between
Li* and metal/metal oxide catalystising platinum (Pt)and ron-oxide (FeQ) are
reveaed, enabling EPOC to drive CO oxidation at temperatures as low as 150C. The
MSI between Fe@and LLTO also enhances the RWGS catalytic rate, makiBg it
times higher compared to Fe@eposited onYSZ. This discovery opens new
possibilities for practical EPOC applications in energy conversion processes.

Physicochemical characterizations, including scanning electron microscopy
(SEM), transmission electromicroscopy (TEM), scanning transmission electron
microscopy (STEM), BrunaudgEmmettTeller (BET) analysis, Xay diffraction
(XRD), and xray photoelectron spectroscopy (XPS), are conducted to analyze the
morphology, size, elemental composition, specific surface area, crystallite structure,
and oxidation state of the metal catalysts. Electrochemical characterization through
cyclic voltammetry (CV) provides isitu insights into the interactions between the

metal catalysts and ionic species from the solid electrolyte.



R&umé

Le dioxyde de carbone (CGJ) un gaz aeffet de serre, peut ére transforméen
monoxyde de carbone (CO) par la réction de dé&alage inverse du gaz aleau
(RWGS). Ce processus permet non seulement de réluire les énissions flen@i®
aussi de le recycler en produits chimiques de valeur, car le CO est un pr&urseur
essentiel dans la production d'hydrocarbures via le proc&lé Fisthmssch. Les
méaux nanostructurés immobilisé& sur des supports d'oxyde agissent comme
catalyseurs pour cette réction, oula formation d'interactions reigbport (IMS)
influence ala fois la performance catalytique et la stabilité thermique. En outre,
l'activité catalytique peut é&re r@ulée et modifie gr&ce a la promotion
dectrochimique de la catalyse (EPOC), déalement connue sous le nom de
modification éectrochimique non faradajue de l'activitécatalytique (NEMCA), en
appliquant un potentiel ou un courant dectrique atravers le catalyseur dgposésur un
dectrolyte solide

Dans |l a qu°te doébun syst me EPOC perforn
est dudiécomme catalyseur non noble prometteur pour la réaction RWGS en raison
de son faible co(, de sa grande activitéet de sa sédectivité Lorsqu'il est dgposésur un
dectrolyte solide de zircone stabilis& a I'yttrium (YSZ), la polarisation
dectrochimique a+2V entraie la migration des ions oxygée ¢Q vers le Cu,
induisant son oxydation partielle de QaCu'* et augmentant le taux de réction de
20%. Des oxydes méalliques non nobles tels que 'oxyde de cobalD{Cet I'oxyde
de zinc (ZnO) sont explor&s comme supports pour le Cu afin de pr&enir sa
déactivation due al'oxydation et au frittage ades tempéatures devés.z:0g en
particulier, agit comme une phase active et un ré&erddixygée dans le co
catalyseur Cu/CGDa. Sous un potent i &deCp®veisteiCh , l e tr
réuit le taux de réction de 42%, tandis que le processus inverse sous potentiel
n@atif 'augmente de 16%. De plus, des éudes sur des catalyseurs Cu/ZnO avec des
charges de Cu comprises entre 5 et 60% en poids confirment que le ZnO empé&he

efficacement le Cu de se frittéet de s'oxyder compléement, et que I'IMS entre Cu et
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ZnO am®liore | e taux catalytique de 75%. S
tous les catalyseurs pré&entent des effets EPOC, le 10Cu/ZnO montrant la plus forte
augmentation de 14%. La moddisation par la thérie de la fonctionnelle de densité
(DFT) examine plus en ddail la migration des iong @Qu ZnO vers le Cu et la
formation subsé&uente de Cu20. Une corrdation est éablie entre la surface active
®l ectrochi miqgue (ECSA) et | 6ampl eur de | O6e
s®l ection de supports doéoxyde appropri ®s p
Pour éendre l'application de I'EPOC a des réctions favorables a des
tempéatures plus basses, un conducteur d'ions lithiuf),(le titanate de lanthane et
de lithium (LLTO), est introduit comme dectrolyte solide alternatif en raison de sa
haute conductivitéionique ades tempéatures ré&luites. Pour la premige fois, il est
dénontréque le Li* agit comme promoteur dans la réction catalytique RWGS et
I'oxydation du CO lors des expé&iences EPOC. Des interactions uniques ehee Li
des catalyseurs mdal/oxyde de méal, tels que le platine (Pt) et I'oxyde de fex)(FeO
sont ré&dées, permettant al'lEPOC d'activer I'oxydation du CO ades tempéatures
aussi basses que 150C. L'IMS entre ke@ LLTO amdiore @alement le taux
catalytigue de la réaction RWGS, le rendant trois fois plus déevéque celui obtenu
avec Fe@déosésur YSZ. Cette d&ouverte ouvre de nouvelles possibilités pour des
applications pratiques de I'EPOC dans les processus de conversion éergéique
Des caractéisations physicochimiques, incluant la microscopie dectronique a
balayage (SEM), la microscopie dectronique en transmission (TEM), la microscopie
dectronique atransmission par balayage (STEM), l'analyse de Bruramenett
Teller (BET), la diffraction des rayons X (XRD), et la spectroscopie
photodectronique arayons X (XPS), sont r@lisé&s pour analyser la morphologie, la
taille, la composition éénentaire, la surface sp&ifique, la structure cristalline, et I'dat
d'oxydation des catalyseurs méalliques. La caractéisation éectrochimique par
voltamérie cyclique (CV) fournit des informations in situ sur les interactions entre les

catalyseurs médalliques et les espé&es ioniques issues de |'dectrolyte solide.
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Chapter 1. Literature Review and Research Objectives

1.1 Rationale of CO> Utilization

Overuse of fossil fuels for power generation leadshtme amouns of
greenhouse gas (GHG), including carbon dioxide (Cg), methane (Ch, nitrous
oxide (NO), and ozone (€)[1], emitted into the atmosphere and causes severe
climate change which has greamnfluence on geographi2], energy usé],
agriculturg4], and human healh]. CO;, which makes upthe most(two-thirds) of
the totalGHG emissionshas ledto a significant global warming phenomenonthe
last decades adi ati ng heat b a arkloveral indrdasng ddobbal t h 6 s
temperaturgs]. The atmospheric C{concentratiorhas consequently risen from 280
ppm before thelndustrial Revolutionto 390 ppm in 201@]. In 2015, the Paris
Climate Agreementvas adopted globally to limit the rise in global temperatures to
1.5 € by the end of the century through reduced.@missionf8]. However, as of
July 2020, efforts seem inadequate with a record @Dcentration of 414 ppi9.
Therefore, CQis in urgent demandbr removalto restrictits continuous negative

impact on climates and environments.

There are three main strategies to address @@issions: reduction,
sequestration, and utilization. The first strategy focuses on improving the energy
efficiency of industrial processes and transitioning from fossil fuels to alternative
energy sources such as hydrogen, batteries, wind, and solar power. Although
renewable technologies are advancing, they currently cannot fully replace fossil fuel
energy and aregoo dependent on weather, geographical location, and battery
storag@l0]. The second strategy involves developing technologies for capturing and
storing CQ. While this process is wellnown, the challenge lies in securely storing
the carbon in an inert location. A proposed solution is to store it in depleted fossil fuel
reserves, but concerssill exist about the potential for earthquakes and other natural

events to release the stored@o the atmosphere in high concentratidas



Thus, an ideahnd safeapproachfor atmospheralecarbonization is through
the CQ utilization, which not onlyreduces C@emission but alseecyclesit into
valueaddedchemicals in the form of synthetic fgeRlthoughCO; is recognized as a
promising G feedstock for the synthesis of organic compounds, materials, and
carbohydratebecause ofts economic viabilityand safety12], its application as a
carbon source in both laboratories and industries remains minithalusage is
restrictedto the production of a limited range of products, such as urea and its
derivatives, salicylic acid, and carbondtéq. This is attributed tthe thermodynamic
stability of COp, necessitating the need for highergy substances or electrochemical

reduction processes to convert £fto usable chemicals.

1.2 CO; Hydrogenation

Hydrogen(H2), known for its high energy content, serves as an effective agent
for COz conversiofil4], leading to the production of fuels and chemitatsugh CQ
hydrogenation, where GQOs reacted with Bl Given the increasing demand for fuels
and the depletion of fossil fuel resources, alongside fluctuating fuel prices, thaare is
urgent need for alternative fuel sources. £0ydrogenation products, including
carbon monoxideGO), methane CHs), methanol CHsOH), dimethyl ether (DME),
and various hydrocarboji®i 18], present viable fuel options fa@ wide range of
industrial processeand are conducive to easy storage and transport. Additionally,
methanol and formic acid serve as essential feedstocks and intermediates in numerous
chemical manufacturing procesgeé19] Nonetheless, it is essential to address
challengesrising fromhydrogen production, storage, and transport. Potential sources
for hydrogen, integral to CChydrogenationmay derive fronthe remaining fossil
fuel reserves, predominantly natural gas, or from water splitting through electrolysis

or other method20].

The endproductsin CO, hydrogenatiorare selectivédy altering thereaction
conditions likepressure, temperatur€,: Hz ratio, andcatalysttypg21]. The overall

reaction for the synthesis of hydrocarbcas be represented by tBquation(1-1). It
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should be noted thairdct conversion of C@into longchain hydrocarbons of 8-
CxHy (z=0) is difficult since multiple reactants and produeigst simultaneously
during the process, making it difficult to construct a catalyst that can build CH bonds

with incomingCO, moleculesand isthe least studied and characterized prd22%s
at | ¢cBU - ( O#(/ ¢ U(/ (1-1)

However C; productscan be produced more easiNormally, there are three
typical reactions involved in C®hydrogenation Equation(1-2) is known as the
reverse water gas shift (RWGS) reactwith CO as the main productwhich is
endothermicandthermodynamically fasred at higler temperaturg22,23] Equation
(1-3) is methanation where GHs producedand Equation (1-4) is the methanol
synthesis, both of which are favored at lowemperatures due to thexothermic
propertiesand accelerated at higher pressures affiliatethéodecrease in thietal

molesof gas during the reactioj2sl].

#1 ( 9#/1 (/1 3 1TQEFTI (1-2)
#/ t( O# (/3 T@EFII (1-3)
#1 o O#( /I ( (1 3¢ pokt 11 (1-4)

Because othe complexity of CQ hydrogenation and multipleompetitive
reactions happen at the same tiseyeralchemicas areproducedand the separation
of theseproductscan bevery difficult and expensive.Therefore,understandinghe
reaction pathways of COhydrogenations critical in practiceFigure 1-1 showsan
example of the reaction networlgsing the metal/oxide interface in determining the
product selectivity to Ccompounds: COCHs, andCHsOH. After the adsorptionof
CO; onto catalyst surface, the hydrogenation 60, species mainly has three
pathways: RWGS+C@ydro, Direct GO bond cleavage, and Formate. In
RWGS+CQGhydro pathway, CO; turns intocarboxyl (HOCO) intermediatefirstly,
which isthendecompose into “CO and OH. The"CO will partially desorb from the

surface and release as CO gas, whilel will interact with H and form "H,0[25].
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The "CO and"H20 continueto be hydrogenatednd produce CHCHsOH[26]. In
Direct GO bond cleavagpathway the "CQ;, species will dissociate inf€O and' O
directly. The " CO isthenfurther dissociated intaC and O with the GO bondbroken
and he resulting C will be hydrogenateihto CHs stepwis¢27]. In Formatepathway
the "COzand H will form formate (HCOO) intermedia initially and then turn into
"H2COOH, which is decomposed and prod@te/CH;OH eventually28].

CO;(g)
“CO,
" ] Iz o
= *HOCO *CO+*0 2 *HCOO  §
= +H =
£ | I 3 w2
= 2 g
:— “*CO+*OH CO(g)+=—"CO +*H,0 g *HCOOH g
"'::L +Hl -H;0(g) E +H 1 E
= CO(g)~—"CO+*H,0 ‘C+0 & *H,COOH &
! -
8 WD I~ 3
+ *HCO *COH ———————*C+0H & *H,CO+*OH
wn
g e B el g "
E "CH+*O  *H,CQ " *HCOH *CH = *H,CO+*H,0
Hhoa | I\ | £ SN
*CH *H,CO  *H,COH *CH+'OH  *CH; *H,COH  *H,CO
4 I *H/ﬂ-ql V l -H;OIQ)I+H l*”' V I +HI &
“CH, *CHy+"OH "CH,OH *CH;#'OH  *CH, CH, “CHOH *CH;**OH  *CHy+*OH *CH,OH
+H I +H l-HZO(gJ l +H l—HZO(gJ IfH l +H +H l-HZO(gJ +H I-HzO(QJ
*CH, *CH, CH,OH(g) *CHs *CH,  *CH, CH;OH(g)  *CH, *CH,  CH,OH(g)
I+H l+H l +H1 l
CHs(g@)  CHalg) "C||'14 CH, CHa(g) *CH,4 CHyl(a)
CHa(g) CHa(g) CHi(@)

Figure 1-1. Reaction pathways of Gydrogenation to CO, CHand CHOH. *(X)
indicates adsorbed species. Reprinted with permission from [25]. Copyright ACS
2017.

1.2.1 Reversewater gasshift reaction

The RWGS process is gainiragtention in industriabcale production due to
its role in generating CO, a crucial precursor for hydrocarbon synthesis through the
FischerTropsch (FT) proce§®9]. The FT process, described in Equatiorb]lis a
well-known method developed during timelustrial revolution to produce liquid fuels

from syngas, a mixture of CO and bypically derived from gasified coal or natural



gag30]. However, the variation in the CO/Hratio in syngas, depending on the
sources used, often poses a challenge in obtaining a stable and significant amount of
CO gas Therefore, integrating RWGS with the FT process offers a feasible and
effective methodto produce methanol, formate acid, and alkanes from &@ H

directly. In this approach, substantial amounts of CO are initially generated through
RWGS withhigh selectivity, which are then further hydrogenated in the subsequent
FT processThis combined process also thermodynamically easighan RWGS
because the overall process is exotheramnd is very attractij82]. More details

about RWGSFT will be discussed in Section 1.2.3.
T#/1 ¢l p( O #( T(/ (1-5)

RWGS reaction can proceed via tt¢OCO intermediaté¢Figure 1-1) or via
the redox mechanismwhere CQ oxidizes metal catalyst to generate CO and H
reduces metal catalysback to form HO. Density functional theory (DFT)
calculations show that GOs activated and bound at theetal/oxide interfacéhrough
a structurewith the C atom of CO, bound to the metal site and one of the O atoms
bound to themetalcations (M) of the oxide supportslike Al2Os, TiO2, CeQ, ZrO,
In20s, and ZnQ while the adsorption andlissociation of molecular Hpreferably
happes on the metalsites The promotion in activitys determined byhe adsorption
strength withCO, at the metal/oxide interfacand the binding capability of ik
interfacefor CO. The interface thadsorls CO, strongly butbinds CO weakly should
be selective tRWGS reactionsimply, because of facilalissociation of C@ and
subsequentlesorption of CO. On the contrarywhen “CO is strongly boundits
further hydrogenation or dissociation is more favorable than desorpiitee
reducibility of oxidesupportis alsoimportantsincethe presence of an?Ovacancy

providedadditionalsites for CO, adsorption.

1.2.2Methanation
Methane is a notable fuel that can be utilized in both gaseous and liquid forms

in internal combustion engines for the simultaneous generation of heat and&kergy
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Compared to other fossil fuels, the combustion of methane is relatively "cleaner” as it
produces les€,[32]. The reaction for convertinGO, to methane was discovered in
1902 by Paul Sabatier, a French chemist known for his work in catalytic
hydrogenation procesg488]. Hence,CO, methanation is alsoeferred to as the
Sabatierreaction From a thermodynamic standpoir€O, methanation is more
favorabl e at | ower temperatures (< 400 ),
with RWGYH34]. As the temperature rises, the RWGS reaction becomes more
dominant, and the selectivity towards Ctecreases rapidiy3]. Although only low
temperaturesre requiredthe conversion o£0, to CH; still faces significant kinetic
challenges due to the highermastability of CQ[35]. Therefore, the hydrogenation
of CO, to methaneequires the use of efficient catalysts to facilitate the red&6pn

The reaction mechanisnof CO, methanationappears to be difficult to
establish.Normally, he CH, formation via CQ hydrogenationcan occurin three
possiblepathways In the directCT O bond c¢ | e aGOadissocigiea inth wa vy ,
"0 and "CO, with the latter further dissociating inf€ and subsequently being
hydrogenated to CHR7]. Alternatively,”"CO may be hydrogenated tBICO, which
thendissociates toCH andis further hydrogenated to CHB7]. In the RWGS+CQO
hydro pathwayt he CT O b o n"8ICO#HC H-GQHioo ksCOudsults inthe
formation of CH species which are then hydrogenated to form 8B]. In the
formate pathway, CHformationhappensy i a t he C1 O boGO# orc|l eav ag ¢
HzCO[39]. The main steps in COmethanation closely resemble those in the
formation of CHOH on a metal/oxidenterface The selectivity towards CHor
CHOH is I|likely influenced by the competiti
HxCO species and their hydrogenation reactions. Therefore, to enhance the selectivity
towards CH rather than CEDH, the interfaces should be designed to strengthen the

bindingforHCO speci es, thereby promoting the CI(

1.2.3 Methanol synthesis
Methanol is a clean, biodegradable, hagtergy fuelthat can alsdunction as

a starting material in chemical industry to produee series of valuable
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hydrocarbongl0,41] Additionally, it is easier to store/transport as a hydrogen storage
chemical and produces fewer carbmmtaining side produd#2]. Traditionally,
methanol is produced on an industrial scale from syrdawever, the process often
leads to the formation of numerous-fpoducts due to the complex reactions and
unstable composition of the syngas. Consequently, significant energy and costs are
incurred in dealing with these {product$43], which need to be separated from the
methanol product before final use. Due to the integration of the RWGS and FT
processes, COhas emerged as an alternative feedstock for methanol synthesis,
offering a practical approaft?]. By modifying the catalyst types and reaction
conditions, excellent selectivity to CO via RWGS can be achieyasequentlythe
produced CO, along with thieedingCO, and H, can be converted into methanol
through the FT process with minimal-pyoducts. Currently, this process achieves a
methanol productivity of5 Mt y[22].

In Figure 1-1, it is illustrated that the production of GBIH involves various
reaction intermediates and can proceed through mulipteways. The preferred
pathway is primarily determined by the catalyst's ability to bind with key reaction
intermediatel25]. Therefore, identifying these active reaction intermediates is crucial
for exploring the favorable routes. Two main reaction pathways have been proposed
based on experimental and theoretical evideidde The first pathway is the well
known RWGS+CGhydro, while the second is th®rmate pathway, which involves
the CT O bond c hCOOK mtgrmediald@s]. Amorey thé hhaterials
studied, oxidesupported metals have shown promise as catalysts, asetia¥oxide
interfaces have been found to playcatical role in controlling the activity and
selectivity for CHOH synthesigl5,46] In general, a catalyst that bind3O strongly
enough tdacilitate its hydrogenation to formyl speciéslCO), rather than allowing
its desorption, is required in the RWGS+@@dro pathway. In contrast, for the
Formate pathway, the binding 0HCOO should be adjusted to promote the
hydrogenation ofCO, to "HCOO.



1.3 Metal Catalysts

Catalytic CO. hydrogenatiorprocesses generally occur on tnetal catalyst
surface, with the reaction bypassing the bulk of the mdirijal The use of
nanostructured catalysts significantly increases the catalytic efficiency by maximizing
the surfacdo-volume ratig ensuringthat only the surface isctivd48]. Moreover,
nanostructured catalysts reduce the quantity of material needed while maintaining or
even increasing the catalytic effectivenéggically, catalystsfor CO; hydrogenation
can be divided into homogeneous catalysts and heterogeneous catalystdjavhich
been explored to a great ex{dT. Homogeneous catalysts are characterized by their
uniform activesites and excellent activity and selectiy#9]. However, they present
challenges in terms of separatifsam the reaction mixturandreuse which hinders
their industrial applications and can lead da increase ineconomic costand
environmental pollutionn the case of metalatalyzed synthegi0]. In contrast,
heterogeneous catalysts offer advantages in terms of ease of separation and
recyclability, making them highly utilized in the field of hydrogeng#at. A typical

heterogeneous catalyst consists of netedal oxidemmobilizedon an oxidesupport

1.3.1 Noble metals

For metal catalysts, there are normally two classificatibased on their
chemical properties andconomiccost: noble metals and nowble metalsNoble
metals are regarded as metallic chemical elensetitat are generally resistant to
oxidation andcorrosion including platinum (Pt)palladium (Pd), ruthenium (Ru),
rhodium (Rh), iridium (Ir), and gold (Au]51]. Moreover, given thaprecious metals
and noble metalsshare many of the same elements, the terrase used
interchangeablyin most casd52]. In CO, hydrogenation,Ru, Rh, and Pd are
commonlyusedasthe catalyst§3i 55].

Ru is a Group VIII metal that shows excellent activity @D, methanation
despite using a low loading or atow temperatureThe ability of Ruto dissociateéH»

and bind CO msitionsit as the most active and stabhaterialto produce Ck{34]. It
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was reported that RAI.Oz achievedaCOc onver si on o[b6], 8l a't
RUTIO2 with exposed (001jacet exhibiteda stronger CQ adsorptionand led to a
higher catalytic activity with a CO» conversionof 90% at 350C[57], both of which
showed excellent selectivity towards methanation rather than RV&spite being a
well-established process, recent efforts have been concentrated on exploring how
alterations in the coordination of Ru on oxide surfaces can affect selechvity.
previous study on Ru/CeOcatalysf58] demonstrated that redispersion of Ru
occuredfollowing treatment in an oxidizing atmosphere, resulting in the formation of
single atoms at a low temperature of 210€C. These atoms re&uasolated under
reaction conditions due to their strong bond with the suppoerd&dispersion altexd

the catalytic activity, shifting from a primarily methanation pathwaRWeGSwith a

CO selectivity of approximately 9098 nother study oRUSiO, showed &00% CO
selectivity from 200 to 400€ witbut deactivation ovea long tim¢59]. Thecatalyst
configurationinvolvedthe encapsulatin of Ru clusters into hollow Sigshells which
prevented thesintering of Ruand avoidedactivity decreasing or preferential ¢H
formation.

Rh is also anactive Group VIII metal for CQ hydrogenationdue to its
excellent ability to dissociate Hmolecules When supported on Ce0ORh/CeQ
catalyst exhibiteda high CQ conversion and CH production with a low CO
selectivityf60]. It was inferred that the C€pecies were strongly adsorbed on nhietal
Rh, which were furthehydrogenatednto CH. instead of being released as CO.
However, when changing the suppwitTiO2, RWGS reactionbecame the favored
pathwayandthe isolated Rh near oxygen vacan@v) wasidentified as theactive
sitein Rh/TiO; catalysf61]. The RROv sites favoreda direct CO; dissociationinto
CO' and O on the Q. Concurrently, Hwas adsorbed on the Rh and reacted with the
O’ to form HO, while the COwas desorbed as CO

Pd exhibits selectivity for bothRWGS and methanationResearch on
Pd/AlOs demonstrated that a catalyst witht®% Pd and larger Pd particles featlire

a higher abundance of terrace §6@$ This configuration facilitathe formation of
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multi-bound CO and the adjacent binding of dissociated H, resulting in stronger CO
interactions. These stable, muttbund CO species &ttas direct intermediates in the
formation of CH. In contrast, 0.&t.% Pd/AbOs catalyst which hal smaller Pd
particles,was less effective at retaining C@ormed fromformate, thus showing
higher selectivity towards CO productiomnother study explored Pd/SiO
catalyst§3], which favored the production of both CO and sCHowever, the
introduction of a bimetallic PdIBIO, catalyst achieved an enhanced RWGS
selectivity to 100%. Irsitu spectroscopic analysis and density functional theory (DFT)
calculations supported the findings that the preference for CO formation in the
PdIn/SIQ systemwas due to the higher energy requirement ferdi$sociation and

the weaker adsorption of CO. These factorslendne hydrogenation of CO to GH

less likely to occur

1.3.2 Non-noble metals

In contrast to noblenetals nonnoble metals like coppeiCu), iron (Fe),
cobalt (Co),and nickel (Ni) are susceptible to oxidation but are more abundant on
Earth, making them more economically viable as catalysts. When supported on oxides,
these metals have been demonstrated to be effectv®.mydrogenationoffering a
costeffective alternative focatalytic processés4i 66].

Cu is one of the most studied catalysts for the RWGS reabgoause oits
excellentselectivity high activity and low pridé7]. It has been demonstrated that the
Cu catalyst is active in converting e@to CO by following the redox mechanism
during RWG$68,69] However, Cu is prone to sintering at high temperafd®dsnd
is easily oxidized into two main copper oxides: @D and Cu@rl]. From
temperaturgorogrammed reduction (TPR) studies, the Cu®de reduced in a
temperature range of 2000 0 AC as Ou § [RuThis makesit easily
deactivatedvhen used as catalysts in RWG@ich is favored at high temperatures
Therefore, selecting suitable oxides is considered a practical method to ingrove
thermal stability and dispersiom a previousstudy[73], Cu/AlOs catalyst vasused

in RWGS andthe key intermediatevas proposed to be the formate species from
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association of H atoms and @@\t the same timeCwO wasalso formedrom the
oxidation of C4 by O due to CO; dissociation Another study on Cu/Zr{74]
explained thathe dissociation of COhappenedn CUH-ZrO; interfaceand was the
rate determining stem RWGS Moreover, research on Cu/CgCatalystunraveed
that the existence of @ in support oxide facilitate€O, adsorption and activation
which wasderived fom the Ce**-Oy-CLP interfacg75,76] Cu/iZnO is a commonly
usedcatalystin methanol synthesis vigischerTropschprocesg/7,78], whereZnO
plays an important role in preventing sintering of Cu and removing catalyst
poison$79]. The Cu/ZnO interfacewas also reported asthe critical factor in
facilitating the CO, conversionprocess, wherthe initial stepshouldprimarily bethe
CQO dissociatiorand subsequent release of C€ferring tothe RWGS pathwd$§0].

Fe known for its abundance and c@stectiveness, is commonly used as a
catalyst in the FischeFropschprocessand the wategas shift reactid®1]. Recent
research, however, has shown thabBeed catalystalsoexhibit highefficiency and
excellent selectivity for RWGS reacti@2,83] According to DFT studie$-eis noted
for havinga high CO, adsorption energyresulting inCO, dissociaibn on the Fe
surface into COand O, where O diffuses into the bulk filling up an oxygesmcancy
and is later reduced to form #D[84]. Investigationsinto Fe/ALOs catalyst
demonstrate that RWGS over Fe catalyst follea redox mechanismfacilitated by
the interactionswith CO, and H[85]. Additional research orFeO3/Ce sZros02
reveaedthat theactivity was attributed to the presence of various active statés of
FeOs, FesOs, FeO and Fe These forms aetl as oxygen storage and exchange
reservoirs, cycling through redox reactions to facilitate catalytic pro¢86ses
Moreover studes on CeQ-supportedre catalystidentified that the Fe phasmuld
suppress the methanation reaction, which typically cordp&tgh RWGS at
temperatures below 450CbecauseFeQ, displayed a weak adsorption for CO
avoidng its furtherhydrogenation int@Ha[87].

Co is a promising ransition metalfor both CQ and CO hydrogenation.

Similar to Fe different CoQ phases are formed during the reactismme ofwhich
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are considered to be active for the RW&$. Meanwhile,CO, dissociation follows a
redox process, withhe CoOx is first reduced by KHand then reoxidized by CQ to
regain its lost oxygen, thereby producing @Qprevious study oi€o/Ce( catalysts
concluced that the redction of Co®" to Co?* during RWGSresuled in the high
catalytic activity89]. Recent studies suggesdthathigher oxidation state €@o>" was
more active for the RWGS than €and C8[90]. Also, IR spectrometry confireda
weaker adsorption of CO on the Thase as compared to the3Cphas¢91].
Therefore CO was desorled easier from the surface, resulting in higher activity
toward the RWGSHowever the presence dfl; in the gas mixturéed toa specific
Co**/Ca* ratio, which mainly deperation the reducibility of the supp@®P].

Ni is the mostcommonlyusednonnoble metalfor CO, methanationWhen
supported on oxides like &D3[93], TiO2[94], and Mgd95], Ni is maintained aa
metallic stateandachieves aCO, conversion 080-90% and a Chiselectivity of 97
99%. However, the selectivity can be tuneoy changingthe valence state of Ni
catalyst This is attributed to the binding strength of the’@@duced on the catalytic
active sitesand can be further correlated to the work function variation among the
different NiOx[96]. Specifically, the activation energy for further hydrogenation of
CO' to CHa increases as a function of the oxidation state of Ni, with Idading toa
higherRWGS selectivity compared tdli°[97]. Like Cu,the main disadvantage of Ni
is thatit is prone to catalyst deactivation due to sintering of Ni partielegvidenced

in astudy onNi/Al203, andcoke formationas reported in work usingi/TiO2[34].

1.3.3Metal-support interaction

The supportsn heterogeneous catalgstot only enhance the dispersion of
metal species but also prevent the sintering and aggregation of atiases
Additionally, some suppor@re not inert and theinteractiors with nanoparticlegive
rise to new interface phenomer@ntribuing additional activesites and induing
synergistic effe@ Such metakupport interaction (MSI) may have a profound impact
on the resultingatalyticperformance of the metahtalyst§o8].

Based on the chemical behavior, supports are divided into irreducible and
12



reducible oxides. Irreducible oxides, including S&nhd AbOz, are difficult to lose

O% due to the strong interaction with cations and are thereby considered to lzsinert
they only facilitate the dispersion of catalysts instead of participating in the
reaction§99]. In contrastoxides that function as “Opromotors by exchanging?0

with supported metaland show ionic conductivity are termed reducible oxides
including TiQ;, NIO, ZrO, and CeQ@100]. Moreover, materials that exhibit both
ionic and electrical conductivity are referred to as mixed tefectronic conductors
(MIEC). These materials facilitate the migration of charged species (ions or electrons)
internally, without the need for external electrical connections, making them highly
useful as supports and scekthateelectrolytefl01,102] Examples of MIEC materials
include samarium doped ceria (S@eQ or SDC), betea | u mi ®ARO03)( dnd
yttria-stabilized zirconia (YSZ)MSI plays an important role imodifying catalyst
activities making it one of thepractical ways to optimize catalytic performance
through various mechanisf@®3]. Typical MSI phenomena involveharge transfer,
interfacial perimeter, nanoparticle morphology, chemical composiaod strong
metatsupport interaction (SMSI). These phenomenashovn inFigure 1-2 and are
often entangledwith varying degrees of influence depending on the catalyst and

reaction involved. Some may have a more pronounced effect than others
Metal-support interactions

. . . .
. . . . .

Charge Interfacial Nanoparticle Chemical SMSI
transfer perimeter morphology composition

Figure 1-2. Schematic representation of main metapport interactions and five

main phenomena. Reprinted with permission from [98]. CopyNgtttire 2019.

The interface between a metal nanoparticle (NP)itsrsiipport cadead to an
electron rearrangement within both matefidg]. This redistribution of electrons,

which usually impacts only a few atomic layers at the interface, may also result in
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changes to the oxidation states of the metal atoms in the nanoparticle or the metal ions
in the suppoffL05]. Spillover can occuat the interfacial perimetesis wel| starting

with the activation of a reactant on one surface, typically the metal NP, which is then
transferred to the other surface, such as the sypP6r107] Reverse spillover from

the support to the metal NP is also possibta instancea previous study comparing

the XPSspectra oPtNPs onYSZ with that of Pt foil showed a significant shift in the
Pt4f peak in Pt/YSZ (up to 0.9 eV) towards lower binding erf@é@). This shift
indicated that charge transfer occurred from YSZ to Pt NPs, contributing to the
observedMSI. The adhesion energy at the metapport interface influences the
morphology of the nanoparticld®9]. In general, supports with stronger adhesion
result in particles with more facetstiapesA solid-state reaction between the metal
NPs and the support can lead to the formationest phases, with species exchange
occurring in both directions, often associated with a redox process involving oxidation
or reduction at the interfadel 0]. However, the formation of inactive phases, such as
mixed metal oxidesmay happen angboison theactive metal sitesUnder high
temperatures and reductive conditions, cations from the suppoetism@mmigrate to

the nanoparticle facilitated by doping the support or using tdionensional
supportfl11l]. The strong metasupport interaction (SMSI) phenomenon refers to the
coverage of metal NPs by suboxides from the support under reducing
condition$98,112] This process is driven by the need to minimize the high surface
energy of the metal NP through the mobility of suboxide species from the support.
Reducible supports are essential for generating these suboxide [4d&giédthough

MSI canalterthe properties and performance of catalyst®ughspontaneousharge
redistribution andmigration of promoting specigisl4], the unpredictability of these

interactions poses challenges to precise measurement and[¢6&irol

1.4 Electrochemical Promotion of Catalysis

Electrochemical promotion of catalysis (EPOC) or +k@wadaic

electrochemical modification of catalytic activity (NEMCA) was first reported by
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Stoukides and Vayenas BT in 1981115]. It describs the phenomenon where a
catalytic reaction rate alternation is observed upon an application of current or
potential difference across the catalyst that is deposited on ssilidie electrolyte
suppors and marks a significant advancement in the field of heterogeneous catalysts
Figure 1-3a showsan examplef the EPOC phenomenon, whemeder arapplication

of constantcurrentat +1 € A the reaction increases B times without the neetb

alter other parametef¥16]. Figure 1-3b shows a schematic structure of EPOC.cell
The catalysts are deposited on one sidehef solid-state electrolyte (SSE) and
function as the working electrode (WE). On the other side of SSE, the counter
electrode (CE) and reference electrode (RE) are prepared using gold. In this case, a
current will flow betweenthe WE and CBEvhenapplying a potential across the cell.
The catalysWE potential with respect to RE is measured and representegraisi U

EPOC studigd.17].

@, . ()

I Catalyst-WE SSE: YSZ, BZY, p-AlLO;, etc.
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Figure 1-3. (a) EPOC phenomenon of Pt deposited on YSZ téts@©xidation under
an application of +1 ¢eA. 1R «&ppyrigniSpender wi t h p e
2001 (b) The schematic structure of the EPOC cell.

TheEPOC phenomenon is driven by the migratiopm@imoting iomc speciss,
which originate from theSSEsand vary depending on the types of the SSE. The
normally used SSEs in EPOCcindeyttria-stabilized zirconia (YSZ, ® conductor),
bariumdoped zirconium (BZY, Hc o n d u ¢ t 0 +AIpQz (K*aonNE cdndutor)

Positive polarizatiofflUwr 0), where a current flows froWE to CE, involves either
the removal otlectropositivaonic species (e.g. H Na', and K) from the catalyst or
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the supply ofelectroegative ionic species (e.g. ©) towards the catalydt18],

whereasthe negative polarizatiorflUwr 0) involves the reverse proces$he

spillover and backspilloverof ionic species occurs at the catalgktctrolytegas
interface alsoknown as the threphase boundargr tph These electrdemically
createdionic species, accompanied by their compensating charges in the electrode,
form an overall neutral double layer on the catatystace as shown schematically in
Figure 1-4. The presence of this effective double layer, whose density and field
strengthchangewith varying catalyst potential, affects the electronic properties (work
function ) of the catalyst surface and its chemisorptive propestibsequentiythus
inducing pronounced and reversible alterations in catalytic rates and

selectivityf102,119]

Connecting wire
(a) e_‘—g
Gas reactans
(e.g. O, and CO ¢ F
o Cl Effective double layer
(K\ e Nae = (metal/gas)

Na® +e™ — s = Double layer
g i - (metallelectrolyte)

,

Three phase boundary (tpb)
( (metal/electrolyte/gas)

Na* Na* Na* Na*

! & 3 4
Na* Na* Na* Na* Na*
Solid electrolyte (B*-Al,03)

Connecting wire

(b) e
Gas reactans T %
e.g. O, and CO
(9.0, ) o (!’! Effective double layer
. O\\ _\\05‘ """"""""""" .. //(mefallgas phase)
o > SO /“~._  Double layer
26~ + [05— = 67],/"6'3 S S (metal/electrolyte)

5 Three phase boundary (tpb)

04
/
/

Solid electrolyte (YSZ)
Figure 1-4. Schematic of metal electrode deposited on addaductor (a) and on an
O% conductor (b), showing the location of the effective neutral double layer created at

the tpb. Reprinted with permission from §1Copyright Springer 2010.

The EPOC effect was characterized u
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apparent Faradaic ef fi ci eqoation (1) and (27):whi c h

m QO (1-6)

¥ J_ 2-7)

Whererg is the opertircuit reactionrate and is the steadystate rate after application
of p ot eis the chdnge inbe reactionrate, | is the current response to the
applied potentialn is the number of electrons transferred, &nds the Faradaic

constant. The unit afis mole per second per gramroétalcatalyst (mol 3 g1). The

catalytic ratechangeis termed as EPOC effect whig| 1, which indicates a nen

Faradaic enhancem¢b®2,116]because thepris much higher than the migration rate
of promoting ionc species (I/nF) atpb upon polarization, meaning that eaicim
promotersupplied to the catalystreates additional active sites and tp&is not
proportional to the appliedolarizationsince it exceeds the steasiate rate increase
expected rom Faradayo6s | aw.

Thefunctions ofpromotingionic species in EPOC ka beenstudiedthrough
direct observions via exsitu XPS and insitu cyclic voltammetrjdi20,121] or
throughindirect investigations via isotopic labeling stuf&®,123] For example,
Tsampas et dll22] conducted experientsto investigaé the sacrificial promoter
mechanismusing Pt/YSZ for propane oxidatipaiming atin-situ distinguishing the
O% derivedfrom the SSE (promoting ionic oxygenjrom those originating fronthe
gas phase duringPOC To achieve this goabne compartment of the Pt/YSZ catalyst
was exposed to propane and isotopic oxyg¥dr), while the othewas supplied with
air to replenish thelectrolyte with standard oxygdfOy). In this @se the reaction
of promoting ionic species with propan@uwid yield C®O,, whereas the combustion
of propane with atmospheric oxygen would prod@¥€0,. EPOC effectsunder
positive polarizationas shown inFigure 1-5, demonstrated that the oxidation of
propane by gaseous oxygen was significantly enhanc&P®C(CO, production)

with thes observedup to35. In contrastthe G°0, productionwasonly attributed to

the Faradaic el ectr oche mrhefarmatianafiC'dC8%® i o n
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was attributed to surface oxygen exchange talh, which could also be
electropromoted but to a lesser extefftese results indicadethat the presence of
promotingionic species on the catalyst surface led to the generation of more reactive
oxygen speciesvhich eitheroriginated from the gas phase or transferred through the

YSZ support and was responsible for the ABaradaic enhancement in the reaction

rate
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Figure 1-5. Catalytic rate responses to step changes of various applied positive
currents during €Hg oxidation on Pt/YSZ. Reprinted with permission from 312

Copyright Elsevier 2012.

At a first glance, e phenomenaf EPOC and MShre similarbecausdhey
both significantly influence the activity of metal/metal oxide catalydte to the
spillover and backspillover gbromotingionic speciesHowever, thesgromotion
phenomena could integrate three distinct mechanisms: classical promotion, where
chemical species such as WNaK", CI, etc., are added during synthesis;
electrochemical promotion (EPOC); and s#ifven spillover (MSI), as illustrated in
Figure 1-6. The formation othe double layer at the metal/gas interface impacts the
strength of chemisorptive bonds with reactants and intermediates, thereby affecting

catalytic activity.As opposed tdMSI, where promoters spontaneously migrate, a key
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advantage of EPOC lies in the directsitu control of the promoter quantity on the
catalyst surface. This control providesnaethod to modify catalyticratesin a
predictable and manageable manrfs a result,EPOC isalso referred to as an
electrically controlled M3L14] and MSI effect is also takenas a selsustained

electropromotion (SSER)24].

(a) cp-$~cr (b) 022 O (c) 02 0z
++ e 02 +F
++
Si0, TiO,
CLASSICAL ELECTROCHEMICAL METAL-SUPPORT
PROMOTION PROMOTION INTERACTIONS
0 |
0z 02
E I= ++ ++ £
N Yy 0

Si0, Ysz sio,

Figure 1-6. Schematic of the unpromoted and promoted states of “sigtpbrted
catalysts: & classical promotion (promoter agttl during synthesjs (b) EPOC
(polarizationcontrolled & backspillover), and d MSI (selfdriven G
backspillover) Reprinted with permission frofd02]. CopyrightACS 2013.

In 2001, a systematic and meticulous search of the electrochemical promotion
literaturg125] allowed Vayenas and coworkers to classify reactiobs four types
(electrophobig electrophilie, volcane, and inverted volcantype reactionspased
onthe rate versus catalyst potential or work function behaVtis establishesimple
and rigorous ruleshat offer a prediction of the electrochemical promotion behavior
based orthe reaction kinetics under unpromoted conditions or the chemisorptive bond
strengths of the electron donor (D) and electron acceptor (A) reactants on the
unpromoted catalysfigure 1-7 summarizes the set of four electrochemical rules,
which are discussed below

Rule 1 (R1): The catalytic rate increases with potential, referred to as

electrophobidehaviorwhen it is positive order in the D species and zero or negative
19



order inthe A species. Thus, species A is more strongly adsorbed on the surface than
species D.

Rule 2 (R2): The catalytic rate decreases with potential, referred to as
electrophilicbehaviorwhen the rate is positive order in A and zero or negative order
in D. In this case, speci€sis more strongly adsorbed on the surface than species A.

Rule 3 (R3): The catalytic rate goes through a maximum, referred to as
volcanotype behavior where the rate changes from a positive order in A and negative
order in D to a negativerder in A and a positive order in D. In this case, species A
and D are strongly adsorbed on theface.

Rule 4 (R4): The catalytic rate goes through a minimum, referred to as
invertedvolcanoetype behavior when the kinetics arepositive order for A and D. In

this case, species A and D areakly adsorbed on the surface

10° 3
) electrophobic R1 volcano R3
107 3
10! 3
< potential or work function potential or work function
(=} 0 =
<
o -
@ . LY
% | invertedvolcano % | electrophilic R2
type R4
10! 3
102 5
potential or work function potential or work function
103 1
103 102 101 0 10! 102 10°

koPp

Figure 1-7. Rules of electrochemical behavior: (R1) electrophobic, @Rtrophilic,
(R3) volcano, and (R4) inverted volcano. Reprinted with permission frorl.[12

Copyright Elsevier 2014.

EPOC hadeenutilized in variousreactions such asCO, hydrogenation, CO

oxidation, CH oxidation, GHg oxidation, NOx reduction and H production,
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employingdifferent catalytic systemJable 1-1 presents examples of EPOC studies

for these reactions, highlighting the use of different ionic species as promoters. These

studies involve transition metals like Fe, Co, Ni, Ru, Rh, Pd, Pt, and Ir, deposited on

solid electrol ytes -AbOcwhichacan prévBI€ ipnic Bpécres
of 0%, H*, K*, and N&. In EPOC, these four types of ionic species impact the

catalytic reaction in distinct ways depending on dpelied polarization, thus acting

and

as promoters. The following sections will concentrate on EPOC studies related to CO

hydrogenation, specifically involving thRWGS reaction. Additionally, EPOC for

oxidation reactions will be briefly discussed

Table 1-1. Examplesof EPOC studies for various reactions using different ionic

species as the promater

Reaction Catalyst Solid Electrolyte lonic Species Ref
CO; hydrogenation FeQ YSZ 0% [126]
CO; hydrogenation CoQOx YSZ 0% [127]
CO; hydrogenation  NiO YSZ o* [128]
CO; hydrogenation  Ru YSZ o* [129]
CO; hydrogenation  Rh YSZ o* [130]
CO; hydrogenation  Ru BzY H* [131]
COz hydrogenation  CoOx BzZY H* [127]
CO; hydrogenation  Ru b 8AD:0s3 K* [132]
CO; hydrogenation  Pd b 8AD.0s3 Na* [133]
CO; hydrogenation Pt b 6Ab203 Na* [134]

CO oxidation Pt b 6Ab203 K* [135]
CO oxidation Pt b 8AD.0s3 Na* [136]
CO oxidation Pt YSZ o* [137]
CHa oxidation Pd YSZ o* [138]
CHa oxidation Pt YSZ o* [139]
CHa oxidation Rh YSZ o* [140]
CsHs oxidation Ir YSZ o* [141]
CsHs oxidation Ru YSZ 0% [141]
CsHs oxidation Pt YSZ o* [142]
NOy reduction Pt YSZ 0% [143]
NOx reduction Rh YSZ o* [144]
NOy reduction Pt b 6Ab203 K* [145]
H> production Pt b 6AH,03 K* [146]
H. production Pt YSZ o* [147]
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1.4.1 EPOC for CO2 hydrogenation

Investigations on the EPOC f@O; hydrogenatiorhave been conducted with
various noble metal catalysts supported on different solid electrolyBetelis et
al[133] first reported EPOC for RWGS ove®d/YSZ and Pdlab #l.03. CO
formation rate was enhanced by approximately 6 timasder either negative or
positivepolarization(invertedvolcano behavior)due tothe migrationof ionic species
towardsor fromthe Pd catalystNegative polarization resulted the decrease of the
catalyst work functionand favored the transfer of electrons from Pd to electron
acceptor molecules like GPwhich favored the adsorption oCO, and subsequent
release of CO. ¢kitive polarizationresuliedin increase of the Pd work function, thus
increasedhe coverage of adsorbét, which here behawvkas an electron don@and
favored the C@hydrogenation

Bebelis et a[148] also reported EPOC for Gydrogenation over Rh/YSZ,
which showed selectivity to both CO and £HMhe CH; formation rate increased by
2.7 timesunder positive polarizatiofelectrophobic behavior) while the CO formation
rate increasedby 1.7 timesunder negative polarizatiofelectrophilic behavior).
Hydrogen, demonstrating electron donor characteristics, exhibited increased
interaction with theRh surface under positive polarization, thereby preferentially
facilitating the formation of rhodium carbonyl hydride species over rhodium carbonyl
species. Consequently, this led to an enhanced rate of methanation and a reduced rate
of CO production

Ruiz et al[134] studiedEPOC ofCO, hydrogenatiorover Pt/kb #l20s. The
CHs production rate dzeased (electrophobic behavior) and @@duction rate
increased(electrophilic behaviorunder negativepolarization at-1.5V, which was
attributed to potassium ion {Kpumping to Ptcatalyst The K™ migration led toa
decrease of theatalystwork function, which favowedthe transfer of electrons from
Pt to electron acceptor molecules, like LThis improvedhe dissociative adsorption
of COz and subsequent desorption@D species, whereas ldissociative adsorption

and subsequent GHormation weréhinderedaccordingly
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Theleritis et al[149] studied EPOC of C®hydrogenation over Ru/YSZ,
which showedthat positive polarization resulted in increased methanation rate
(electrophobic behaviordnd decreased RWGS rdectrophilic behavior)lt was
concluded thathe formation of effective neutral double laygjO" - Ru™) under
positive polarizatiorfavoured the adsorption strength of;ldue to the generation of
OH bonds which subsequently facilitatetthe hydrogenation of COnto CHs; and
inhibitedthe productionof CO.

Kalaitzidou et al[132,150]and Makri et al[151] compared the influence of
different SSEsincluding YSZ, BZY, andb #l.03 on the EPOC effect of GO
hydrogenation over Ru cataly$tor YSZ and BZY, t exhibitedsimilar results and
summarized thaositivepolarization involvedd? 'supply to, or H removal from the
Ru catalyst, ladingto enhanced methanation and suppressed CO produittadso
revealed tha¥ SZ wasregenerated by directly supplying t88Ewith O? through the
dissociation of CQ while BZY was regenerated by'Hs a result oH2 dissociation.
On the contrary, foNa" andK* conductingSSEs,the EPOC folRWGS showed an
electrophilic behavior, whilethe methanationrate exhibited a maximum with
increasingthe appliedpotential (volcano behavigr The addition ofNa" and K*
showed strengtheninghe CQ binding and in turn decreasé¢he activation energy
required to cleave an oxygen molecul&isresulted in decreasirthe work function
of Ru catalystandthusimprovingthe desorption of C@noleculesHowever, Na and
K* failed to be regenerated 4situ since theyver e a d d e d-AliOsinitially e
Whenthe ionswereconsumed as sacrificial promoters over tithe electrochemical
cell would shortcircuit and promotioralsoenced

For nonnoble metaloxide catalysts,jron oxide EeOx), cobalt oxide CoOy),
and nickel oxide NiO) showed excellent selectivity towards RWGS, where no
methane was produced in the temperature range 6#@00 . The EPOGstudyover
FeOx catalystdeposited on YSZvas doneby Panaritis et gll52] and demonstrated
that the RWGS rate wasnhanced under both positive and negative polarization

(invertedvolcano behavigrby controlling the oxidation states of Fe@anowires
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which experienced redox processes during polarizakoom opercircuit catalytic
activity investigations, it revealed that tR&VGSrates of FeQ followed the sequence

of Fes04> FeO > F& while fully oxidized FeOs and FeC were found to inhibit the
reaction Therefore, then-situ modification of Fe catalyst states resulted in changes in
reaction ratesAccording to characterizations like XPS and cyclic voltammetry (CV),
it was indicated that thelectrochemical migration of oxygen ion {Dconducted
from the YSZ solid electrolytewas responsible for the oxidation state changbss
study also revealed significant rate increases upon both starting the polarization and
interrupting the polarization, as shown kgure 1-8a. The initial increasewas
affiliated with the carbon formed during reaction conditions andséwendincrease
after polarizationwas associatedvith the reduction of oxygen reservoir of FeO
formed during polarization This was also the first time observing oxidation state
changes ofnonnoble metal catalysts during EPOC and thereby offering novel
insights into the EPOC mechanisms.

The EPOCstudy over C®x NPs deposited on YSZvas exploredby
Zagoraios et dl153], which alsoreveakd alterations in the oxidation states ©@bOx
during polarization Similarly, the reaction rateshowed twoincreasingpeaks upon
and post polarization, as shown kigure 1-8b, which droppedafterwardsand
becamestable asuppressed state, as compared to the initial Tt ratesuppression
under positive polarizatiorelectrophilic behavigrwasrelated to th€d® supply and
their interaction with the G0y catalyst surfacelt was demonstrated that the initial
state of CBwas oxidized into C&, which was a more active phase for RWGS and
led to the first peak. Continuing the polarization, thé*Gtate was further oxidized
into Ca04, which wadess active andesponsible for the later rate suppression. When
polarization was stopped, the £ was reduced back to Ewstepwise and the
reaction rate underwent reverse process, first increésir@o’) and then decreasing
(to Cd). Exploration of CoOx NPs further indicated the electrochemigatiuced
redox processes of metal catalysts, which possessed multiple oxidation states and

contributed differently to RWGS reaction
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EPOC study over N NPs deposited on YSZ was also doneZlagoraios et
al[128] and illustratedthe redox transformation between Ni and NiO under
polarization. The RWGS rate was promoted by 40% under positive polarization
(electrophobic behaviorjas NiOwas electrochemically formed apb in this case.
Therefore, EPOC provided a controllable way to modify reaction rate by in situ

altering the oxidation states of transition metal catalysts
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Figure 1-8. EPOC for RWGS over (a) FeManowires. Reprinted with permission
from [152]. Copyright Elsevier 2020. (b) Co NPs deposited on YSZ. Reprinted with
permission from [23]. Copyright ACS 2020.

To further modify electrocatalytic performance of metal catalysimbining
MSI with EPOC was also studied by supporting metals onto another metal oxide
before being deposited on SSEsformer research on EPOC over Ru and Rel%0
(deposited on BZY,)Zagoraioset al[154] revealedtypical electrophobic behavion
methanationand electrophilic behavioin CO production.However, vwhen further
supportingRu on CaOx4 (still deposited on BZY), the catalysisplayed a superior
catalytic activity mostly due tspontaneous spillover of?Ofrom CaO4 to Ry and
the EPOC effect only happened to RWGS reaatather than methanatiowjth the
same behaviors as compared to Ru on its. tnvanother researcRanaritis et gl155]
studied EPOC over FeBupported on GO, (deposited on YSZ)whichdisplayed a
high selectivity to CO (>99%)Unlike FeQ on its own, mder bothpositive and
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negativepolarization, theCO ratedecreasedvolcano behavigrby over 10% due to

the insitu change in the oxidation state @504 during polarization, thus affecting

the MSI effect betweeireQ, and Co3O4. These investigationprovidel innovative
insights into EPOC mechanismover catalysts with multiple phases f@O;
hydrogenation, where the interaction between metals and metal oxide supports played

an important role and contributed to the alternations in EPOC behaviors

1.4.2 EPOC for CO oxidation and hydrocarbon oxidation

EPOC has also been widely studied f0© oxidation and hydrocarbon
(especially ethylene and methamjdation over noble metal catalysts to accelerate
energy conversior¥entekakis an®/ayenagl56] revealed thathe intrinsic rate of CO
oxidation onpolycrystallinePt supported or¥SZ wasaltered significantly by means
of electrochemical & pumping to or from the catalystirface The CQ production
rate increased under positive polarization, while decreased under negative polarization
(electrophilic behavior)Yentekakis et gl136] also reported EPOC for CO oxidation
overpolycrystalline Pt films omNa-b 8Ab.0s and demonstratedthdte use -of t he I
Al>O3 enabledprecise in situ control of Nacoverage on the Pt surfadecreasing
Na" coverage under negative polarization cau$®®% promotion in the CO;
production rate (electrophilic behavior), whicwas due to enhanced oxygen
chemisorption on the Pt surfacgimilarly, LucasConsuegraet al[135] studied the
influence of kb 6Ad.03 on EPOC effect over Pt and reveakddctrophilic behavior
for CO oxidation, where Cf{rate increased by 11 times under negative polarization.
This wasdue to the formation of potassium compoundstioa Ptsurface that
enhanced the adsorption ©f.

Comninellis et al[157] first studied EPOC for ethylene oxidation over
IrO2/YSZ, which exhibited an increased reaction rate under positive polarization
(electrophobic behavior) due to the supply &f © catalystfrom YSZ Toghanet
al[158] used Pt/YSZ as the catalyst aatbo revealed an increase in ethylene
oxidation rate under positive polarization (electrophobic behawdrich was due to

the transitionof Pt surfacédrom aninactive carbon poisoned state to an active state
26



Ibrahim et al[159] studied the influence dfia” on Pt catalyst deposited on YSZ for
ethylene oxidation, whose presence affected the EPOC behavior significantly. Under
polarization, the reaction showed electrophilic behaatdow Na" coverage (0.11%)
electrophobic behavioat high Na" coverage (65%)and volcanotype behavior at
intermediateNa“ coverage. This wabecausehe increasingNa® coveragemade its
interaction with oxygen more significant and subsequently enhanced the reaction rate,
changing electrophilic behavior gradually into electrophobic éfegar et al[160]
reported EPOC for ethylene oxidation over RIM3Z, which showed rate increase
under both positive and negative polarizationvgrted volcano behavior)Positive
polarization increasedthe work function, leading to improved adsorption and
facilitated cleavage of thei© bond in ethylene. Conversely, negative polarization
facilitated oxygen activation.

Rocheet al[161] studied EPOQGor methanaleep oxidatia over Pd/YSZand
found that the catalytic activitycould bein situ increasedby applying apositive
polarization (electrophobic behaviorjhus supplying oxygen iong the catalyst
surface. Theelectrochemically migrated Denhancd the thermal stability of the
oxide andresuledin the transition betweeRdO and Pd phasesunder polarization
Similar studiesand resultsvere also performednd concludedby Matei et al.[162],
Kalaitzidouet al[163] andHajar et a[164]. Moreover,Hajar et al[165] synthesized
and used Ionetallic NoPd coreshell NPsas the catalyst for complete methane
oxidation, which showed an improved oparcuit activity compared to bare Pd
catalyst andan electrophobi&POCbehavior under polarizatioit. was demonstrated
that electronic interaction between Pd and Was responsible for the modified
electrocatalytic performance, providing a practical advancement of EPOC by
lowering the noble metal conterdagoraioset al[138] introducedMSI by using
Pd/Ca0s catalyst (deposited on YSZ) in EPOC for methane oxidafidre CO,
formationrateincreasd underpositive polarization(electrophobic behavipandthe
Pd/CaOs reacled a faster promotional state, mainly due to fhresence of G4,

whichbehavdas a fdbr i dge o gramoter tolreach theddlPs mbréa e O
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easly. Nakos et al[140] used Rh/YSZ in EPOC for methane oxidation, whose
catalytic rate was increased under positive polarization and decreased under negative
polarization (electrophobic behavior)Tlhe enhancedCO, formation rate was
attributed tothe weakeningof Rhi O bond strengthcaused bythe decrease othe
coverage ofoxygen ofthe catalytic surfacbecause othe increase of the catalyst

work function.

1.4.3 Permanent EPOC

A Brmanent EPOQ-EPOCY e fwhsdirst discovered by Comninellis and
co-workerg157], who studiedthe EPOC transienfor CoH4 oxidation on IrQ/YSZ. It
was found thatipon current interruptigm e i t her t h e edtatheeinitalo r @
opencircuit values meaninga permanent rate enhancement accompanied by a
per manent .Theemainmag highactivitwasattributed to the formation of
IrO2 + at the IrQ/YSZ interface during current applicatiowhosecatalytic activity
for ethylene combustiowas thought to be higher than on k®ased on this,rether
study by Comninelliset al[166] on Pt/YSZ catalysts provided strong support éor
proposechypothesis thap-EPOCwas due to the storage of promoting ®pecies at
the catalystelectrolyteinterfaceduring polarization.

Similar pEPOC phenomena were also notibgdStavrakakisandPoulidi[167]
in studies forCO oxidationover Napromoted Pt/YSZ. Thetorage of ®'promoting
species at the cataly$iSZ interfaceoccurredunder oxidizing conditionand resulted
in formation of sodium oxides, which was responsible for thenanent enhanced
reaction rate after polarizatioMoreover,in EPOC studies for CHoxidation, PdO
layer formationat Pd/YSZ interfadd61,163,168]and RhO layer formatiorat
Rh/YSZ interfacfl40] under polarization weralsoconfirmed and considered as the
reason for fEPOCeffect It was alsdfound that the pEPOC state ceased to exist a
few hours after th@olarizationinterruption as shown irFigure 1-9a. This process
occurred as a result of the depletion of all stor&dsfecies, leading to the restoration
of the catalytic rate to its original leveTherefore, tts phenomenorwas more

persistent than permanent.
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However, research conducted b$ouentieet al[142] revealed thatCsHs
oxidation over thin sputtered Pt/YSZhowed longterm pEPOC effect after
polarization as shown irFigure 1-9b. It wasdemonstrated that thermodynamically
stable PtQ species was formed at the Pt/YSZ interfasbich did not interact with
the reactive gas mixturdn this casethe removal of £#POC was achievable only
through the application of negative polarization, which led to the decomposition of

the PtQ specie.
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Figure 1-9. (a) Persistent4E£POC effect over Pd/YSZ for GHbxidation. Reprinted

with permission from [@1]. Copyright Springer 2008. (b) Lortgrm pEPOC effect
over Pt/YSZ for GHg oxidation. Reprinted with permission from4fd. Copyright
Elsevier 2010.

The pEPOC also occurred to Fe@eposited on YSZas shown irFigure 1-
8a. It was demonstrated due toxygenpromoterstorage in the form oifon oxide
during polarization.Upon current interruptionthe storedO* beame available as
reaction promotersincethe electrochemically formedon oxide which was induced
by applied polarization, vgano longer stabléhis led tocontinuous promotion dhe
RWGS reactionuntil all the storedO? was depleted The return of the promoted
reaction rateto its initial open circuitconditions was dependent on the time of
polarization Considering its impact on improving catalytic performanke,gEPOC
was believedo be oneof the most interesting and potentially importahenomena

from a practical viewpoint aspect of electrochemical promotion
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1.4.4 DFT study in EPOC

Density Functional Theory (DFT) is a quantum mechanical approseti to
understand and preditite electronic structure of atoms, molecules, and saltdbe
atomic and molecular levels. It provides a way to solve the Schrdinger equation
approximately for complex systems with many electrons, which is otherwise
intractable due to the electr@tectron interaction term in the Hamiltoniaft.
originated from the work of Thomas and Fermi in the 1920s and was further
developed by Hohenberg and Kohn in 1964, who proved that the gstated
properties of a manglectron systentould be determined uniquely by its electron
density The use of approximations in DFT is necessary because the exact form of the
exchangecorrelation functional, which accounts for the complex interactions between
electrons, is unknown. Two common approximatidnscal Density Approximation
(LDA) and the Generalized Gradient Approximation (GG#ave beerextensively
used in DFTstudies Despite the wide application of DFT in many other areas, it has
been rarely studied in EPQ€search

For the first timeHajar et al160] used DFT calculationgo rationalize the
experimental results foEPOC of ethylene oxidation on R (110) surface,
consideringthe influence ofapplied polarization. The experimental resultshowed
reaction rate enhancementsder both positive and negative polarizatibBrom DFT
results,CoHs was revealed tpreferably adsodyd on theO atoms andipon applying a
positive polarizationthe adsorption ofC2H4 was favored g§dsorptiorenergy dropped
from -3 eV t0-4.75 e\j and theactivation energy of thei® bond dissociatiowas
decrease (from -0.5 eV to-1 eV) Under negative parization however,the O
adsorptionon the RuG, surfacewas favored(adsorptiorenergy dropped frorrl.5 eV
to -3 eV) and the activation energy of thei O dissociationwas decreased
accordingly(from -0.7 eV to -1 eV). As a result, e facilitation of the €C bond
dissociation under positiveolarizationand of the ®O bond dissociation under
negativepolarizationexplairedthe observed inverted volcano behavior

Anotherresearch donbey Panaritiset al[129] utilized DFT modelin EPOC
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study of CO, hydrogenatiorover Ru/YSZ where CH production decreased and CO
rate increased under negative polarizatDRT computations uncovered that electric
field effects together with a change in surface electrochemical potential between
intermediatesvere responsible for the contrasting influence of EPOC on thea@GH
CO formation.Specifically, the influence of polarization on CO/GHelectivity was
illustrated by the branching from C@ CO and CHQ Under negative polarization,
the preference for CQlesorption increasedue to destabilization of the CHO
intermediatein this caseexplainingthe increasen CO production.On the contrary,
positive polarization slightly faved the hydrogenation of COinto CHJ, thus
facilitating CHs productionaccordingly

However, the mechanism of ion migration and its impact on the oxidation state
changes of the supported metal catalysts remained unclear. Considering the rapid
electrochemical reactions that happened on the catalyst surface in EPOC, DFT
calculation is taken as a promising and alternative way to simulate and evaluate the

transportation of ionic species from oxide supptitvardmetalcatalysts

1.5Motivation and Research Objectives

Based on the literature review, it is found that EPOC for RWGS using noble
metals like Pd, Ru, and Rh shows excellent catalytic performance but is high in cost.
In contrast, nomoble metal oxide catalysts such as LeCoQ, and NiO exhibit
limited opencircuit activiies and unstable EPOC effects. Additionally, current solid
el ectrolytes | i k eAl,0Y BaXe limi@d& ¥lectrical nadd iomié 6
conductivities at lower temperatures, restricting broader EPOC applications.
Motivated by these research gaps, the overall objective of this research is to explore
and study novel nenoble metal catalysts and solid electrolytes for the RWGS
reaction using EPOC and MSI phenomeRar the first time, to study the chased
catalystsand their potential mechanisms in EP@@dto study the effect dlithium
ion (Li*) promoterusinglithium lanthanum titanateL (TO) solid electrolyte on the

catalytic activity and stability of metal oxide catalysts under MSI and EPOC

31



conditions.
The following objectives have been executed:

E Develop low costactive and stable Cibased nanostructured catalysts

E Determine the influence of the MSI effect and the EPOC phenomenon on
the performance of Chased catalysts under reaction conditions

E Understand EPOC mechanisms through comprehensive electrochemical
and physicochemical characterizations

E UseDFT to simulate the migration of ionic species and their impact on
Cu-based catalysts under EPOC conditions

E Establish the relationship between electrochemical active surface areas
(ECSA) andEPOC magnitudes to inform future catalyst development

E Implement LLTO as solid electroly@nd Li as promotefor the RWGS
reaction and CO oxidation, initiating its application in the EPOC .field

E Investigate the migration of Liand its interactiors with metal/metal

oxide catalysts, and how these interactions influence catalytic reactions

1.6 Thesis Structure

Based on the research objectives, this thesis is preparéee following
structure:

Chapter 1 discusses thiterature review of the importance of utilizing €O
the CO. hydrogenation processesid mechanismscatalysts including noble metals
and nonnoble metals to facilitate the reactiongSl that involvesspontaneous
spillover of ions and promotion in catalytic performareegd EPOC phenomertiaat
enablein situ control of ionic species and reaction radéh both noble metals and
nonnoble metals, as well asgPOC effect antheoretical DFT calculations.

Chapter 2 presents the metbtmjjiesused to synthesize nanostructured metal
catalysts and assemble EPOC cells, along with a diagram of the experimental setup. It
then describes the prepaoat steps for the experiments, including freatment

processescatalytic reactiorconditions,and electrochemical testiggvhich provide a
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clear and fundamental overview. The chaptiso includesa detailed explanation of
the physicochemical and electrochemidaédracterizationsonducted in tis thesis.
Chapter 3proposes to use Cu as the novel -noble metal catalyst and
exploresthe preparation of Cu NPis the polyolsynthesianethodand its application
in EPOC for RWGS The EPOC mechanismwas demonstratedto be the
electrooxidation of Cu by ©from YSZ solid electrolyteDue to the limited catalytic
activity of Cu NPsandits drawbacks of being easily sintered and deactivated, it
necessaryor the following studyto employ the combination of Cu NPs and metal
oxide supports to improve the catalyst morphology, properties, and EPOC
phenomenon
Chapter 4 studies the Cu/CaOs catalysts with different Cu loadings
considering that G®s is also a nomoble metal oxide with a huge oxygen storage
capacity, which is considered beneficial for @igration Despite a huge change in
EPOC behaviors due to interactions between Cu an@4£and the improvement in
the sintering of Cu NPsthe highly reactive Cg04 shows to baunstablebecause of
the existence of multiple oxidation states of cobalt, making the investigations on the
interactions between Cu and £0a complicated This induces the need for using a
simple, stable, and still nemoble metal oxide as the support for Cu NPs to study the
influence of oxide support on the EPOC of-kased catalysts in the following study.
Chapter 5 startwith the synthesis of nanostructured ZnO and uses it as the
supportfor Cu NPs with various loadings. The simple and stablectureof ZnO
makes it a suitable support, which not only effectively prevents sintering and
oxidation of Cu NPs, but also improves the catalytic activities by forming MSI. EPOC
effects illustrate that the oxidation of metallic Cu into.Guwnder polarization is
responsible for ratenhancementTo provide insightinto the origin of the O*
migration theoretical DFT calculations are performadiexplainhow the lattice &
in ZnO is driven to move towards Cu NPs ungelarizationand form CuO. ECSA
is also found to correlate withe EPOC effect, which is due to the oxygen vacancy of

ZnO and betters the understanding of MSI influence on EPOC.

33



Chapter6 innovativelyusesLLTO as thesolid electrolyte aiming atusing Li*
as promoter andxploring EPOC over nenoble metal catalysts at low temperatures
FeQ: and Pt are used as comparative catalysts for both RWGS reaction and CO
oxidation. The superior opesircuit activity of Fe/LLTO over Fe/YSZ is due to the
MSI. Thedistinct EPOC behaviors in differestystemgeveal the unique interactions
between migrated Liand FeQ. For the first timeli* functions as promoter in EPOC
and influence the catalytic reaction ratesThis pioneering work demonstrates the
promising potential of LLTO in EPOC studidspadeningts application in reactions
that are favored at low temperatures.

In the end, the conclusions of this thesis work are summarized and
recommendationfr future development in EPOC studies are proposed, followed by
contributions made tthe EPOC research field in the past 4 years in the foran |t
of publicationsandconference meetings.

The objective of the researchare achievedthrough the progression of
Chapters3-6, following the procedures: Thepencircuit activiies of synthesized
nanostructured metal catalysiee studied first talustratethe catalytic performance
without polarization and under different reaction conditions, like temperatures and
COp:H2 ratios. The EPOC phenomenors then employedby the application of
constant potential orcurrent and is measured according to the and s .
Physicochemical and electrochemicdlaacterization techniquesre also used to
explain themechanisms behind the phenomenAit catalysts havebeen examined
throughHRTEM and STEM analysis to determinte catalysistructure andizein
Chapters3-6. SEM is used to determine thsurfacemorphology of thecatalystin
Chapters3-6. EELS mappings performed tadentify and visualize the elemental
compositions on the STEM images Chapters3-6. ICP-ES was used to determine
the metal loadingsof Cu NPs onthe catalyst in Chapters4 and 5 XRD was
conductedo provide crystaite informationon metal catalystén Chapters4-6. XPS
spectra were collected tive insights intothe oxidation stateof the catalyst in

Chapters3-6. CVs are done toprovide in situ information about the interactions
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between migrated ionic species and metal catalysts archéimge in oxidation state

within the potential window ilChapters3-6. The appendices at the eotiChapters3-

6 include supplementary informatiaa the main content of each chapter.
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Chapter 2. Experiments and Characterizations

2.1 Catalyst Synthesis

The nanostructured metalatalysts are prepared using the polyol synthesis
method adapted from the previous sfudly In short, metal saltis measured and
dissolved inethylene glycol (EG) (Fisher ChemicaDttawa, Canada and then
tetramethylammonium hydroxide (TMAOH) (pentahydrate, Sigktthich, Oakuville,
Canada97+%) is added until pH reaches 12. The EG functions as both solvent and
reducing agent, and the TMAOH is used to control the particle size and distribution
The solution is stirred foBO minutes at room temperature (RT) and then refluxed at
temperaturesanging from 10200 . The resulting colloidal solution is cooled down
to RT and stored for future use. The pH of the solution dropped from the initial value
of 12 to8, indicating the reduction of metal ions.

The supported metal catalysts are prepared by mixing metal colloidal solution
with measured oxide suppggtowder s i n deionized water (DI
48 h for the desired metal loadings. For instance, 10 mL metal colloidal sallition
mg mL?), correspondingo 10 mg metal catalystgs mixed with 1000 mg of oxide
support powders in DI water to have 1 weight percent (wt.%) metal/oxide support.
The dispersed supported catalysts are then centrifuged and washed three times with
DI water with supernatant discarded and precipitate collected, followed by drying in

air at 60 for 24h. The final catalysts are in powder forms and stored for future tests.
2.2 CellPreparation

YSZ (8 mol% Y20s3-ZrO,, Tosoh) is used as the solid electrolyte in Chaptéys 3
in the form of a disc and is prepared as reported elsey2jer€he disc isl9 mm in
diameter and mm in thickness. Two electrodes, counter and reference electrodes, are
deposited by painting with gold paste (Ted P#lla, Redding, USA on one side of
the disc and calcined in air &0 O for 1 h and then cooled to RT. The metal
catalysts are then deposited on the other side of the disc as the working electrode in a

tape mask mold (surface arealatn?) directly opposite to the counter electrode. The
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metal colloidal solution is applied using a micropipette in stepsdf L per
deposition with a drying step 4t 0 O for 10 minutes in between each application.
This is repeated until the target mass loading is achieved. The structure of electrodes
deposited on the YSZ is shownkigure 2-1a. Subsequently, the electrochemical cell

is assembled in a singtamber quartz reactor by pressing a gold mesh over the
catalysts to guarantee the film conductivity, and a porous borosilicate fritted disc is
placed over the gold mesh to fix the disc in the reactor in a sandlikecktructure.

The working, counter, and reference electrodes are connected to the potentiostat
galvanostat (Arbin Instruments, MSTAUSA) via three gold wires. The schematic

structure of the electrochemical cell in the reactor is showigure 2-1b.

Borosilicate fritted disc

Solid Electrolyte
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\ /

(c)

.
Insulation .~
’ 25 mm

=

CO Analyzer Mass Spectrometer

MFC's

Temperature

Controller D

]

v
D E

Potentiostat

Figure 2-1. Schematic structure of (a)ectrodes deposited on the solid electrolyte, (b)

EPOC cell in reactor, and (c) experimentatget
2.3 Experimental Sdup

The singlechamber quartz reactor is then placed in the catalytic system under

ambient pressure and isothermal condition. The experimentapsstdisplayed in
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Figure 2-1c and consists of gas flow controllers, quartz reactor, gas analysis
equipment, and a potentiosgdlvanostat. B (Messer, 100 %, CO; (Messer,
99.99%), and Ar (Messerl00 % are fed to the reactor through three individual mass
flow controllers (MFC, MKS Instruments). A natispersive infrared CO analyzer
(Horiba VIA-510) and a quadrupole mass spectrometer (QMS, Ametek Proline DM
100 are connected to the reactor outlet to monitor the amount of produced CO in
parts per million (ppm) and analyze the gas components with mass to charge ratios
(m/z) of 44, 40, 28, and2 corresponding to C§& Ar, CO, and H, respectively. This
experimental setip is applied for all studies in the following Chapter§. Before
any reactions, the catalysts deposited on solid electrolyte ateepted in air forl h
at3 5 0 to initially remove the EG and TMAOH, then in Ar farh at3 5 0 to get
rid of air, and finally in H (20%in Ar) for 2 h at3 5 0 to reduce the metal catalysts
back. For RWGS reaction, the gas ratio of2{ is modified to bel:1, 3:1, 6:1, 1:3,
andl:6 under the protection of Ar by adjusting the flowrates ob®, and Ar, with
the total flowrate of the inlet gas kept stablel@0OmL min?. The experimental
temperatures are controlled by the heating thermocouple.

The EPOC tests are carried out by applying constant voltages/currents across the
working electrode and counter electrode. The magnitudes of EPOC effects are
characterized by at e enhancement ratio (J)s),and app

which are calculated by Eq.-@ and (22):
m QO (2-1)
s YO )il & (2-2)

Whererg is the opercircuit CO production rate andis the steadystate rate after
application of voltage/currentp is the rate change upon polarizatibmg the applied
current or current response to the applied voltagés the number of electrons
transferredZ e for CO), andF is the Faradaic constant. The increase of catalytic rate
i s ter med EPOC e flf sltich indichtesn a rjeBatadaic

enhancemefs,4]. The unit of reaction rateis calibrated from ppm (1%) into mole
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CO per second per gram of catalyst (mol Cbg3) by Eq. (23), where 24.465 L

mol! is the molar volume at standard conditions:

[ i#/0 C . I (2-3)

This equation is applicablender the assumption thidie reactor operates under
differential conditions, where conversions are kept [bls minimizes the influence
of mass transport limitations and allows the reaction to proceed at rateasrehat
controlled by the intrinsic activity of the catalyst and the effects of electrochemical
promotion, not by how quickly the reactants can reach the catalyst surface or how

quickly the products can leave.
2.4 PhysicochemicalCharacterization

The specimens used for physicochemical characterizations included both as
prepared and spent samples. Th@m@pared catalysamplesare collected after pre
treatments but before engaging in reactions, showcasing the properties of the catalysts
in their initial states. The spent catalgaimplesare obtained directly after EPOC tests,
providing insights into the properties of catalyati®rthe polarization.

Scanning Transmission Electron Microscopy (STEM), performed on an FEI
Titan® 80-300 microscope operated at 300 keV and equipped with a CEOS aberration
corrector for the probe forming lenis, used on the analysis of catalgsimplesto
determine the particle size awstiape The samplg are prepared by sonicating the
catalyst powders in ethanol are then onedrop deposited onto a lacey carbon
support film (Ted Pella). The microscope is equipped with an EDAX Energy
dispersive Xray (EDX) spectrometer, whidls carried out to characterize the element
composition.High-angle annular darkeld (HAADF) imagingis performed with a
convergence seraingle of 18 mrad and a collection seangle angle of 60 mrad to
provide a contrast sensitive to the atomic number Z.

Scanning Electron Microscopy (SEM, JSMOOF FESEM)is used to

characterize the morphology of catalgamplesieposited orsolid electrolytes.
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Determination of the metaloadings on oxide supportare performed on
triplicate samples by Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-ES) (Agilent 8800).

X-ray Diffraction (XRD) patternsremeasured ovepowder formedtatalysts to
investigate the crystalline structsreoy the Rigaku Ultima IV multipurpose
diffractometer with a scanning rate of 1 degree (} hhifrom 20 to 80A 2 @The
identification of peakss accomplished by using the Powder Diffraction File (PDF)
database.

X-Ray Photoelectron Spectroscopy (XPS, Kratos Axis Ultra XPS) equipped with
a monochromated Al Xay sources used to determine the oxidation stakésatalyst
samples The colloidal sampke are prepared by depositing colloid solution on a
silicon wafer followed by drying a2 0 O for 1h under Argon, while th@powder
samplesaremounted and attached to the coated aluminum platen using exdéte
adhesive Cu tap&PS analysiss conducted using an accelerating voltage of 15 kV
and a current of 12 mA. The pressure in the chamber during analy&@ x10° +
0.4 x10' torr. All XPS peaksare fitted using CasaXPS software with Shirley
background corrections except those of colloidal Cu, which require a Tougaard
background.A GaussiarLorentzian shape functiors used for high resolution XPS
spectra. High resolution analyseare calibrated to adventitious C 1s signal at 284.8

eVv.
2.5 ElectrochemicalCharacterization

Cyclic voltammetry (CV) testarecarried outunder both inert conditions (in Ar)
and reaction conditionisy the potentiostagalvanostat (Arbin Instruments, MSTAT).
The voltageis set tosweepfrom a negative value to a positive grfellowed by
cycling back tahe staring pointvith a scanning rate @ mV s?.

Linear sweep voltammetry (LSV) at scan rate of 20 mMissised to obtain Tafel
plots. The exchange current density (s determined from the intercept aik)= 0 in
Tafel plots (Inl vs. Uyr) based on thepotentiostagalvanostat data o€urrent

responsed ) to various applied potentials ).
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The relative electrochemical active surface areas (EC&Asgvaluated by the
surface roughness factor (RF) values arel determined by measuring theuble
layer capacitance (q) of asprepared catalysts. CVare performed ina small
potential window, where no faradaic reactidragppen with various scan rates (20
200 mV sb) under inert conditions. By plotting the charging curréhtvé. scan rate
(dV dt?), theCq could be calculated from the slopes according to theZ=4)[%]:

y AJAO# AGAO (2-4)
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Chapter 3: Electrochemical Promotion of Cu Nanoparticles for
the Reverse Water Gas Shift Reaction

Adapted from J. Wang M. Couillard, E.A. Baranova2022, Catalysis Scence &
Technobgy.

Abstract: The catalytic activity and EPOC effects of copper (Cu) nanoparticles (NPs),
aninexpensive metal as an alternative to noble metals, are presented and show to be
better than those of other nooble metals, such as iron (Fe) and cobalt (Co).
Through characterizations like SEM, STEM and XPS, the change from lower
oxidized state to higher oxidized state of copper catalyst before and after reaction is
confirmed, and GO and metallic copper are taken as the active states. It is found that

the EPOC effects only occur under positive polarizations and vary significantly under
different reaction conditions, indicating that the RWGS reaction over Cu NPs
deposited on yttrigtabilized zirconia (YSZ) follows the redox mechanism. The best

EPOC effect occurs under an application of +2V and:Bor at i o o f 1:1 at

with an enhancement ratio (}J) of 1.2 and F,

3.1 Introduction

Copper (Cu) is one of the most studied catalysts for the RWGS reaction due to its
excellent properties, high activity and low pfie Cu nanoparticles (NPs) are
difficult to stabilize under ambient pressure due to their high reactivity and fast
oxidation to two main copper oxides: £ (Cu(l)) and CuO (Cu(ll]Ri4]. From
temperaturgorogrammed reduction (TPR) studies of @%i7], the copper oxides are

reduced in a temperature range260-5 0 0 as shown in Eq. €3):

~

#O0/0 #Q o#0 (3-1)

Most studies about Gydrogenation on coppdrased catalysts focus on metal
support interaction (MSI) and no EPOC studies have ever been discussed. In a recent

study{8], Cu/ALOs catalyst were used for RWGS and Ouwas reported as an
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intermediate during CO production. In another sfappf RWGS on Cu/ZrQ the
dissociation of C@adsorbed on Cu was confirmed. The importance of the interface
for RWGS activity in Cu/ZnO catalytic system was also emphasized red@jtly
Similar to Fe and Co, it has been demonstrated that the Cu catalyst is active in
converting CQinto CO by following the redox mechanism during RWGES12]

In this study, the electrochemical promotion of Cu NPs of 20 nm average size
deposited on YSZ was studied for the first time for RWGS reaction. Characterizations
including cyclic voltammetry, SEM, STEM, and XPS were carried out to explore the
morphology and oxidation state changes of Cu NPs before and after reactions. The
opencircuit activities of RWGS over Cu NPs/YSZ were evaluated under theHzO
ratio of 1:1, 3:1, 6:1, 1:3, and 1.6 in a temperature range @0 - 4 5 0. The
influence of polarization under different temperatures:@8@ratios, and applied
potentials on the catalytic rate of RWGS reaction were investigated to illustrate the

possible mechanism behind the phenomenon.

3.2 Experimental

3.2.1 Catalysts synthesis

The Cu NPs were synthesized using the polyol synthesis matbotoned in
Chapter 2 Specifically 0.029% of copper (II) nitrate (hydrate, Alfa Aes&9.99%)
was dissolved ifb mL of ethylene glycol (EG) (Fisher Chemical), and then 5 mL of
0.25V tetramethylammonium hydroxide (TMAOH) (pentahydrate, Sigktdxich,
97+%) was added. The solution was stirred 30rminutes at room temperature (RT)
and thenrefluxed atl 9 0 for 30 minutes. The resulting colloidal solution was
cooled down to RTwvith colourchangedrom blue to dark red. The pH of the solution
dropped from the initial value of 12 #®, indicating the reduction of copper (Il)

precursor.

3.2.2 Experimental setup

The electrochemicakell and experimental setup were prepared following the

proceduregietailedin Chapter 2Counter and reference electrodes were painted on
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one side of YSZ disc using gold paste and then calcifleelCu NPs were deposited

on the other side of the disc in a tape mask mold (surface arearof) directly

opposite to the counter electrode. Cu NPs colloidal solution was applied using a
micropipette in steps ofCe L per depositionlW0Oforhl0a dryin
minutes in between every application. This was repeated until a metal mass loading of

0.5mg cm! was achieved.

Subsequently, the electrochemical cell was assembled in a-shagtgber quartz
reactor in a sandwielike structureusinggold meshandborosilicatefritted disc The
working, counter, and reference electrodes were connected to the potentiostat
galvanostat (Arbin Instruments, MSTAT) via three gold wifBlse singlechamber
guartz reactor was then placed in the catalytic system under ambient pressure and
isothermalconditions Hz (Messer,100 %9, COG, (Messer,99.99%), and Ar (Messer,

100 % were fed to the reactor through three individual mass flow controllers (MFC,
MKS Instruments). A nodwlispersive infrared CO analyzer (Horiba VVPAQ) was
connected to the reactor outlet to monitor the amount of produced CO. Before any
reactions, th&€€u NPswerepretreatedasdetailedin Chapter 2The gas ratio of inlet
COo:H2 was modified to bd.:1, 3:1, 6:1, 1:3, and1:6 under the protection of Awrith

the total flowrate kept stable a00mL min. The temperature for the experiments
ranged fron2 5 0to4 5 0 and was controlled by the heating thermocouple.

Cyclic voltammetry (CV) test fomspreparedcatalyst after préreatment was
carried out by the potentiostgalvanostat (Arbin Instruments, MSTAT) under inert
atmosphere (Argon) a4 0 0. To illustrate the effect of positive potential on the
oxidation states of the copper catalyst, the potential windows of the CV were set to
begin from-1.5V to 1.5V, 1V, 0.5V, andQV respectively, followed by cycling back to
-1.5V with a scanning rate &mV st. The effect of holding potential on the first
cycle were demonstrated by holding potential at 1.5V -4rfeV for 10 min before
starting the CV tests. CV test under stoichiometric condition€31:1) was also
carried out a¥ 0 0 to compare with inert condition and evaluate the difference of

oxidation states before and after RWGS reaction.
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Under experimental conditions, the EPOC effect was characterized using the rate
enhancement ratio (})) ag)dvhiechpvpracaleutatedblf ar ad ai
Eq. (32) and (33):

m QO (3-2)
s YO )T & (3-3)

Where ro is the opercircuit CO production rate and is the steadytate CO
production rate after application of potenti.is the change in CO production rakte,
is the current response to the applied potential, n is the number of electrons
transferred Z e for CO), andF is the Faradaic constant. The unit of reaction rase

mole CO per second per gram of catalyst (mol C@Y.

3.2.3 Characterizations

Scanning Transmission Electron Microscopy (STEM) was used on the analysis
of aspreparedCu catalyst to determine the particle size and morphology. The
microscope is equipped with an Enedjgpersive Xray (EDX) spectrometer, which
was carried out to characterize the element compositiagh-angle annular dark
field (HAADF) imaging was performed to provide a contrast sensitive to the atomic
number Z.Scanning Electron Microscopy (SEM, JSNMOOF FESEM) was used to
characterize the morphology alternation a$preparedand spent Cu catalyst
deposited on YSZX-Ray Photoelectron Spectroscopy (XPS, Kratos Axis Ultra XPS)
was used for tests on colloidaspreparedand spent Cu catalyst to determine the
oxidation states change before and after reactidhsXPS peaks were fitted using
CasaXPS software with Gaussiorentzian shape functioand Shirley background
corrections except those of colloidal Cu, which required a Tougaard background. High

resolution analyses were calibrated to adventitious C 1s signal at 284.8 eV.

3.3 Results

3.3.1 Catalyst characterizations

Figure 3-1a and bshows the STEM images a§preparedCu catalyst after pre
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treatments andrigure 3-1c, d, e and fshow corresponding EELS mapping of the
orange square iRigure 3-1b (the yellow square is for drift correction) where red is
Cu, green is oxygen and blue is carbon. FFagure 3-1a, the average particle size of
aspreparedCu catalyst showed to #0nm with a coreshell structure. The brighter
shell corresponds to more reduced copper than more oxidized core. The reduction
could occur under the electron beafmgure A-1 shows the EDX spectrum @fs
preparedcatalyst where Cu was the only metal found with limited oxygen in Area
compared to the blank Areéa The oxygen element came from the oxidation of Cu
particle surface during storage since copper wasily oxidized even at room
temperaturg@ 3], resulting in the corshell structure, which was also illustrated in the
Ref[14] where CyO was formed as a shell on the surface of spherical Cu NPs. The
oxygen element shown in EELS mapping was mostly from YSZ powders during
sample preparation, whose position corresponded well to the smaller particles
(d=10m) presented irFigure 3-1b which showed no Cu content (red in EELS
mapping), while the carbon was from the residual EG that was used for catalyst

synthesis.
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Drift corrected spectrum image Scar

Figure 3-1. STEM image of (a) and (baspreparedCu catalyst and (c) EELS
mapping of (d) copper, (e) oxygen and (f) carbon from the orange square in (b), where

red means Cu, green represents oxygen, and blue is carbon.

Figure 3-2a and b shows SEM images aspreparedand spent Cu catalysts,
respectively, deposited on YSZ (Cu/YSZ). After deposition andtrpegment, Cu
catalyst shows a porous structure with some large agglomerated Cu NPs of over
200nm in size with small white dots on the surface, which represented dispersed Cu
NPs. The dispersed Cu NPs w2fe30nm in diameter, which agreed with the particle
size ofaspreparedCu catalyst in STEMKigure 3-1a and d). In the spent sample,

i.e., catalyst that was used for RWGS under open circuit and EPOC experiments, Cu
NPs in lower oxidized states were oxidized b§ nhder anodic polarization. This

resulted in the formation of copper oxide NPs in the higher oxidation state that were
prone to sintering and agglomeration at higher temperatures. As a result, the
morphology of the catalyst film was changed with the absence of smaller Cu NPs and

the presence of larger Cu@articles.
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Figure 3-2. SEM images of (aaspreparedCu and (b) spent Cu.

Figure 3-3 shows the high resolution XPS spectra for Cu 2p of colloidal Cu NPs,
aspreparedCu/YSZ after prereatment, and spent Cu/YSZ sample, respectively. It
was found that the Cu catalyst in the colloidal samplgufe 3-3a) was mainly in
copper oxide (Cug) state with limited amount of metallic copper (Cu(0)) and copper
hydroxide since the catalyst was synthesized in EG solution open to air in the
presence of TMAOH that could provide Oib form Cu(OH). After the pre
treatment in K the higher oxidized state of Cu(ll) was expected to get reduced to
metallic C{, however metallic copper was unstable and easily oxidized even at
RT[14]. As a result, most of copper was in Cu(l) state in depreparedsample
(Figure 3-3b). The Cu(OH) was also formed due to the reaction between CuO and
H20, which was produced from Cu@duction during préreatment process.

However, the area percentage of Cu(l) was decreased from 74% to 41% with an
increase in the area of Cu(ll) from 7% to 36% after experimé&mgsie 3-3c). This
indicates the change in the oxidation state of Cu possibly dué tsu@ply under
electrochemical anodic polarization, as will be discussed in the next section. The
small peaks shown between Cu 2pl/2 and Cu 2p3/2 were the-ighadaellite
structures of Cu(ll) oxide, which are known to characterize the existence of CuO
phas§l5i 17]. Therefore, the presence of these satellite structures in the colloidal and
spent sample and their absence in #spreparedsample further illustrated the
reduction of Cu® during pretreatments and the oxidation state alternation after

polarizations. The XPS species information associated to Cu 2p and C 1s averaged for
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9 separate area scans is summarizethbie A-1. FromTable A-1, the insignificant
increase of € in the spent sample indicates that there is no carbon deposition on the
surface of Cu, contrary to earlier observation of carbon deposition o FeO

catalyst§l8].
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Figure 3-3. High-resolution XPS spectra for Cu 2p of (a)colloidal,adprepared

and (c)spent samples.

3.3.2 Opencircuit catalytic activity of Cu/YSZ

Before any experiments, the catalyst was left under reaction conditiobh$ fior
ensure the stability of the CO production rate. The stable-cpemt catalytic
reaction rates carried out on Cu NPs deposited on YSZ at varioubslLd@tios in a
temperature range &f 5 0 to 4 5 0 are shown inFigure 3-4, while the overall
catalytic rates are summarized kigure A-3, which shows2 stable runs for each
COp:Ha ratios. Under all conditions, the RWGS reaction was dominant and CO was

the main product. This demonstrated that the Cu catalyst deposited on YSZ favoured
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the selectivity to CO, which was in agreement with a previous study on dispersed Cu
catalysf19]. The catalyst was activated abd¥e&® 0 and the catalytic rate increased
with temperature in all cases. Under the same conditions, thecopait CO rate
showed to be two times higher than those of recently reportedef@lOCoQNPs on
YSZ[18,20]but was still lower than that of ruthenium, a noble metal cafalyist

As reported before, under hydrogen, CuO starts reducing40 &2 0 0 and
becomes metallic Cu & 5 0[5,6]. In this study, a reduction pteeatment under
20% H2 in Ar was carried out & 5 O for 2 h, therefore, most of the catalyst was
supposed to be metallic Cu (Guefore RWGS reactions. The difference in CO rate
at various CQ@Hzratios indicated that the RWGS reaction over copper catalyst was
following the redox mechanism. Under stoichiometric conditions, the &i®orbed
on copper surface dissociates into *CO and *O, where the *CO desorbs from copper
to form CO, and *O moves to the bulk copper filling up the oxygen vacancies, which
reacts with Hto form HO[11,22] CwO plays an important role in RWGS reaction
and works as an intermediate which enabled copptalyst to participate in the
reaction continuous|?23,24]

Figure 3-4 shows that the CO production rate increases when the ratio is
oxidizing conditions 3CO»:1H>) compared to stoichiometric conditions (£€8»=1:1).
The enhancement indicated that excess of IE@to oxidation of Clito CwO, which
could also adsorb COand be further oxidized to CuO with simultaneous CO

production25,26]according to Eq. (&) and (35):
c#O#/ O #Q #/ (3-4)
#Q #/1 oc#O/I#l (3-5)

However, further increase in the €8 ratio to 6:1 did not lead to the rate
enhancement. Under higher €@oncentration, CuO became the dominant state
which lacked oxygen vacancies in crystal structures for *O and thereby prohibited the
dissociation of C@and release of COUnder reducing conditions, the CO rate

showed a limited increase when the ratio W&%:3H> compared to stoichiometric
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conditions. This was likely due to the competitive reactions between the reduction of
CwO by hydrogen and the oxidation of Coy CQ.. The CuO oxidized from CB

was reduced back to €by the existence of excessive hydrogen and thus the CO rate
did not increase a lot compared to the>®{ ratio of 1:1. When the C@H: ratio
decreased further tb:6, the CO rate was thermodynamically favoured over reduced

Cu catalysf25,27 29]. CQO; conversions are summarizedrigure A-4.

50
| —=—CO,H,

B
o

(%) w
o (=]
T T

feo/ 10° mol CO s'g”!
=
T

250 300 350 400 450
Temperature / T

Figure 3-4. Opencircuit CO production rate of Cu NPs deposited on YSZ.

3.3.3 Cyclic voltammetry of Cu/YSZ

The CV tests were carried out under both inert atmosphere and reaction
condition after prdreatments to illustrate the change in the oxidation state and
identify the active states of the copper catalifgjure 3-5a shows stable CV cycles
of Cu/YSZ under both inert (in Argon) and reaction @ ratio of 1:1) conditions
at4 0 0 within a potential range ofL.5V to 1.5V. The complete CV cycles of both
conditions were summarized Figure A-5 where the fifth cycles were taken as the
stable ones. Under the inert condition, a small peak-@25V (peak Al) is observed
in the anodic scacorresponding to electrooxidation of o CwO (Eq. 3-6)) by O~
coming from YSZ18,30] In a small anodic peak at ~0.7V (peak All)20us further
oxidized to CuO (Eq. (3)), following by oxygen evolution at higher potentials (Eg.
(3-8)). In cathodic scan, two peaks are preseft@t (peak Cl) and0.5Vv (peak CllI),
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indicating the reduction of CuO to & (Eqg. 3-7)) and further reduction of GO to

CuW’ (Eq. 8-6)), respectively. Under the reaction condition, the current in anodic cycle
was inferior to that under the inert condition with only one peak shoveathodic
cycle. This was due to the prohibition of oxidation of @CuO by the existence of
H>. As a result, only GO was formed during the process, which demonstrated the

presence of GO as an intermedia{8] and also confirmed the stepwise oxidation of

Cu.

#Q cAzc#dl 93: (3-6)
¢c#O0/cAz#Q | 93: (3-7)
/| 93:0-/ A (3-8)

Figure 3-5b presents the CV cycles within various scanning ranges under Ar at
4 0 0. No current peak was found in cathodic cycle when the potential window was
from -1.5V to OV, while one peak appeared when the upper potential limit was
increased fron®V to 0.5V, and two peaks were observed when further increasid to
This was due to the stepwise oxidation of Cu te@and CuO. No copper oxide was
formed within the potential range .5V to 0V, while only CuyO was formed as an
intermediate to CuO in anodic cycle in small amoun@&2t, and CuO began to form
at potential aboveyV, resulting in two reduction processes during cathodic cycle,
which was in agreement with previous sti8hj. The similarity of anodic current
trends between various potential windowdicated a stable oxidation process, while
the increase in cathodic current peak demonstrated that more CuO was formed under
higher potential in anodic cycle. Moreover, the shift of cathodic peak potential to a
more negative value under higher potential was on account of the larger amount of
CuO formation which required more negative potential to reduce.

Figure 3-5c and d shows the effect of holding potentiallafv and -1.5V,
respectively, forllO min on the first cycles of CV. Froffigure 3-5c¢, peak Cl and ClI
shifted to larger potential values with higher cathodic currents after holdingOfor

min, indicating that more CuO was formed during the holding time as a result of
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spillover of G to the catalyst, which was more easily reduced upon starting the CV.
The negative potential of the CV was increasedlLt85v due to the depletion of ©

in YSZ disk during positive polarization under Ar. Also, the peak current of Al was
increased, indicating more &b formation (e-5) than CuO (e®-6) on account of

the depletion which led to less>Gsupply. In Figure 3-5d, the current peak Al
increased significantly with a higher anodic current observed, while the current peaks
Cl and CIll were decreased. The starting negative potential of the CV was increased
from -1.5V to -1.2V during the holding time, possibly becaus Was removed from

the catalyst and penetrated deeply into YSZ bulk and occupied oxygen vacancies
under negative polarization. The storei @as then supplied to the catalyst rapidly
and led to the oxidation of copper catalyst and the increase of peak Al and anodic
current accordingly upon starting the CV. The decrease of cathodic current peaks was
due to fewer copper oxides formation in anodic scan, which was because &f the O
storage in YSZ bulk during the holding time. The effect of holding time further
demonstrated the charging/discharging éfl@tween YSZ bulk and copper catalyst,
which was also illustrated by a recent study about CV ofxB8D It was also
confirmed that the oxidation and reduction processes could occur easily over the

Cu/YSZ.
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Figure 3-5.Cycl i c voltammetry of CukM®HEooht 400
1:1 and (b) in Ar with varying positive potential, 0, 0.5, 1 and 1.5 V. Effect of holding
potential at (c) 1.5Vand(dlL . 5V for 10 min at 400 i n Ar.

3.3.4 Electrochemical promotion otcatalysis

Figure 3-6 shows transient CO production rates and corresponding current
response to an application 2% under CQ:H: ratio of 1:1 at different temperatures.
Under all conditions, the reaction rate response was fast, where the rate increased
upon the application of positive potentialf and rapidly reached the steashate.

When polarization was turned off, the rate quickly returned to its initial state. Before
the steadystate, the CO production rate showed stepped growth and the
corresponding currents showed a gradual increase upon application of potential, both
indicating oxidation state changes of copper catalyst at the beginning of polarization.
After the interruption of the potential, the continuous supply ok@ecies from YSZ

was stopped and the oxidized Cu NPs were reduced under reaction conditions, leading

68



to a stepwise decline in CO production rate.

The electrochemical promotion of Cu NPs only occurred under anodic
polarization at temperatures higher tf8ad 0 (Figure 3-6a) at which temperature a
current of8Ce A and a CO pr oduct LO&omerea obderged. By hancem
increasing the reaction temperatureté 0 (Figure 3-6b) and4 0 0 (Figure 3-6¢),
the CO reaction rates increased1bp6and20% and the corresponding currents also
increased td 2 B and2 5 @, aespectively. At the higher T 4 5 0 (Figure 3-6d),

a weaker enhancemerit0%o) with a higher current7( 0 ®)scompared ta? 0 0 was
observed. The current response to applied potential increased with temperature due to
the increased conductivity of YSZ and the reduced state of copper catalyst at high
temperature. This was in good line with the TPR study where CuO was reduced to
lower oxidation states by hydrodéih

Under the stoichiometric condition, a balance was achieved between oxidation of
Cu’ and reduction of copper oxides. After applying a positive potential across the cell,
where the & species coming from YSZ were supplied towards the catalyst surface
through thregphaseboundary (tpb), higher oxidation states {@nd Cé") of copper
were formed and subsequently altered the CO production rates. At higher
temperatures, an increasing amount of° @as formed, which provided more
opportunities for reacting with Ospecies after a positive polarization, resulting in a
hi gher } whi ch r edlO ldodvever siace GuaNP$s wiete reasiby t
sintered at high temperaturfb,32] the enhancement was inhibited4ab 0 as a
result of the decrease in available active sites that enabled the formatiosOof@i
CuO.The sintering of Cu NPs was also illustrated through SEigufe 3-2b). Under
negative polarization, no promotion phenomenon was observed indicating an
electrophobic EPOC for this type of cata|@8i.

The uptake of reactive oxygen in moles during polarizations, expresdéd as
(mol), was used to characterize the active metal catalyst surface area and estimated by

Eq. (39):

- (3-9)
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where| was the current responde,was Far aday 0 Brepeesentedttren t | an
time required for catalytic rate to rea6B% of its promoted steadstat¢34]. TheNc

and } under stochiometric condition at various temperatures were summarized in
Table A-2. FromTable A-2, theNg showed to increase with temperature uftd O
(1.919x10" mol) and then decline @ 5 0 (1.73x107 mol), suggesting the sintering

of Cu NPs at high temperature which was in agreement with the SEM results.
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Figure 3-6. Transient response of reaction rates under the application of 2V and

COxHratio of 1:1 at (a) 340 , (b) 360 , (c)

Figure 3-7 shows transient rate and corresponding current response to an
application of2V at4 0 O under various C&H> ratios. Upon polarization, the rate
showed similar performance as in the case of:B&xatio of1:1, increasing stepwise
before reaching promoted stable states followed by decreasing to O.C. rates after
interruption of potential. At C&H> ratio of 3:1 (Figure 3-7a), the CO rate increased
with } = 1 wHich was inferior but still comparable to @8.ratio of 1:1 (Figure 3-
6c) with } = 1, ahd®the rate enhancement performance was further decreased to

} =1 .wheh CQ:H: ratio reached6:1 (Figure 3-7b). However, the CO rate
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enhancements under polarization showed prohibition atHZ@atio of 1:3 (Figure

3-7c) and1:6 (Figure 3-7d) with} = 1 arfdjl = 1 ,.réspectively. This phenomenon
was due to the oxidation state alternation of the copper catalyst under different
reaction conditions. Under oxidizing conditior3C(z:H> and 6CO»:H2), Cu NPs

were oxidized by excessive G@nd formed C¢O and CuO. At C@H> ratio of 3:1
(Figure 3-7a), CwO was still dominant which allowed the spillover of Gpecies
towards catalyst from YSZ under polarization and enabled the dissociation,of CO
into *O and *CO subsequently, resulting in a great enhancement in CO rate.

At CO2:H: ratio of 6:1 (Figure 3-7b), however, the catalyst was fully oxidized
and CuO was the dominant state which lacked sufficient oxygen vacancies for *O and
thereby inhibited the dissociation of @COAfter stopping the positive polarizations
where Cu was oxidized by?Q the catalyst remained in the higher oxidation state
(CuO) under oxidizing conditions due to the excess of. @opper oxide, CuO, is
less active than Cuand CuO, therefore the opecircuit catalytic rates after
polarizations were lower than the initial on€sg(re 3-7a and b. Under reducing
conditions of C@3H2 (Figure 3-7c) and CQ:6H: (Figure 3-7d), the catalyst was
kept at reduced states. Although copper catalyst at lower oxidized states had sufficient
oxygen vacancies, the existence of a high concentration ;oprbhibited the
formations of CeO and/or CuO under polarization which were supposed to be the
key processes in the electrochemical promotion of Cu NPs.

Also, from Figure 3-7, the corresponding currents under oxidizing conditions
required a longer time to achieve steady states upon polarization, suggesting that
fewer oxidation state changes of catalyst existed under highly reduced conditions. As
a result, the enhancements of CO rate were limited and lower than other conditions
under reducing circumstancéRble A-3 summarizes thé&lc and} at4 0 O under
various CQ:H: ratios. TheNs showed to decrease as the concentration of CO
increased, which was because of the formation of fully oxidized CuO. However, the
Ng was still reduced by increasing the amount efsiice the & coming from YSZ

reacted with the excessive;,Hhe uptake of © by copper catalyst was thereby
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prohibited. The comparison dic values between each @@ ratios was in

agreement with the observed EPOC phenomenpmwhich further demonstrated the

redox mechanism.
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Figure 3-8a and b summarize the characteristics jofand s respectively as
functions of temperature and @8: ratio. Except for the C&H> ratio of 1:6, under

which condition; ands showed tendencies of going down with temperature, poth
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ands increased with temperature initially followed by a decline at higher temperature.

This was because, Cu NPs were reduced to lower oxidized states with an increase of

temperature under reaction conditions, which could be oxidized bysi@cies
coming from YSZ after polarization. At temperatures higher thah 0, Cu NPs
started sintering and the promotion was inhibited as a résoln Figure 3-8, } and

s reached the peaks 4t0 0 understoichiometric and oxidizing conditions, whereas

tended to maximize at lower temperatures under reducing conditions where the

catalyst was easy to be reduced and thejegds could achieve the peaks more

rapidly. The EPOC was prohibited at all temperatures u@derH, ratio of 1:6 due
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to the suppression of @0 and CuO formations, which was discussed above. The
stoichiometric condition showed the highgstmeaning that a good balance was
achieved between the oxidation of Cu NPs by, @ad the reduction of GO and/or

CuO by B, which maximized the possibility of oxidation state changes of copper
catalyst. The C@H: ratio of 3:1 had the highest, which was due to the fact that the
CO rate enhancement ratio was similar to that of the stoichiometric condition but the
current response to the application 2% was lower because of the inferior
conductivity of copper oxides compared to metallic cof@&r Further increasing the
ratio to 6:1 led to a worse enhancement ratio with a similar current, as a result, the

Faradaic efficiency was decreased by calculation.
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and (b) the Faradaic efficiency (s) under

The effects of applied potential and €& ratio on} ands are presented in
Figure 3-9. In all cases, no promotion occurred under neggioarization {1V)
because © species were not supplied to the catalysands increased with the
growth of positive potentiaintil 2V was applied, and then began to decrea@:5st
understoichiometricand oxidizing conditions while kept increasing under reducing
conditions. The transient response of CO production rates under various applied
potentials and C&H> ratios are summarized Figure A-6. This phenomenon further
demonstrated the oxidation state difference of copper catalyst under various
conditions and the influence of this difference on the EPOC effect. Cu NPs were fully

oxidized at2.5V under oxidizing conditions, making fewer oxygen vacancies of the
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catalyst compared ®V and resulting in fewer C&issociation and lower values pf
ands . Nevertheless, the catalyst was still at a lower oxidized state under reducing
conditions, which meant Cu NPs at higher oxidized states could still be formed by
reacting with & species conducting from YSZ by increasing the potential #drto

2.5V, and ultimately enhanced the CO rate. The tren@@fH: ratio effect on, and

S in Figure 3-9 was similar to that ifrigure 3-8 indicating the redox mechanism of
EPOC was working for copper catalyst under particular conditions (temperature and
applied potential).

(@) (b)
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3C0,H, 3CO;H,
—+—BCO,H,
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Figure 3-9. Effect of applied voltage and G®i: ratio on (a) the enhancement ratio

(yJ) and (b) the Faradaic efficiency (s)

3.4 Conclusion

In this study, the Cu NPs catalyst is shown to be a good alternative to other
metals in the EPOC for the RWGS reaction. The best EPOC effect occugs with. 1 9
ands = 6und@eR a positive polarization &V at 4 0 0 and 1:1 COzx:H: ratio.
Through SEM, STEM, XPS, and CV characterizations, it is confirmed that the RWGS
reaction over copper catalyst deposited on YSZ is following the redox mechanism,
where the oxidation process of lower oxidized states to higher oxidized states of
copper by direct supply ofOfrom YSZ under polarization is supposed to be the key
process in the electrochemical promotion of Cu NPs. Under oxidizing conditions, the
more active states of €and CuO are fully oxidized to the less active state of CuO

and thereby suppresses the EPOC effect, while under reducing conditions, the limited
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promotion is due to the prohibition of copper oxidation process. Our work on Cu/YSZ
provides an opportunity of altering the RWGS reaction rates-Biturcontrolling the
oxidation states of a new copper natauctured catalyst which is highly active and

economic.
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Appendix A: Supplementary Information for Chapter 3
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FigureA-2. Wide scan of XPS spectrum for colloidas;preparedand spent samples.

79



Table A-1. XPS data of Cu 2p and C 1s for the colloidadprepared and spent
samples.

Position (eV) FWHM %Area
colloid as spent | colloid as spe | colloid as spen
al prepar al prepar nt al prepar t

ed ed ed

Cu2 | Cu(0) |932.68 932.61 9325 094 110 110| 507 806 11.9

Cu(l) |932.17 932.16 932.1| 1.09 101 097| 3451 7415 418
Oxide 8 9

Cu(ll) 933.30 933.30 933.0( 2.08 206 206| 55.65 706 36.1
Oxide 6 4

Cu(ll) | 934.72 934.62 934.6| 284 284 284| 477 10.73 10.0
Hydroxi 2 1
de

Cls | C-C,GC | 284.83 284.80 284.8| 1.40 120 115| 6744 7790 84.6

C-OH, | 286.62 286.62 286.6| 1.60 157 117| 21.05 1551 895
C-0-C 3

C=0 288.07 288.10 287.8| 1.60 157 117] 129 133 125

O-C=0 | 288.73 288.82 288.9| 1.60 160 150| 562 406 3.98

Carbona| 290.57 290.74 290.6| 1.31 131 131| 130 121 122

te 3

Carbide | 283.10 1.60 3.31
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Table A-2. Summary of N and } under stochiometric condition at various

temperatures

Temperature

Ng (mol O uptake)

340
360
400
440
450

2.987x108

3.813x108
1.01x107

1.919x107
1.73x107

1.08
1.16
1.19
1.14
111

TableA-3. Summary oNgandy at 400

undeHratwsa r

ous

COgz:H2ratio Ng (mol O uptake) J
1CO2:1H: 1.01x07 1.19
3CO21H:> 9.311x108 1.17
6CO2:1H> 7.017x108 1.14

CO2:3H; 6.934x108 111
CO2:6H2 6.846x108 1.07
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Chapter 4. Electrochemical Promotion of Cu/CaOas for the
Reverse Water Gas Shift Reaction

Adapted fromJ. Wang M. Couillard, E.A. Baranov&023,ChemCatChem.

Abstract: Coppermodified Ca0Os (Cu/CaOs) catalysts were investigated for the
reverse water gaghift (RWGS) reaction at 260 0 0 under Hdrdtibsser ent
It was found that the electrocatalytic performance afGzavas improved by loading

4 weight percent (wt.%) Cu nanoparticles (average size: 13 nm), which could be then
used as an electrode in electrochemical promotion of cat@bBeC) studies. Under

the applied voltages of +2 V and V, the catalytic rates were suppressed and
increased by about 40% and 14%, respectively. Thisduasto the changes in the
active oxidation states of Cu and Co caused Byntigration under polarization, as
confirmed by XPS, XRD, and cyclic voltammetry (CWhe study also revealed that

the exchange current density) fivas countecorrelated with the opedcircuit catalytic

rate (p) and could serve as an informative tool for predicting the catalytic rate, which

was demonstrated for the first time in the instance of RWGS reaction

4.1 Introduction

Copper, a nomoble metal, shows great potential in catalyzing RWGS due to its
high activity and low pridd,2]. Chapter 3 regardin@€u NPs deposited on YSZ
(Cu/YSZ) illustrate the possibility of promoting RWGS catalytic rate bysitu
controlling the oxidation states of Cu NP4#owever, catalyst deactivation remains a
problem gnce copper is prone to oxidati@p and sintering at high temperatues].
Therefore,selecting suitable oxidess supports for Cu NHs considered a practical
method to improve thermal stability and dispersion of Cu [6]P<obalt oxide
(Cxs0s4) is a conductie metal oxid¢7] and hasa high oxygen storageelease
capacity7,8], which is considered beneficial for>Qmigration Studies onCozOa-

based catalysts, including Ru/4ti deposited oBZY[9] and Fe/CgOs deposited on
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YSZ[10], have been investigated to furthustrate the interaction and®Qmigration
between metal catalysts and oxide support during EPOC

In the present study, we investigated commercialDzpowder as a catalyst for
RWGS in the temperature range of 2000 under stoichiometric (C&£H>=1:1),
oxidizing (CQ:H2=3:1) and reducing (C£H2=1:6) conditions. The powder was also
modified by adding 1, 4 and 8 wt.% of Cu nanopatrticles (NPs) with an average size of
13 nm. The open circuit catalytic rateg)(of bare and CGumodified C@Oas
(Cu/Cx0s) catalysts were studied followed by detailed electrochemical
characterizations using cyclic voltammetry (CV), linear sweep voltammetry (LSV),
and chronoamperometryCA). For the first time, the EPOC was demonstrated for
Cu/Ca0O4 catalysts to alter the catalytic performance of RWGS reaction. The
exchange current density)(was estimated for the first time as an informative tool to
evaluate the electrocatalytic properties ol:@pbased catalysts and predict the r
The crystalline structure, elemental composition, oxidation states and morphology of

the catalysts were characterized using XRD, STEM, EELS, XPS and SEM.

4.2 Experimental

4.2.1Catalystssynthesis

The Cu NPs were synthesized using the polyol method following the same
procedures as reportéau Chapter 3and stored in colloidal solution (1 mg ML The
Cu/C04 catalysts were prepared by mixing Cu colloidal solution with commercially
purchased G4 (Cobalt (Il, IIl) oxide nanopowder, Sigrradrich, specific surface
area of?gdpowdems in deionized water (DI wa
the desired Cu loadings of 1, 4, and 8wt.% onroFor instance, 10 mL of Cu
colloidal solution, which corresponded to 10 mg of Cu NPs, was mixed with 1000 mg
of Ca0O4 powders in DI water tgeneratelwt.%Cu/CaOs. The dispersed Cu/G04
catalysts were then centrifuged and washed three times with DI water at 6000 rpm

with supernatant discarded and precipitate collected, followed by drying in air at 60
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for 24h. The final catalysts after preparation were in powder forms and stored for

future tests.
4.2.2 Experimental setup

The YSZ and gold electrodes were prepared as detailed in ChapEar 2.
catalystworking electrode, 0.1 g of the Cu/é catalysts was dispersed in 10 mL of
DI water under ultrasound. Thehe catalystink was deposited on YSZ disks in the
amount of 5¢ Lat a tine over the masked area of 1 £nopposite to the counter
electrode, and left to dry in air at 100in between each deposition until a mass
loading of 0.5 mg cr was achieved. Thelectrochemical celvas thenplaced in a
singlechamber quartz reacton a sandwich structureH> (Messer, 100 %), CO
(Messer, 99.99%), and Ar (Messer, 100 %) were fed to the reacteepdgiatenass
flow controllers (MFC, MKS Instruments)vhich were used to modify the inlet
COo:H: ratios to be 1:1, 3:1, and 1:6 by adjusting the flowrates. The total volumetric
flowrate was kept at 100 mL minBefore any experiments, the catalysts wae
treated using the same procedures in Chapsardleft under reaction conditions for
5h to ensur¢he steady state.

All electrochemical measurements were carried out using poteritiostat
galvanostat (Arbin Instruments, MSTAT). Cyclic voltammetry (GMgs performed
underinert condition (in Argon) at 400. The potential window was set to begin
from -1.0 V to 1.5 V, followed by cycling back td.0 V with a scanning rate of 20
mV st. The EPOC tests were carried out by applying a constant potential across the
catalystworking electrode andhe counter electrode and were characterized by the
rate enhancement ratip)(in Eqg. @-1) and apparent Faradaic efficieng) {(n Eq. @-

2):

m QO (4-1)
ses YO )T & (4-2)

wherer is the steadystate reaction rate after polarization,is the opercircuit rate
before polarizationl, is the current response to the applied potential, F is the Faradaic
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constant, and n is the number of electrons transferred, which is 2 in the case of RWGS
reaction.The unit of reaction rate r is mole CO per second per gram of catalyst (mol
CO stg?).

Linear sweep voltammetry (LSV) at scan rate of 20 rm\ivere used to obtain
Tafel plots. The exchange current density (vas determined from the intercept at
Uwr = 0 in Tafel plots (In | vs. Wr) based on th@otentiostagalvanostat data of

current responses (1) to various applied potentialgjU

4.2.3 Characterizations

Scanning Transmission Electron Microscopy (STEM) was carried out -on as
prepared and spent Cu/4th catalysts to determine thmaicrostructure and particle
size. Highangle annular darkeld (HAADF) imaging was conducted with a
convergence senrangle of 18 mrad and a collection sesmgle of 60 mrad to provide
a contrast sensitive to the atomic number Z.

Scanning Electron Microscopy (SEM, JSMA0OOF FESEM) was used to
characterize the morphology of spent catalgtgedon theYSZ surface.

X-ray Diffraction (XRD) patterns were measured oveipaepared and spent
catalysts to investigate the crystalline structure changes by the Rigaku Ultima IV
multipurpose diffractometeata scanning rate of 1 degree (3 mifirom 20to 80A 2 d .

Determination of the metal composition of CuiOgwas performed on triplicate
samples by Inductively Coupled Plasma Optical Emission SpectroscopyEGLP
(Agilent 8800).

The X-ray photoelectron spectroscopy (XPS) spectra were measured on a Kratos
AXIS Nova spectrometer equipped with an Alray sourceto determine the
oxidation states of Cu and Cdhe data were collected using Aladiation at
1486.69 eV (150 W, 10 mA). Binding energies were referred to the C 1s peak at 285
eV. All XPS peaks were fitted using CasaXPS software with Shirley background

corrections and Gausskuorentzian shape function for high resolution XPS spectra.
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4.3 Results

4.3.1 Catalyst characterizations

The ICRES analysis confirmed consistency between the nominal and actual Cu
loading amounts on G@4, which were 1, 4, and 8wt.% (+0i30.5wt.%).Figure 4-1
shows the STEM images of the-prepared and spent 4wt.%Cu#Oa with
corresponding EELS mapping of Copper (Cu), Cobalt (Co), Oxygen (O), and Carbon
(C) in the orange square (the yellow squares are for drift correction). From HAADF
STEM image inFigure 4-1a, Cu was found to be attached to the surface aDco
structure in agprepared sampldzigure B-1 summarizes the size distribution of Cu
NPs according to the TEM image, where the average particle size was found to be 13
+2 nm. Also, energy electron loss spectroscopy (EELS) mappingigare 4-1b
showed that the location of O was in line with those of Cu and Co, confirming the
high oxidation state of CuCand Ca@Oa. No carbon was found, suggesting complete
removal of residual organics used for synthesis.

In spent sampleFgure 4-1c), Cu was still found on the surface of Co after all
experimental tests with apparent agglomeration observed. Nevertheless, as opposed to
the asprepared catalyst, Co in spent catalyst showed fewer oxygen amounts since the
areas of O and Co no longer fitted completely, while the position of O was still
aligned to that of Cu. This indicated the reduction og@ounder experimental
conditions (reducing atmosphere and polarization) whérev@s partially lost from
CoOx and supplied to Cu during catalytic experiments. Also, the appearance of carbon
in EELS mapping revealed the occurrence of surface carbon deposition phenomenon

in spent sample, which was derived fromz&@der the reaction conditions
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Figure 4-1. HAADF-STEM image of (a) aprepared 4wt.%Cu/G@s and EELS
mappings with corresponding elemental composition of ({Pregared and (c) spent

4wt.%Cu/Ca@O4 catalyst.

Figure 4-2 shows the SEM images of spent CwQpcatalysts with various
copper loading of 0, 1, 4, and 8wt.%. The bare@ishowed a porous structure with
a relatively smooth surfac€&igure 4-2a), whereas as Cu loading on4{aincreased
from 1 to 8wt.% Figure 4-2b, ¢, and 9, the structure became more rough and less
porous with smaller particles observed on the surface that corresponded to Cu NPs.
Figure B2s hows t he SEM i mages on a | a©Oger scal
catalyst of 0, 1, 4 and 8wt.%Cu/&. The increased size of Cu NPs was due to the
agglomeration that easily happened to Cu with high concentration, as shown in
Figure B-3a where freestanding Cu NPs were found to be agglomerated. From
Figure B-3Db, freestanding Cu showed to be prone to sintering at high temperatures
under reaction conditions, therefore, the increased amount of Cu:0n &ygravated
the occurrence of sintering phenomenon, which also resulted in the less porous
structure. AdditionallyFigure B-4a shows the fresh sample of 4wt.%CuOgthat

is collected after préreatments, where catalyst is wdispersed compared to the
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spent oneKigure B-4b), indicating that sintering occurs at temperatures higher than
350 under reaction conditions. According to the SEM results, the improvement in
dispersion of Cu NPs and the prevention of heavy sintering were achieved by

supporting on CDs.
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Figure 4-2. SEM images of spent (a) &, (b) 1wt.%Cu/CeOa, () 4wt.%Cu/CeOs4,
and (d) 8wt.%Cu/CsDs deposited on YSZ on the scale of 100nm.

Figure 4-3 shows XRD patterns of gmepared and spent 4wt.%CulOa
catalysts. Due to the small particle size and limited loading amount, Cu NPs were not
detected in XRD. Also, no peaks associated with any impurities were observed. In
Figure 4-3a, the asprepared catalyst was mostly present in@gpwhere the peaks
were assigned to a pure {0 phas€lli 13]. The crystallite structure of the spent
catalyst changed significantly with new diffraction peaks observed at 41, 47, and
76 A2d, corresponding to met dql415] whileCo (100)
the peak at 44 A2d 30mn(404)phasee This tohfiems the mi nant
change in the oxidation state of Co from higher onesQzoto lower one Co®Q
during the catalytic reaction under the reducing condition of RWGS and the applied

polarization. The carbon deposition in spent sample was not detected in XRD due to
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the amorphous structure of carbon and its small quantity on the surface as seen in
STEM (Figure 4-1b). These results are different from a recent study on/EaeD4
catalyst for RWGS where carbon nanotubes (CNTs) were formed on the surface and

observed using the-Kay diffractior{10].
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Figure 4-3. XRD patterns of (a) aprepared and (b) spent 4wt.%CutOa

Figure 4-4 shows the XPS spectra of fresh and spent samples for £3ua2¢
Co 2p2. The peaks at 932 and 934 eV in Cuy/2@present metallic copper/e
(CU/Cut*) and CuO (Cth[16], respectively. The peaks at 778, 779 and 781 eV in Co
2ps2are identified as metallic cobalt (§jpCaz04 (Co?*3*) and CoO (C#)[17]. The
species information is summarizedTiable B-1. FromFigure 4-4a, Cu was found to
be mainly in reduced states in fresh sample wheféQDti occupied 86% area and
Cu?* only had 14%. Nevertheless, €increased to 86% and &Gu'* decreased to
14% in spent sample after polarization, indicating that Cu had changed into a more
oxidized state. The satellite structures between 938 and 946 eV characterized the
presence of the CuO ph§k8].

From Figure 4-4b, Cd and C&"%* (Cos04) were the main phases in fresh
sample and owned 45% and 40% area, respectively, whié I@al 15%. After

electrochemical experiments, the lower oxidized state of ®as completely
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transferred into higher ones in spent sample ané @base increased to 42%
accordingly. The peaks over 784 eV were satellite structures ¥f18p The XPS
results show that as expected some reduction of@a@® CaOs occurred during the
pretreatment in K, whereases the catalyst was mostlyoxidized state after the
reaction under polarization. This agrees with STEM results and E&f2rns that
showed higher oxidation states of both Cu and Co in the spent sample.

The significant changes in Cu oxidation states were possibly because of the O
storagerelease ability of C#4, which was also confirmed by the existence of'Cb
(C0o30g4) structure in both fresh and spent samples. The XPS spectra for O 1s is shown
in Figure B-5, where the 52830 eV is known as lattice?) 531532 eV is taken as
defect G and 533 eV represents wdg,21] The O 1s spectra of fresh sample
showed consistency with that of £ reported earligR?2], indicating that the large
lattice/defect & in Cu/CaOs catalyst was mainly provided by & structure.
Nevertheless, ®shifted to higher binding energies in spent sample, which was also
in line with another study on G0o oxidg20] and was due to the increased oxygen
vacancies caused by partial substitution of'@y C1#*[23] during the continuous ©
cycling in EPOC. The presence of water in spent sample was a result of the RWGS

reaction, as kD is one of the main products.
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Figure 4-4. High-resolution XPS spectra for (a) Cuszand (b) Co 2p>.
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4.3.2 Catalytic RWGS reaction

Figure 4-5a shows the lighoff curves of bare G4, Cu/CaOs and free
standing Cu catalysts deposited on YSZ under stoichiometric conditionsHGO
1:1) after several runs until stable. The overall hgtitcurves of 4wt.%Cu/Cs4 are
summarized irFigure B-6 as an example. Carbon monoxide was the only product for
all catalysts, indicating 100% selectivity towards RWGS reaction. The reaction was
activated above 250 for bare CeO4 and Cu/CgOa, while above 350 for the free
standing Cu. Bare GO@s;was found to have the highest catalytic performance, which
decreased with increasing the Cu loading from 1 to 8 wt.%. This was consistent with a
recent study on the RWGS reaction of K#&D30410], where bare Cgs also
exhibited the highest activity under stoichiometric conditions, while the reaction rate
slightly decreased when loaded with keO

The high opereircuit activity of CeO4 for RWGS was attributed to its high
surface area and porous structure as showhignre 4-2a, and due to its high
reducibility affiliated to the oxidation states charggtween C% and C&* under
reaction conditiorf24]. When CaOswas loaded with small amounts of Cu NPs, the
decrease in the catalyst performance was attributed to the sintering of Caterdea
transfer between Cu and €n[25], where CoQ provided oxygen to Cu and kept it in
an oxidized statidd0].

Both Cu and CgD4 functioned as the active phase of catalyst by participating in
the RWGS reaction and influenced each othHewr instance, the stability and
dispersion of Cu NPs after catalytic reactions were improved by supporting:®a, Co
as shown in SEM images, which prevented Cu from deactivation caused by
agglomeration and sintering that easily happened at high tempejHdilires
Conversely,considering that G®s acted as a semiconductor which only showed
electrical conductivity above 350[9,26], it was necessary to modify € by
loading conductive Cu NPs to improve its conductivity alettrocatalytic properties
before being used as an electrode in EPOC studieeh will be discussed later.

Nevertheless, excessive loading amount of Cu ogOgoesulted in Cu sintering
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(Figure B-2b, ¢ and g and formation of the less porous structuféigire 4-2b, c
and d), and the reaction rates were thereby decreased. As a result, 4wt.% was taken as
the optimum Cu loading on @04, which maintained a high activity and stability and
could be promoted after polarization.

Figure 4-5b and ¢ show that when increasing £ H, concentration, the open
circuit rates were both enhanced, while the rates in oxidizing conditioggré 4-
5b) were slightly lower than in reducing conditionSigure 4-5¢). The superior
RWGS reaction rates in reducing conditions were because of the increased oxygen
vacancies under excess of[6] where G migration between metal and oxide was
promoted and RWGS was thermodynamically favouredzindi atmosphei@7,28]
However, although high CQzoncentration inhibited ®migration because catalysts
were fully oxidized in this case, RWGS reaction rates over G@foatalysts in
oxidizing conditions were still comparable to those in reducing conditions. This was
affiliated to the CegOs phase which was able to provide sufficient oxygen vacancies
due to its porous structure and huge oxygen sterglgase capacity.

The same phenomenon was also observed in a previous study, and it was
demonstrated that the reaction was favored in G atmosphere over the &y
based catalyfl0,17] Blank tests were also performed over bare YSZ disk that was
placed inside the reactor under all reaction conditions. It was found that YSZ was
completely inert to RWGS reaction, confirming the catalytic activities of G0

catalysts
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Figure 4-5. Light-off curves of bare G4, Cu/CaQs, and freestanding Cu catalysts

under (a) stoichiometric, (b) oxidizing, and (c) reducing conditions.

4.3.3 Cyclic voltammetry

Cyclic voltammetry (CV) is commonly used to investigate the reduction and
oxidation processes of a working electrode (WE) in electrochemical reg2808%].
In EPOC studies, the catalyst serves as a WE, where the charge transfer occurs at the
threephase boundary (tpb), between the solid electrolyte, the metal or metal oxide
catalysts and the gas phase. Performing CV can provide a piecsitf imformation
about the electrochemical processes at the tpb, backspillover phenomena, as well as
redox properties and changes in the oxidation states of the catalysts before and after
the reactions. Therefore, CV is widely applied in EPOC studies as an electrochemical
characterization meth@tb,32,33]

Figure 4-6ashows the CV of the gwepared and spent 4wt.%CulOasamples
between0.8 and 1.5 V under Argon at 400 The CV of agrepared sample showed

similar trend to that of bare @04 deposited on YSZ, as shown in thgure 4-6b.
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Because the catalyst was kept at reduced state afteeptment, Cu was difficult to

be reduced/oxidized due to the lack of,@s a result, the Cu phase was inert and
CoQx showed its redox property in CV. In contrast, CV of spent sample changed
significantly and showed two typical cathodic peaks, similar to that -pfegsared
free-standing Cu deposited on YSZ, as showirigure 4-6¢, which was consistent
with the former study on Cu/Y$X6]. During catalytic reactions, CuO phase that
could store huge amounts of oxygen was formed by oxidizing Cu witsupplied

from YSZ and Co® under positive polarization. In this case, Co stayed at reduced
state and CuO was dominant and exhibited the redox property. Upon starting the CV,
CuO was formed in anodic cycle and was then reduced stepwise@o(Cly and C8

(CIl) in cathodic cycle. Compared teigure 4-6c, the positions of Cl and CIl in
Figure 4-6a shifted to more positive values (from +0.6V and +0.3V to +0.7V and
+0.5V, respectively) since more CuO was formed anodically in G@Cian in
free-standing Cu due to the huge oxygen capacity afOgowhich enabled easier
reduction processes. Therefore, the difference in CV shapespoé@ared and spent
Awt.%Cu/Cq@Os further illuminated the oxidation state changes of Cu angDg£o
during polarization.

The rapid increase of currents at higher potential&.Q V) in CVs represented
oxygen evolution reaction (OER), as shown in Be3); However, it should be noted
thatthe CVs were all tested under inert condition (in Argon), where OER would occur
significantly and release @t tpb when applying potentials higher than 1.0 V. Under
reaction conditions with the presence of Hhe released £rom YSZ was unable to
oxidize the catalyst because it would react withtél form HO, especially under
reducing conditions (C&£H>= 1:6), where the EPOC effects still occurred. Therefore,
it meant that the oxidation state changes of Cu angdDCwere due to the ©

migration during polarization instead of from the releasedu@ing OER.

/| 930~/ ccA (4-3)
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Figure 4-6. Cyclic voltammetry of (a) aprepared and spent 4wt.%CulCa, and as
prepared (b) bare @0+ and (c) freestanding Cu deposited on YSZ in Argon at

400 , scanlrate 20 mV s

4.3.4 Electrochemical promotion of atalysis

Electrochemical promotion of bare €& and Cu/CeOs were investigated using
chronoamperometry (CA) under anodic and cathodic polarization. It was observed
that the bare GO catalyst did not show any rate increase or decrease under
polarization, which was attributed to its poor conductivity and electrocatalytic
property. Among Cu modified GOs catalysts, only 4wt.%Cu/GOs showed the
catalytic rate changes under applied polarizatiorihe former study of Cu/YJZ6],
the catalyst showed an electrophobic EPOC behaviour where the catalytic rates were
promoted upon an application of +2V under all conditions, as summarizédure
B-7. The best enhancement ratio (J) was
was slightly inhibited under oxidizing
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active CuO by reactingwithG&and extremely prohibited
condition on account of the limited migration of @wards Cu from YSZ caused by
excessive bl However, when loading Cu NPs on 0, the EPOC effects were
completely different, where the catalytic rate was suppressed under positive
polarization at +2V and enhanced under negative polarizatiehVatThe overall
transient responses of RWGS rate and current to applied potentials under all
conditions are summarized iRigure B-8. The corresponding
efficiency ( s)under pdlanzaton aset sumdn@rized figure 4-7
where the J} values under all conditions
potential, indicating an electrophilic propd@&@]. That was, the catalytic rate was
suppressed more heavily at higher positive polarization and increased more apparently
at higher negative polarization. The difference in RWGS rate response to
positive/negative polarization suggested that the formation and decomposition of the
active phase were reversed under the two conditions, due to the oppésite O

migration directions

121 : a) 1200
L .\. : /A ( ) 1
1.0 A -1 150
I : ]

0.8 |- : \ - 100
L -=-p A
o6f / A E ~a—y 150

L | { 250
R e B
1.0 P-4 \ 1

Q [ : A 4150 <
0.8 - ]

- _'_R : \. 4100
osf o N ~= 5o

=
1.2 T 4150
c

N e
1.0 - \',\ ]

I N { 100
08 -m-p ! \.\

-A-A : ]
06 & | 150
1

1
1.0 05 00 05 10 15 20
Uwr /V

Figure 4-7.Summary of } and s 304undeu(a)stoidhiometrict wt .

(b) oxidizing, and (c) reducing condi ti
99

und

s h

%Cu .

ons



Figure 4-8a and b show the transient rate response of 4wt.%Cs@z0
deposited on YSZ at 400 under stoichiometric (C£H.=1:1), oxidizing
(CO2H2=3:1) and reducing (C£H>=1:6) conditions. InFigure 4-8a, under an
application of +2V, the CO rate decreased gradually and reached a new steady state in
10 min. However, as opposed to figanding Cu/YSZ, there was a sharp increase in
the rate after interrupting the applied potential, followed by a slow and smooth
decrease until returning to the initial state (the dashed lines represented the levels of
opencircuit reaction rates). The suppression of reaction rate was the most pronounced
in stoichiometric condition with J}=0.58 ar
(}J=0.59 and s$=58) and reducing conditions
Figure 4-8b, the CO rate increased upon an applicatioflufand reached its steady
state rapidly before returning to its initial state without any peaks when the
polarization was stopped. In this case, the enhancement effect in CO rate was the least
in stoichiometric condition with }=1.11 an
condition with }=1.16 and s=65.

Since bare G4 did not show any EPOC effects, the alternation in CO rate
under polarization was due to the presence of Cu and its interaction with. @o
was reported that when combining Cu withsQg Cu** would substitute C3 in
Co:04 bulk[23], which created more oxygen vacancies by forming new bonding with
Co®". As a result, CeDs functioned as an ®bridge between Cu and YSZ, wheré O
could be easily transferred through the oxygen vacancies during polarization.

This substitution phenomenon was effective up to a Cu loading of 4wt.%, above
which the substitution was ineffective, resulting in more formation of CuO phase and
influenced the synergistic eff¢8f. Therefore, 8wt.%Cu/G®s showed no traces of
EPOC phenomenon due to the existence of CuO that had limited oxygen vacancies,
without which G was unable to be migrated between Cu andOzounder
polarization, thus making the catalyst less polarizable. The absence of EPOC effects
over 1wt.%Cu/Cg04 was because of the low conductivity of:0Os and low loading

amount of Cu NPs, where the changes in oxidation state of Cu caused by O
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migration from CaO4 under polarization was insignificant. This suggested that fewer
catalyst was involved in the electrochemical oxidation/reduction processes,
representing an inferior electrocatalytic property of the catalyst. In the case of
4wt.%Cu/CaQs, the G was supplied towards Cu from & and YSZ electrolyte
under positive polarization, forming a more oxidized state of CuO and more reduced
state of Co, as also confirmed by the EELS mappingsgure 4-1 and XRD patterns

in Figure 4-3. Since lower oxidation state of Co, e.g., metallic Co%Quas less
active than Co@in RWGS reactiofi7,34] and CuO showed inferior activity than
CwO and CA due to its limited oxygen vacancj&6], the catalytic rate was thereby
decreased.

The sharp increase upon depolarization was due to the oxygen storage
phenomenon during positive polarization. Without the applied potential as the driven
force, the stored oxygen functioned as promoting species to oxidize Co that was in
lower oxidation state, as a result, more active phase ok @a® formed, leading to
the instantaneous increase in reaction rate. The,@@® then reduced gradually by
H2 under reaction condition, which made the reaction rate decline slowly until it
returned to the initial state. The storage 8f during polarization was confirmed by
the influence of applied potential on the transient response of reaction rate, as shown
in Figure 4-8c, with the percentage (%) rate increase during depolarization

summarized irFigure 4-8d and calculated bydg (4-4)[17]:
pOABDRAOAADADL O 0O (4-4)

where peakiS the maximum value of rate peak ands the opercircuit rate. It can be

seen that by increasing the applied potential, the % rate increase was also enhanced,
representing more Owas stored and subsequently resulted in more formation of
CoOx that had higher activity. The lower values of % rate increase in oxidizing
condition were due to the limited oxygen vacancies provided by highly oxidized
catalysts induced by the positive polarization. Under reducing condition, 4he O

transfer was prohibited due to the huge amountofad a result, the suppression in
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reaction rate under positive polarization and % rate increase during depolarization

were inferior.

Conversely, & was migrated in an opposite direction from supported Cu to

Cas04 and YSZ bulk under negative polarization, leading to an increase in the

reaction rate. The rate peak after interrupting the applicatiorildfwas absent

because © was not stored in this case, which further illustrated the oxygen storage

phenomenon during positive polarization. In oxidizing condition, excessive CO

could constantly provide Oto the reduced states of Cu and Co under negative

polarization, giving rise to continuous formation of higher oxidation state of,CoO

and the enhancement ratio was thereby the highest. The migratiofi bét@een

Co:04 and supported metal was also confirmed in a recent study ofFeeOu[10].
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The uptake of reactive promoting specieg; i@ moles in this study, during

EPOC was used to investigate the magnitude of oxygen migration. It was expressed as

Ng (mol) and calculated by Eq.-&)[35]:

_ (4-5)

wher e | represented the current response,

reach 63% of itsuppressed/promoted steagtgte andF was Far adayo6s
The Ns values under different conditions and applied potentiakOat are
summarized inFigure 4-9. Under positive polarization & 0), the N was
improved with an increase in the applied potential across the catalyst under all
conditions, indicating that more?Qwas involved in the catalytic reactions by being
supplied electrochemically towards catalyst from YSZ, in other words, nforga®
stored during polarizations. This further provided evidence of the oxygen storage
phenomenon, which was consistent with the results of % rate increase during
depolarization as shown Figure 4-8d that had a similar trend witkigure 4-9. The
inferior Ng values in reducing condition was due to the high concentration tfat
inhibited the & migration and in oxidizing condition was because of the highly
oxidized catalysts, which provided fewer oxygen vacancies farahsfer. Moreover,
the Ns of 4wt.%Cu/CaOs under stoichiometric condition at +2V and 400was
1.30°" mol, 30% higher than that of frestanding Cu under the same condition,
which was 1.0X10' mol[16]. The increased value dfs was attributed to the existence

of Cos04, which had a huge oxygen capacity and could provide/receive O
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Figure 4-9. Summary of N (mol O upt ake) at 400 under

conditions and applied potentials.

4.3.5 Exchange current density evaluation

The exchange current density) ivas used to express the electrocatalytic activity
of the catalyst when the net current passimgugh the tpb was 0. The corresponding
Tafel plots used to determing values of various Cu/GO4 catalysts are shown in
Figure B-9. Figure 4-10 summarizes the relationship between epeouit catalytic
rate (p) and b for bare CaO4, Cu/CaOs4, and freestanding Cu catalysts at 400
under stoichiometric condition. The results showed that cataiyst lower value of
io, which corresponded to a fewer loading amount of Cu, exhibited a higher reaction
rate. The inversed relationship betweeramd b for Cu/Ca0O4 was consistent with
electrocatalytic studies on ethylene oxidation over/lB@Q and IrOx/TiQ[36] as
well as over Pt/Ce® and Ru/Ce@37]. Higher b values represented that
electrocatalytic reactions involving the participation &f €pecies in electrochemical
reactions predominated, rather than catalytic reactions that did not consume catalyst
during the proce$38]. Therefore, the electrocatalytic property of catalyst was
improved by adding and increasing the Cu loading ogOganaking the Cu/CsDs

function more like an electrode that could take part in the electrochemical redox
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reactions more readily. On the contrary, bare@idailed to function as the working
electrode and display EPOC effect because of its poor conductivity and
electrocatalytic property, although it showed the best catalytic activity.

Also, the  was known to provide a measurement of -potarizability of the
catalysf38,39]and predict the nfaryed., lovwal ealuesbbi s i n ETI
represented that the catalysts deposited on solid electrolytes were more polarizable,
which were desirabl e t o afregstarelimgeCulandg her S
4wt.%Cu/CaO4 that showed EPOC effects as the example, 4wt.%GQ@Cload a
lowerov al ue of ?wli.t4h ¢aA much hi gher s=Wd compar
2.8 gAvitm s$=6.54. This gDewas meud polarizabld t hat
than freestanding Cu, which was affiliated to the huge oxygen capacity gDGloat
allowed for easier migration of “Oat tpb under polarization. The relationships
between ¢ and b of Cu/CaO4 under oxidizing and reducing conditions were shown
in Figure B-10, both of which had similar trend with that under stoichiometric
condition. The studies on revealed that the presence of Cu loading improved the
electrocatalytic property of bare & and enabled this Cu/@0s catalyst to be
utilized as the catalystorking electrode in EPOC.
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Figure 4-10. Relationship between open circuit catalytic reaction rage gnd
exchange current density)(iof Cu/Ca0O4 catalysts under the stochiometric condition

at 400
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4.4 Conclusion

In this study, Cu/CgD4 catalysts with 1, 4 and 8wt.% of Cu NPs were shown to
be highly active nomoble metal catalysts for the RWGS reaction in the temperature
range of 200400C. Among all catalysts, only 4wt.%Cu/@0s displayed
electrophilic EPOC effects, where the reaction rate was promoted-b§%lunder
negative polarization atlV and suppressed by -32% under positive polarization at
+2V. This was due to the formation and decomposition of active phas&/€ (g
and CoQ) induced by & migration under polarization. CV results also provided in
situ information about the changes in the oxidation states of 4wt.%¢y/Catalyst
before and after reactions. Investigations e@frevealed an inverse relationship
betweengand b, in agreement with EPOC theory. The cowtmrelation betweernyr
and b also indicated that Cu NPs enhanced the electrocatalytic property©f &ul
allowed it to function as the catalysbrking electrode in EPOC. Therefore, our
findings provide the opportunity to predict and alter the catalytic RWGS rate of

4wt.%Cu/CaO4 catalyst under polarization
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Appendix B: Supplementary Information for Chapter 4
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TableB-1. XPS data for Cu 2p, Co 2p and O 1s of fresh and spent samples.

Position (eV) FWHM %Area

fresh  spent | fresh spent | fresh spent
Cu2p | CW/Cut* | 932.3 932.3 1.93 157 85.72 13.54
cwt 934.6 9344 2.14 2.54 14.28 86.46

Co 2p Cd 778.0 N/A 2.05 N/A 44.53 N/A
Co** 7815 781.2 2.86 2.24 15.62 42.01
Co?™3* | 779.8 779.7 2.39 1.62 39.85 57.99

O 1s |defectG | 531.2 5315 1.65 2.40 31.15 53.84
lattice & | 528.8 529.8 2.84 0.92 68.65 44.44

H20 N/A 533.5 N/A 1.11 N/A 1.72
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Chapter 5 Experimental and DFT Study on Electrochemical

Promotion of Cu/ZnO for the Reverse Water Gas Shift Reaction

Adapted fromJ. Wang M. G. Sandoval, MCouillard, E A. Gonzdez, PV. Jasen, A
Juan, AWeck, EA. Baranowa, 2024,ACS Sustainable Chemistry & Engineering

Abstract: This study investigates the use of electrochemical promotion of catalysis
(EPOC) to in situ control the catalytic rate of revexsger gas shift (RWGS) reaction

that recycles wasteful GOnto CO. Nanostructured Cu/ZnO catalysts with varying
Cu loadings (5, 10, 20, 40, and 60 wt.%) are synthesized for RWGS. Compared to
unsupported Cu nanoparticles and bare ZnO support, Cu/ZnO catalysts exhibit
improved performance due to metal support interaction. 20 and 40 wt.% Cu/ZnO
catalysts show the highest opercuit catalytic ratesrf) owing to larger specific
surface areasSéer= ~38 nt gl). In EPOC experiments, the application of constant
currents results in promoted reaction rates, with the highest enhancement ratio (
1.14) and apparent Faradaic efficiengy £ 3.16) observed for 10 wt.% Cu/ZnO.
Density functional theory (DFT) computations and physicochemical characterizations
support the lattice oxygen provision mechanism, where oxygen migrates from ZnO to
Cu during polarization. This results in partial oxidation of Cu teCCwand a
subsequent increase in RWGS rate. A correlation bet@garandro and a positive
relationship between the electrochemical surface area (ECS/A) aaldies in EPOC

are identified, indicating that electrochemically active sites are important for catalyst

activation under polarization

5.1 Introduction

Although Cu/CaOs catalysts show good activities in Chapter 4,dRistenceof
multiple oxidation states of Co makes the interaction between Cu as0s Co
complicated and the sintering still occurs. To select a suitable support for Cu that

prevents it from deactivation by forming MSI and to better the understanding of the
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electrochemical interactions between Cu and oxide suppof, is chosen for its
simple, stable structure, and affordability.

Density functional theory (DFT) is a powerful computational method to study
the electronic structures of reactants, intermediates and products that interact with the
catalyst surface during G@ydrogenation procesgé$ Research on DFT calculation
of Cu surfacdg] identified that the most critical step in RWGS was the dissociation
of COp, which required a higher activation energy (1.51 eV) on Cu (111) surface
compared to Cu (100) (1.26 eV) and Cu (110) (0.71 eV) surfaces. Consequently, the
oxygen atom in C® preferably bonded to Cu (110) rather than to Cu (111). In
addition, DFT investigations on @D surface revealed that the existence ofCCu
(110) further promoted the activation and subsequent reduction §8)CSimilarly,

DFT studies on ZnO demonstrated the sensitivity ob @@sorption to the oxide
surface structure, highlighting that the binding strength of @@s the highest on

ZnO (101)4]. DFT calculations also revealed that the oxygen vacancies within the
ZnO structure played a crucial role in RWGS by increasing the charge density around
the valence band maximum and enhancing the activation ef5C@espite the
widespread application of DFT in RWGS, it was rarely studied in the field of EPOC
andthe impactof O? migrationon the oxidation state changes of $upported metal
catalysts remained unclear. Considering the rapid electrochemical reactions that
happened on the catalyst surface in EPOC, DFT calculation is taken as a promising
and alternative way to simulate and evaluate the transportation of ionic species from
oxide support towards metal catalyst

In this study, we explored tHePOCusing stable andctive metal catalysts to
emphasize the sustainability and innovation of our catalyst design, aiming to enhance
the potential for energgfficient and durable catalytic systems. A series ofmaiole
Cu/ZnO catalysts, with varying copper loadings on hexagstnattured ZnO, were
synthesized and deposited on YSZ for the RWGS reaction. These catalysts exhibited
greater activity than previously studied -Gasef6] and Febased catalysig] and

demonstrate@nproved stability oveCo-based catalysi8], without surface sintering.
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Moreover, unlike previous DFT studies on EPOC that focused on the potential
changes on noble metal catalyst surfaces upon polarization, this work established a
new DFT model. This model simulated the migration of ®wards Cu under
polarization and demonstrated the redox processes occurring on theliermetal
catalyst surface, leading to the eleetsadation of Cu into C¢0O. These findingsvere

further validated through XPS and XRD characterizatiohdditionally, this study
innovatively used electrochemical active surface area (ECSA) to explain the
magnitudes of EPOC effects, finding a positive correlation between them. This
discovery offers valuable guidance and insights into developing sustainable and

economical catalysts for future studies on EPOC for RWGS
5.2 Experimentaland Computational Methodology

5.2.1 Catalystgreparation

The nanestructuredZnO support was synthesized using the polyol metasd
mentioned in Chapter. Specifically,Zinc Acetate (dihydrate, Alfa Aesar, 97+%) was
measured and dissolved in ethylene glycol (EG) (Fisher Chemidath 0.25 M
tetramethylammonium hydroxide (TMAOH) (pentahydrate, Sigkthich, 97+%)
was added until the pH of the mixture reached 12. The final solution was stirred at
room temperature (RT) for 30 minutes before starting the reflux with the temperature
increased gradvually from RT to 150 . Once
white, the solution was cooled down to RT while keep stirring throughout the period.
The resulting colloidal solution was centrifuged at 6000 rpm, washed with deionized
water (DI water, 18 Mq c¢cm), and dried in a
following the same procedures sisown in Chapter &nd were stored in colloidal
solution (1 mg mt).

The Cu/ZnO catalysts were prepafetowing the proceduresn Chapter 2Cu
colloidal solutionwas mixedwith the ZnOpowders in DI water for 48 h for the
desired metal loadings of Cu on ZnO. For example, mixing 5 mL of Cu colloidal

solution with 50 mg of ZnO produced the catalyst with 10 weight percent (wt.%) Cu
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on ZnO. The dispersed Cu/ZnO was then centrifuged and washed three times with DI
water at 6000 rpm. The final catalysts were labelled as 5, 10, 20, 40, and 60CuZnO,
where the number represented the wt.% of Cu NPs. The catalysts after centrifugation

were dried in air-r at 60 for 24, h and stor
5.2.2 Experimental setup

YSZ, gold electrodes, and catalsorking electrode were prepared following
the same procedures @sscribedn Chapter 4The catalyst loading was 0.5 mg ém
The electrochemical cedind reactor setuwereassemble@s mentioned in Chapter 2
H> (Messer, 100 %), CQMesser, 99.99%), and Argon (Ar, Messer, 100vwéje fed
to the reactor throughhtee individual mass flow controllers (MFC, MKS
Instruments)and theCO»:H> volumdric ratioswere adjustedo be 1:1, 3:1, and 1:6
under the protection of ACO analyzer wasonnectedvith gas outlet to monitor the
amount ofproducedCO. Before starting the RWGS reaction, the catalysts were pre
treatedfollowing the procedures mentioned in ChaptellBe catalysts were then left

under stochiometric condition€Q.:H> =1:1) for 5 h to guarantee the steady state.
5.2.3 Electrochemicalmeasurements

A potentiostatgalvanostat (Arbin Instruments, MSTAT) machine was used to
conduct all electrochemical tests. TBE#°OC measurements were carried out by
applying constant currents across the catalymking electrode and the counter
electrode, and the effects were evaluated by the enhancementi yatia Gpparent

Faradaic efficiencyq) according to Eq.5-1) and 6-2):
m 9O (51
ws O Ol & (5-2)

wherer is the promoted reaction rate during polarizatins the opercircuit rate,|
is the applied currenk is the Faradaic constant, ands the number of electrons

transferred, which is 2 in RWGS reaction.

122



Cyclic voltammetry (CV) was carried out over-@epared samples right after
pretreatment. Before starting the CV, the atmosphere was changed into inert
condition (in Argon) and the temperature w
CV was set to start fron0.8 V to 1.5 V, followed by cycling back t®.8 V with a
scanning rate of 20 mV'’s

The relative electrochemical active surface areas (ECSASs) of Cu/ZnO catalysts
were evaluated by the surface roughness factor (RF) and were determined by
measuring the double layer capacitanCa)(of asprepared catalysts. CVs were
performed in the potential window ranging fret25 V to 0.25 V, where no faradaic
reactions happened, with various scan rates 200 mV s%) under inert conditions at
400 . By plottingl) tshsean mtedy rdty),theGa couldibe e nt  (

calculated from the slopes according to the B&)[9]:
Yy AJAO# AGAO (5-3)
The resultingCq of all Cu/ZnO catalysts were then normalized to that of bare

ZnO to obtain the RREs shown in Eq54):
2& # 5 j# g (54

5.2.4 Physicochemicatharacterizations

Scanning Transmission Electron Microscopy (STEM) was usedspment
10CuznO catalyst to determine the structure and particle size-adigle annular
darkfield (HAADF) imaging was performed to enhance contrast sensitivity to the
atomic number ZScanning Electron Microscopy (SEM, JSNAOOF FESEM) was
used to characterize the morphology of spent catalysts deposited on YESAeagg
dispersive Xray spectrometei5DS) connected to the microscope was carried out to
characterize the elemental compositiotrray Diffraction XRD) patterns were
measured over gwepared and spent catalysts to investigate the crystalline structure
changes before and after polarization by the Rigaku Ultima IV multipurpose

diffractometer at a scan rate of 1 degree JMihr om 2 0 The cnBtalliteA 2 d .
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sizes of NPsL, were estimated by using the major phase parameters according to
Scherrer Equation (Eg.56)) and the interplanar distancesl, were determined

according to the Bragg Equati@Bq. (6-6))[10]:
., +1j&7( AAT[O (5-5)
11 ¢ AofFi (5-6)

where FWHMis the ful width at half maximumof the diffraction peak d is the
diffraction angle n=1,=0.15418 nmandK=0.9.

The X-ray photoelectron spectroscop}RS) spectra were measured @
prepared and spent samples usri{ratos AXIS Nova spectrometer equipped with an
Al X -ray sourcdo investigate the oxidation states of Cu and#me XPS peaks were
all fitted using the Shirley background corrections and the Gauksramtzian shape
function in CasaXPS software with high resolution analyses calibrated to the C 1s
signal at 284.8 eVBrunauerEmmettTeller BET) method was performed on-as
prepared samples to determine the specific surface &eed. (The values were
calculated from data points at relative pressupgs)(between 0.05 and 0.30. The Cu
loadings on ZnO in the gwepared samples were confirmed throdgtuctively

Coupled Plasma Emission Spectroscd@P{ES, Agilent 8800).
5.2.5 Computationalmethodology

Spinpolarized (SP) Density Functional Theory (DFT) calculations, based on
guantum mechanics, were performed using the Viennaifib Simulation Package
code (VASP]11]. The magnetic moments for both-Zand Qatom were initialized at
zero. The plangvave basis set with a coff energy of 520 eV was used for the ZnO
bulk and surface simulation. The general gradient approximation (GGA)
parameterized by the Perd@®urke-Ernzerhof functional (PBE) as an exchainge
correlation term was consideféd]. The projector augmented wave (PAW) pseudo
potential method for taking into account the eledtron core interaction, was carried
ouff13]. For the longrange order phenomena, the Van der Waals interactions as

implemented by the DFD3 correction method of Grimme et al. were ($d{l
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Because standard DFT fails to describe the localization in the Zn d orbitals, the
Hubbard correction (DFU) enclosed by the Dudarev approximation was apld
To obtain an electronic structure similar to the experimental one and avoid the energy
fluctuations, an orsite Coulomb correction was also used for O 2p orbitals. Our
computed values for effective U are 10 eV, 7.74 eV and 5.20 eV for -0nkdals, O
2p-orbitals and Cu 3drbitals, respectively. These values are in good agreement with
those reported in the literat{it®,17] All structures were optimized until the forces
acting on each atom were smaller thah*®Y A'! and the energy convergence was
smaller than 1¢ meV. An automatically generated gameentered kpoints mesh in
the irreducible part of the Brillouin zone of 12 x12 x7 (bulk) and 7 x7 x1 (surface)
k-point sampling grid was used for reciprocal space integration, following the
MonkhorstPack schenié8].

The bulk of wurtzite ZnO were simulated using th&mpé space groufl9] The
obtained lattice parameters of a=b =3.166 A, c/a=1.611 A(c=5.102 ) and b
= 90A, 9 = B60A are in good 420]ramdk me n't
theoreticgl21] values. As shown ifigure C-1, the ZnO (101) lowndex surface was
modeled as a supeell with five ZnO bilayers along the vacuum direction and 4 x4
primitive cell on the implane direction. This ZnO plane was chosen based on
experimental information in Sectiof.3.1 The 15 A vacuum layer on top-(z
direction) was enough to prevent interactions between periodic images of the slabs. In
the optimization of the surfaces, the three outmost layers on the top were relaxed,
while the two bottom layers were frozen in the relaxed bulk positions

The different high symmetrical adsorption sites that were considered to study the
interaction of a Ctatom with the surface are presentedrigure C-1. For a more
realisticrepresentation, a second Cu atom was adsorbed at the nearest and the most
energetically favorable adsorption site. Then aat@n was adsorbed along the high
symmetrical adsorption sites surrounding theafam and the two Gatoms for both

considered systems.
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To assess the difficulty of vacancy formation, O and Zn vacancies were
generated in the outmost layer by simply removing an atom. The specific atoms
chosen for removal are also indicatedFigure C-1. In an effort to elucidate the
potential mechanism of copper oxide formation during the electrooxidation process,
the extraction of oxygen from the most stablwd@@ancy locations was simulated by
incrementally moving it in 0.1 A steps upward on the ZnO surface with two adsorbed
Cu-atoms.

The adsorption energies, representedEas in eV, were computed as the
difference between the total energy of the system after adsoriigardate/substraje
and the energy of the isolated atom in a bBxsomaty plus the energy of the clean

surface Esubstratd. This calculation is expressed in E&-7):
% % ,~ % % (5-7)

For theEadgs a smaller value signifies a more favourable adsorption site and a
positive value indicates an endothermic reaction, whiteegative one suggests an
exothermic process. In this case, the oxygen is considered as coming after the entire
process of C® electrochemical reduction to CO, where the final products are
primarily CO(g) and {5]. Then theEagsomateiS calculated from an atomic oxygen
isolated in a box.

The energy barrieiar), reaction energye;), and reverse energy barridiar)

are calculated in Eq5{8)-(5-10):

% % % (5-8)
% % % (5-9)
% % % (5-10)

whereEs, Ers and Ers refer to the initial, final- and transitiorstate energies. The
vacancy formation energyEfa¢ is computed at zero kelvin in Ecp-11) (a lower

value indicates a more energetically favorable condition):

% % % % (5-11)
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whereEznoo1)+vaciS the total energy of the system in the presence of the dEfect,
atomiS the energy of the isolated atom deleted from the vacanc¥apgo)is the

total energy of the system without any vac4agay.

5.3 Results

5.3.1Physicochemicakharacterizations

The ICRES analysis confirmed the actual Cu loading amounts on ZnO (0.3
0.6 wt.%). Figure 5-1a and b show the TEM image andSTEM image with
corresponding EELS mappinthe orange area iRigure 5-1b) of spent 10CuznO
catalyst,respectivelywhere Cu was found on the surface of ZnO suppodm the
STEM image inFigure C-2a, the synthesized ZnO had a hexagonal structure with a
diameter of 100 nm, while Cu on ZnO had a diameter of approximately 30 nm, which
was consistent with the particle size of unsupported Cu NPs shokigure C-2b.
Compared to unsupported Cu NPs, which were easily sintered and agglomerated after
reactions [Figure C-3), the improvements in dispersion and thermal stability of
Cu/ZnO were verified according to tis&=M images of all spent Cu/ZnO catalysts on
scal e oFfgurelC-4f wheré no sintering was found. TEDS results from
Figure C-5 confirmed the existence of Cu and Zn without any other impurities (Zr
was from YSZ).

The crystalline structure of 10CuzZnO is showrFigure 5-1a, where the lattice
interplanar distance of the ZnO phase is measured to be 0.25 nm, which is referred to
as ZnO (101p3]. However, Cushowed two different lattice structures with
interplanar distances of 0.21 nm and 0.3 nm, representing metallic Cu (111)28hd Cu
(110) phasdg4,25] respectively. This indicated that the metallic Cu was partially
oxidized during the electrocatalytic experiments, which was due to the polarization.

This will be discussed later.
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Drift corrected spectrum imac

Zno (101)

20 nm

Figure 5-1. (a) TEM image of spent 10CuzZnO. (b) STEM image and corresponding
EELS mapping of Cu and Zn in the orange area (the yellow area is for drift

correction).

Figure 5-2a shows theXRD patterns of aprepared and spent 10CuZnO catalyst.
The peak information of major phases in-pagpared and spent samplés
summarized inTable C-1. The XRD patterns of bare ZnO and 60CuzZnO are
summarized irFigure C-6. It was found that ZnO (101), Cu (111) and20y110)
had the highest peak intensity in the phases of@kte, metallic copper and copper
oxide, respectively, and were taken as the major phases. For the synthesized ZnO
support Figure C-6a), the asprepared sample exhibited several peaks within the
diffraction range, illustrating the crystallinity of a hexagonal wurigttectured
ZnQ[26].

In the spent sample, ZnO showed the same peak locations with insignificant
change in the crystallite size (from 25 nm to 26 nm), indicating its thermal stability.
FromFigure 5-2a, in addition to the peaks of ZnO, the@gpared 10CuZnO sample
showed three new peaks located at 43, 51, andl Z4d . These peaks repr
(111), (200) and (22(B7], respectively, and demonstrated that the Cu NPs existed in
metallic state on the surface of ZnO. The Cu crystallite size was calculated to be 34.5

nm, fitting with the particle size observed in STEM. The stability of metallic Cu was
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affiliated to the MSI effect between Cu and ZnO that prevented Cu NPs from

oxi dation. However, an additional peak at
was known as the GO (110) phag@8], and the particle sizes of ZnO and Cu were

both enlargedTable C-1). The formation of C2O agreed with STEM result. In terms

of 60CuzZnO Figure C-6b), the larger Cu loading amount on ZnO yielded
significantly higher peaks of metallic Cu, while the2Oyhase was still formed after

catalytic experiments. Moreover, the interplanar distances of ZnO (101), Cu (111),

andCyO (110) at 36, 43, and 30 A2d were calc
0.297 nm, respectively, all of which were in line with the STEM measurements in

Figure 5-1a

Figure 5-2. (a) XRD patterns and (b) higiesolution XPS spectra of Cuz2pand Cu
LMM for as-prepared and spent 10CuzZnO. Higisolution XPS spectra of (¢) O 1s

and (d) Zn 2p for aprepared ZnO, 10CuZnO and 60CuZnO.
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