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Abstract 

The greenhouse gas carbon dioxide (CO2) can be transformed into carbon 

monoxide (CO) via the reverse water gas shift (RWGS) reaction. This process not 

only mitigates CO2 emissions but also recycles it into valuable chemicals, as CO is an 

essential precursor in hydrocarbon production through the Fischer-Tropsch process. 

Nanostructured metals immobilized on oxide supports serve as catalysts for this 

reaction, where the formation of metal-support interactions (MSI) influence both 

catalytic performance and thermal stability. Additionally, the catalytic activity can be 

regulated and modified through the electrochemical promotion of catalysis (EPOC), 

also known as non-Faradaic electrochemical modification of catalytic activity 

(NEMCA) by applying electrical potential or current across the catalyst deposited on 

solid electrolyte. 

In pursuit of a cost-effective and high-performance EPOC system, copper (Cu) 

is investigated as a promising non-noble metal catalyst for the RWGS reaction due to 

its affordability, high activity, and selectivity. When deposited on yttria-stabilized 

zirconia (YSZ) solid electrolyte, the electrochemical polarization at +2V leads to the 

migration of oxygen ions (O2-) toward Cu, inducing its partial oxidation from Cu0 to 

Cu1+ and enhancing the reaction rate by 20%. Non-noble metal oxides such as cobalt 

oxide (Co3O4) and zinc oxide (ZnO) are explored as supports for Cu to prevent its 

deactivation due to oxidation and sintering at elevated temperatures. Co3O4, in 

particular, acts as an active phase and an oxygen reservoir in the Cu/Co3O4 co-catalyst. 

Under positive potential, O2- transfer from Co3O4 to 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 between 5 to 60 wt.% confirm that ZnO 

effectively prevents Cu from sintering and complete oxidation, and the MSI between 

Cu and ZnO improves the catalytic rate by 75%. Under positive polarization at 

+400μA, all catalysts exhibit EPOC effects, with 10Cu/ZnO showing the largest 

increase of 14%. Density functional theory (DFT) modelling further investigates the 

migration of O2- from ZnO to Cu and the subsequent formation of Cu2O. A correlation 
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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 for EPOC studies. 

To expand the application of EPOC to reactions favorable at lower 

temperatures, a lithium-ion (Li+) conductor, lithium lanthanum titanate (LLTO), is 

introduced as an alternative solid electrolyte because of its high ionic conductivity at 

reduced temperatures. For the first time, Li+ is shown to act as a promoter of catalytic 

RWGS reaction and CO oxidation in EPOC experiments. Unique interactions between 

Li+ and metal/metal oxide catalysts using platinum (Pt) and iron-oxide (FeOx) are 

revealed, enabling EPOC to drive CO oxidation at temperatures as low as 150°C. The 

MSI between FeOx and LLTO also enhances the RWGS catalytic rate, making it 3 

times higher compared to FeOx deposited on YSZ. This discovery opens new 

possibilities for practical EPOC applications in energy conversion processes. 

Physicochemical characterizations, including scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), scanning transmission electron 

microscopy (STEM), Brunauer-Emmett-Teller (BET) analysis, X-ray diffraction 

(XRD), and X-ray 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 in-situ insights into the interactions between the 

metal catalysts and ionic species from the solid electrolyte.  
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Résumé 

Le dioxyde de carbone (CO2), un gaz à effet de serre, peut être transformé en 

monoxyde de carbone (CO) par la réaction de décalage inverse du gaz à l'eau 

(RWGS). Ce processus permet non seulement de réduire les émissions de CO2, mais 

aussi de le recycler en produits chimiques de valeur, car le CO est un précurseur 

essentiel dans la production d'hydrocarbures via le procédé Fischer-Tropsch. Les 

métaux nanostructurés immobilisés sur des supports d'oxyde agissent comme 

catalyseurs pour cette réaction, où la formation d'interactions métal-support (IMS) 

influence à la fois la performance catalytique et la stabilité thermique. En outre, 

l'activité catalytique peut être régulée et modifiée grâce à la promotion 

électrochimique de la catalyse (EPOC), également connue sous le nom de 

modification électrochimique non faradaïque de l'activité catalytique (NEMCA), en 

appliquant un potentiel ou un courant électrique à travers le catalyseur déposé sur un 

électrolyte solide. 

Dans la quête d’un système EPOC performant et économique, le cuivre (Cu) 

est étudié comme catalyseur non noble prometteur pour la réaction RWGS en raison 

de son faible coût, de sa grande activité et de sa sélectivité. Lorsqu'il est déposé sur un 

électrolyte solide de zircone stabilisée à l'yttrium (YSZ), la polarisation 

électrochimique à +2V entraîne la migration des ions oxygène (O2-) vers le Cu, 

induisant son oxydation partielle de Cu0 à Cu1+ et augmentant le taux de réaction de 

20%. Des oxydes métalliques non nobles tels que l'oxyde de cobalt (Co3O4) et l'oxyde 

de zinc (ZnO) sont explorés comme supports pour le Cu afin de prévenir sa 

désactivation due à l'oxydation et au frittage à des températures élevées. Co3O4, en 

particulier, agit comme une phase active et un réservoir d'oxygène dans le co-

catalyseur Cu/Co3O4. Sous un potentiel positif, le transfert d’O2- de Co3O4 vers le Cu 

réduit le taux de réaction de 42%, tandis que le processus inverse sous potentiel 

négatif l'augmente de 16%. De plus, des études sur des catalyseurs Cu/ZnO avec des 

charges de Cu comprises entre 5 et 60% en poids confirment que le ZnO empêche 

efficacement le Cu de se fritté et de s'oxyder complètement, et que l'IMS entre Cu et 
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ZnO améliore le taux catalytique de 75%. Sous une polarisation positive à +400μA, 

tous les catalyseurs présentent des effets EPOC, le 10Cu/ZnO montrant la plus forte 

augmentation de 14%. La modélisation par la théorie de la fonctionnelle de densité 

(DFT) examine plus en détail la migration des ions O2- du ZnO vers le Cu et la 

formation subséquente de Cu2O. Une corrélation est établie entre la surface active 

électrochimique (ECSA) et l’ampleur de l’effet EPOC, offrant des indications sur la 

sélection de supports d’oxyde appropriés pour les études EPOC. 

Pour étendre l'application de l'EPOC à des réactions favorables à des 

températures plus basses, un conducteur d'ions lithium (Li+), le titanate de lanthane et 

de lithium (LLTO), est introduit comme électrolyte solide alternatif en raison de sa 

haute conductivité ionique à des températures réduites. Pour la première fois, il est 

démontré que le Li+ agit comme promoteur dans la réaction catalytique RWGS et 

l'oxydation du CO lors des expériences EPOC. Des interactions uniques entre Li+ et 

des catalyseurs métal/oxyde de métal, tels que le platine (Pt) et l'oxyde de fer (FeOx), 

sont révélées, permettant à l'EPOC d'activer l'oxydation du CO à des températures 

aussi basses que 150°C. L'IMS entre FeOx et LLTO améliore également le taux 

catalytique de la réaction RWGS, le rendant trois fois plus élevé que celui obtenu 

avec FeOx déposé sur YSZ. Cette découverte ouvre de nouvelles possibilités pour des 

applications pratiques de l'EPOC dans les processus de conversion énergétique. 

Des caractérisations physicochimiques, incluant la microscopie électronique à 

balayage (SEM), la microscopie électronique en transmission (TEM), la microscopie 

électronique à transmission par balayage (STEM), l'analyse de Brunauer-Emmett-

Teller (BET), la diffraction des rayons X (XRD), et la spectroscopie 

photoélectronique à rayons X (XPS), sont réalisées pour analyser la morphologie, la 

taille, la composition élémentaire, la surface spécifique, la structure cristalline, et l'état 

d'oxydation des catalyseurs métalliques. La caractérisation électrochimique par 

voltamétrie cyclique (CV) fournit des informations in situ sur les interactions entre les 

catalyseurs métalliques et les espèces ioniques issues de l'électrolyte solide. 
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Chapter 1: Literature Review and Research Objectives 

1.1 Rationale of CO2 Utilization  

Overuse of fossil fuels for power generation leads to huge amounts of 

greenhouse gases (GHG), including carbon dioxide (CO2), methane (CH4), nitrous 

oxide (N2O), and ozone (O3)[1], emitted into the atmosphere and causes severe 

climate change which has great influence on geography[2], energy use[3], 

agriculture[4], and human health[5]. CO2, which makes up the most (two-thirds) of 

the total GHG emissions, has led to a significant global warming phenomenon in the 

last decades, radiating heat back to the Earth’s surface and overall increasing global 

temperature[6]. The atmospheric CO2 concentration has consequently risen from 280 

ppm before the Industrial Revolution to 390 ppm in 2010[7]. In 2015, the Paris 

Climate Agreement was adopted globally to limit the rise in global temperatures to 

1.5 °C by the end of the century through reduced CO2 emissions[8]. However, as of 

July 2020, efforts seem inadequate with a record CO2 concentration of 414 ppm[9]. 

Therefore, CO2 is in urgent demand for removal to restrict its continuous negative 

impact on climates and environments. 

There are three main strategies to address CO2 emissions: 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 are too dependent on weather, geographical location, and battery 

storage[10]. The second strategy involves developing technologies for capturing and 

storing CO2. While this process is well-known, 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 concerns still exist about the potential for earthquakes and other natural 

events to release the stored CO2 into the atmosphere in high concentrations[11]. 
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Thus, an ideal and safe approach for atmosphere decarbonization is through 

the CO2 utilization, which not only reduces CO2 emission but also recycles it into 

value-added chemicals in the form of synthetic fuels. Although CO2 is recognized as a 

promising C1 feedstock for the synthesis of organic compounds, materials, and 

carbohydrates because of its economic viability and safety[12], its application as a 

carbon source in both laboratories and industries remains minimal. The usage is 

restricted to the production of a limited range of products, such as urea and its 

derivatives, salicylic acid, and carbonates[13]. This is attributed to the thermodynamic 

stability of CO2, necessitating the need for high-energy substances or electrochemical 

reduction processes to convert CO2 into usable chemicals. 

1.2 CO2 Hydrogenation 

Hydrogen (H2), known for its high energy content, serves as an effective agent 

for CO2 conversion[14], leading to the production of fuels and chemicals through CO2 

hydrogenation, where CO2 is reacted with H2. Given the increasing demand for fuels 

and the depletion of fossil fuel resources, alongside fluctuating fuel prices, there is an 

urgent need for alternative fuel sources. CO2 hydrogenation products, including 

carbon monoxide (CO), methane (CH4), methanol (CH3OH), dimethyl ether (DME), 

and various hydrocarbons[15–18], present viable fuel options for a wide range of 

industrial processes and are conducive to easy storage and transport. Additionally, 

methanol and formic acid serve as essential feedstocks and intermediates in numerous 

chemical manufacturing processes[18,19]. Nonetheless, it is essential to address 

challenges arising from hydrogen production, storage, and transport. Potential sources 

for hydrogen, integral to CO2 hydrogenation, may derive from the remaining fossil 

fuel reserves, predominantly natural gas, or from water splitting through electrolysis 

or other methods[20]. 

The end-products in CO2 hydrogenation are selective by altering the reaction 

conditions like pressure, temperature, CO2: H2 ratio, and catalyst type[21]. The overall 

reaction for the synthesis of hydrocarbons can be represented by the Equation (1-1). It 
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should be noted that direct conversion of CO2 into long-chain hydrocarbons of CxHy-

CxHy (z=0) is difficult since multiple reactants and products exist simultaneously 

during the process, making it difficult to construct a catalyst that can build CH bonds 

with incoming CO2 molecules, and is the least studied and characterized process[22]. 

xCO2 + (2x − z +
y

2
) H2 → CxHyOz + (2x − z)H2O       (1-1) 

However, C1 products can be produced more easily. Normally, there are three 

typical reactions involved in CO2 hydrogenation: Equation (1-2) is known as the 

reverse water gas shift (RWGS) reaction with CO as the main product, which is 

endothermic and thermodynamically favored at higher temperatures[22,23]. Equation 

(1-3) is methanation where CH4 is produced and Equation (1-4) is the methanol 

synthesis, both of which are favored at lower temperatures due to the exothermic 

properties and accelerated at higher pressures affiliated to the decrease in the total 

moles of gas during the reactions[24]. 

CO2 + H2 → CO + H2O  ΔH = 42.1 kJ mol−1        (1-2) 

CO2 + 4H2 → CH4 + 2H2O  ΔH = −49.5 kJ mol−1       (1-3) 

CO2 + 3H2 → CH3OH + H2O  ΔH = −167 kJ mol−1      (1-4) 

Because of the complexity of CO2 hydrogenation and multiple competitive 

reactions happen at the same time, several chemicals are produced and the separation 

of these products can be very difficult and expensive. Therefore, understanding the 

reaction pathways of CO2 hydrogenation is critical in practice. Figure 1-1 shows an 

example of the reaction network, using the metal/oxide interface in determining the 

product selectivity to C1 compounds: CO, CH4, and CH3OH. After the adsorption of 

CO2 onto catalyst surface, the hydrogenation of *CO2 species mainly has three 

pathways: RWGS+CO-hydro, Direct C-O bond cleavage, and Formate. In 

RWGS+CO-hydro pathway, *CO2 turns into carboxyl (*HOCO) intermediate firstly, 

which is then decomposed into *CO and *OH. The *CO will partially desorb from the 

surface and release as CO gas, while *OH will interact with H+ and form *H2O[25]. 
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The *CO and *H2O continue to be hydrogenated and produce CH4/CH3OH[26]. In 

Direct C-O bond cleavage pathway, the *CO2 species will dissociate into *CO and *O 

directly. The *CO is then further dissociated into *C and *O with the C-O bond broken 

and the resulting *C will be hydrogenated into CH4 stepwise[27]. In Formate pathway, 

the *CO2 and H+ will form formate (*HCOO) intermediate initially and then turn into 

*H2COOH, which is decomposed and produce CH4/CH3OH eventually[28]. 

 

Figure 1-1. Reaction pathways of CO2 hydrogenation to CO, CH4, and CH3OH. *(X) 

indicates adsorbed species. Reprinted with permission from [25]. Copyright ACS 

2017. 

1.2.1 Reverse water gas shift reaction 

The RWGS process is gaining attention in industrial-scale production due to 

its role in generating CO, a crucial precursor for hydrocarbon synthesis through the 

Fischer-Tropsch (FT) process[29]. The FT process, described in Equation (1-5), is a 

well-known method developed during the industrial revolution to produce liquid fuels 

from syngas, a mixture of CO and H2 typically derived from gasified coal or natural 
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gas[30]. However, the variation in the CO/H2 ratio 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 method to produce methanol, formate acid, and alkanes from CO2 and H2 

directly. In this approach, substantial amounts of CO are initially generated through 

RWGS with high selectivity, which are then further hydrogenated in the subsequent 

FT process. This combined process is also thermodynamically easier than RWGS 

because the overall process is exothermic and is very attractive[22]. More details 

about RWGS-FT will be discussed in Section 1.2.3. 

nCO + (2n + 1)H2 → CnH2n+2 + nH2O         (1-5) 

RWGS reaction can proceed via the *HOCO intermediate (Figure 1-1) or via 

the redox mechanism, where CO2 oxidizes metal catalyst to generate CO and H2 

reduces metal catalyst back to form H2O. Density functional theory (DFT) 

calculations show that CO2 is activated and bound at the metal/oxide interface through 

a structure with the C atom of *CO2 bound to the metal site and one of the O atoms 

bound to the metal cations (M+) of the oxide supports, like Al2O3, TiO2, CeO2, ZrO2, 

In2O3, and ZnO, while the adsorption and dissociation of molecular H2 preferably 

happens on the metal sites. The promotion in activity is determined by the adsorption 

strength with CO2 at the metal/oxide interface and the binding capability of this 

interface for CO. The interface that adsorbs CO2 strongly but binds CO weakly should 

be selective to RWGS reaction simply, because of facile dissociation of CO2 and 

subsequent desorption of *CO. On the contrary, when *CO is strongly bound, its 

further hydrogenation or dissociation is more favorable than desorption. The 

reducibility of oxide support is also important since the presence of an O2- vacancy 

provided additional sites for CO2 adsorption. 

1.2.2 Methanation 

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 energy[31]. 
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Compared to other fossil fuels, the combustion of methane is relatively "cleaner" as it 

produces less CO2[32]. The reaction for converting CO2 to methane was discovered in 

1902 by Paul Sabatier, a French chemist known for his work in catalytic 

hydrogenation processes[33]. Hence, CO2 methanation is also referred to as the 

Sabatier reaction. From a thermodynamic standpoint, CO2 methanation is more 

favorable at lower temperatures (< 400℃), often making it a competitive reaction 

with RWGS[34]. As the temperature rises, the RWGS reaction becomes more 

dominant, and the selectivity towards CH4 decreases rapidly[33]. Although only low 

temperatures are required, the conversion of CO2 to CH4 still faces significant kinetic 

challenges due to the high thermostability of CO2[35]. Therefore, the hydrogenation 

of CO2 to methane requires the use of efficient catalysts to facilitate the reaction[36]. 

The reaction mechanism of CO2 methanation appears to be difficult to 

establish. Normally, the CH4 formation via CO2 hydrogenation can occur in three 

possible pathways. In the direct C−O bond cleavage pathway, *CO2 dissociates into 

*O and *CO, with the latter further dissociating into *C and subsequently being 

hydrogenated to CH4[27]. Alternatively, *CO may be hydrogenated to *HCO, which 

then dissociates to *CH and is further hydrogenated to CH4[37]. In the RWGS+CO-

hydro pathway, the C−O bond scission of *HCOH, *H2COH or *H3CO results in the 

formation of CHx species, which are then hydrogenated to form CH4[38]. In the 

formate pathway, CH4 formation happens via the C−O bond cleavage in H2COH or 

H3CO[39]. The main steps in CO2 methanation closely resemble those in the 

formation of CH3OH on a metal/oxide interface. The selectivity towards CH4 or 

CH3OH is likely influenced by the competition between the C−O bond scission in 

HxCO species and their hydrogenation reactions. Therefore, to enhance the selectivity 

towards CH4 rather than CH3OH, the interfaces should be designed to strengthen the 

binding for HxCO species, thereby promoting the C−O bond scission. 

1.2.3 Methanol synthesis 

Methanol is a clean, biodegradable, high-energy fuel that can also function as 

a starting material in chemical industry to produce a series of valuable 
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hydrocarbons[40,41]. Additionally, it is easier to store/transport as a hydrogen storage 

chemical and produces fewer carbon-containing side products[42]. Traditionally, 

methanol is produced on an industrial scale from syngas. However, the process often 

leads to the formation of numerous by-products due to the complex reactions and 

unstable composition of the syngas. Consequently, significant energy and costs are 

incurred in dealing with these by-products[43], which need to be separated from the 

methanol product before final use. Due to the integration of the RWGS and FT 

processes, CO2 has emerged as an alternative feedstock for methanol synthesis, 

offering a practical approach[14]. By modifying the catalyst types and reaction 

conditions, excellent selectivity to CO via RWGS can be achieved. Subsequently, the 

produced CO, along with the feeding CO2 and H2, can be converted into methanol 

through the FT process with minimal by-products. Currently, this process achieves a 

methanol productivity of 75 Mt y-1[22]. 

In Figure 1-1, it is illustrated that the production of CH3OH involves various 

reaction intermediates and can proceed through multiple pathways. The preferred 

pathway is primarily determined by the catalyst's ability to bind with key reaction 

intermediates[25]. 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 evidence[44]. The first pathway is the well-

known RWGS+CO-hydro, while the second is the Formate pathway, which involves 

the C−O bond cleavage of the *H2COOH intermediate[25]. Among the materials 

studied, oxide-supported metals have shown promise as catalysts, as the metal/oxide 

interfaces have been found to play a critical role in controlling the activity and 

selectivity for CH3OH synthesis[45,46]. In general, a catalyst that binds *CO strongly 

enough to facilitate its hydrogenation to formyl species (*HCO), rather than allowing 

its desorption, is required in the RWGS+CO-hydro pathway. In contrast, for the 

Formate pathway, the binding of *HCOO should be adjusted to promote the 

hydrogenation of *CO2 to *HCOO. 
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1.3 Metal Catalysts 

Catalytic CO2 hydrogenation processes generally occur on the metal catalyst 

surface, with the reaction bypassing the bulk of the material[47]. The use of 

nanostructured catalysts significantly increases the catalytic efficiency by maximizing 

the surface-to-volume ratio, ensuring that only the surface is active[48]. Moreover, 

nanostructured catalysts reduce the quantity of material needed while maintaining or 

even increasing the catalytic effectiveness. Typically, catalysts for CO2 hydrogenation 

can be divided into homogeneous catalysts and heterogeneous catalysts, which have 

been explored to a great extent[47]. Homogeneous catalysts are characterized by their 

uniform active sites and excellent activity and selectivity[49]. However, they present 

challenges in terms of separation from the reaction mixture and reuse, which hinders 

their industrial applications and can lead to an increase in economic cost and 

environmental pollution in the case of metal-catalyzed synthesis[50]. In contrast, 

heterogeneous catalysts offer advantages in terms of ease of separation and 

recyclability, making them highly utilized in the field of hydrogenation[47]. A typical 

heterogeneous catalyst consists of metal/metal oxide immobilized on an oxide support. 

1.3.1 Noble metals 

For metal catalysts, there are normally two classifications based on their 

chemical properties and economic cost: noble metals and non-noble metals. Noble 

metals are regarded as metallic chemical elements that are generally resistant to 

oxidation and corrosion, including platinum (Pt), palladium (Pd), ruthenium (Ru), 

rhodium (Rh), iridium (Ir), and gold (Au)[51]. Moreover, given that precious metals 

and noble metals share many of the same elements, the terms are used 

interchangeably in most cases[52]. In CO2 hydrogenation, Ru, Rh, and Pd are 

commonly used as the catalysts[53–55]. 

Ru is a Group VIII metal that shows excellent activity for CO2 methanation 

despite using a low loading or at a low temperature. The ability of Ru to dissociate H2 

and bind CO positions it as the most active and stable material to produce CH4[34]. It 



9 

 

was reported that Ru/Al2O3 achieved a CO2 conversion of 85% at 375℃[56], while 

Ru/TiO2 with exposed (001) facet exhibited a stronger CO2 adsorption and led to a 

higher catalytic activity with a CO2 conversion of 90% at 350°C[57], both of which 

showed excellent selectivity towards methanation rather than RWGS. Despite being a 

well-established process, recent efforts have been concentrated on exploring how 

alterations in the coordination of Ru on oxide surfaces can affect selectivity. A 

previous study on Ru/CeO2 catalyst[58] demonstrated that redispersion of Ru 

occurred following treatment in an oxidizing atmosphere, resulting in the formation of 

single atoms at a low temperature of 210°C. These atoms remained isolated under 

reaction conditions due to their strong bond with the support. The redispersion altered 

the catalytic activity, shifting from a primarily methanation pathway to RWGS with a 

CO selectivity of approximately 90%. Another study on Ru/SiO2 showed a 100% CO 

selectivity from 200 to 400°C without deactivation over a long time[59]. The catalyst 

configuration involved the encapsulation of Ru clusters into hollow SiO2 shells, which 

prevented the sintering of Ru and avoided activity decreasing or preferential CH4 

formation. 

Rh is also an active Group VIII metal for CO2 hydrogenation due to its 

excellent ability to dissociate H2 molecules. When supported on CeO2, Rh/CeO2 

catalyst exhibited a high CO2 conversion and CH4 production with a low CO 

selectivity[60]. It was inferred that the CO species were strongly adsorbed on metallic 

Rh, which were further hydrogenated into CH4 instead of being released as CO. 

However, when changing the support to TiO2, RWGS reaction became the favored 

pathway and the isolated Rh near oxygen vacancy (OV) was identified as the active 

site in Rh/TiO2 catalyst[61]. The Rh-OV sites favored a direct CO2 dissociation into 

CO* and O* on the OV. Concurrently, H2 was adsorbed on the Rh and reacted with the 

O* to form H2O, while the CO* was desorbed as CO. 

Pd exhibits selectivity for both RWGS and methanation. Research on 

Pd/Al2O3 demonstrated that a catalyst with 5wt.% Pd and larger Pd particles featured 

a higher abundance of terrace sites[62]. This configuration facilitated the formation of 
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multi-bound CO* and the adjacent binding of dissociated H, resulting in stronger CO 

interactions. These stable, multi-bound CO species acted as direct intermediates in the 

formation of CH4. In contrast, 0.5wt.% Pd/Al2O3 catalyst, which had smaller Pd 

particles, was less effective at retaining CO* formed from formate, thus showing 

higher selectivity towards CO production. Another study explored Pd/SiO2 

catalysts[63], which favored the production of both CO and CH4. However, the 

introduction of a bimetallic PdIn/SiO2 catalyst achieved an enhanced RWGS 

selectivity to 100%. In-situ spectroscopic analysis and density functional theory (DFT) 

calculations supported the findings that the preference for CO formation in the 

PdIn/SiO2 system was due to the higher energy requirement for H2 dissociation and 

the weaker adsorption of CO. These factors made the hydrogenation of CO to CH4 

less likely to occur. 

1.3.2 Non-noble metals 

In contrast to noble metals, non-noble metals like copper (Cu), 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 effective in CO2 hydrogenation, offering a 

cost-effective alternative for catalytic processes[64–66]. 

Cu is one of the most studied catalysts for the RWGS reaction because of its 

excellent selectivity, high activity and low price[67]. It has been demonstrated that the 

Cu catalyst is active in converting CO2 into CO by following the redox mechanism 

during RWGS[68,69]. However, Cu is prone to sintering at high temperatures[70] and 

is easily oxidized into two main copper oxides: Cu2O and CuO[71]. From 

temperature-programmed reduction (TPR) studies, the CuOx are reduced in a 

temperature range of 200–500°C as CuO → Cu2O → Cu[72]. This makes it easily 

deactivated when used as catalysts in RWGS, which is favored at high temperatures. 

Therefore, selecting suitable oxides is considered a practical method to improve its 

thermal stability and dispersion. In a previous study[73], Cu/Al2O3 catalyst was used 

in RWGS and the key intermediate was proposed to be the formate species from 
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association of H atoms and CO2. At the same time, Cu2O was also formed from the 

oxidation of Cu0 by O* due to CO2 dissociation. Another study on Cu/ZrO2[74] 

explained that the dissociation of CO2 happened on Cu0-ZrO2 interface and was the 

rate determining step in RWGS. Moreover, research on Cu/CeO2 catalyst unraveled 

that the existence of OV in support oxide facilitated CO2 adsorption and activation, 

which was derived from the Ce3+-OV-Cu0 interface[75,76]. Cu/ZnO is a commonly 

used catalyst in methanol synthesis via Fischer-Tropsch process[77,78], where ZnO 

plays an important role in preventing sintering of Cu and removing catalyst 

poisons[79]. The Cu/ZnO interface was also reported as the critical factor in 

facilitating the CO2 conversion process, where the initial step should primarily be the 

CO2 dissociation and subsequent release of CO, referring to the RWGS pathway[80]. 

Fe, known for its abundance and cost-effectiveness, is commonly used as a 

catalyst in the Fischer-Tropsch process and the water-gas shift reaction[81]. Recent 

research, however, has shown that Fe-based catalysts also exhibit high efficiency and 

excellent selectivity for RWGS reaction[82,83]. According to DFT studies, Fe is noted 

for having a high CO2 adsorption energy, resulting in CO2 dissociation on the Fe 

surface into CO* and O*, where O* diffuses into the bulk filling up an oxygen vacancy 

and is later reduced to form H2O[84]. Investigations into Fe/Al2O3 catalyst 

demonstrated that RWGS over Fe catalyst followed redox mechanism, facilitated by 

the interactions with CO2 and H2[85]. Additional research on Fe2O3/Ce0.5Zr0.5O2 

revealed that the activity was attributed to the presence of various active states of Fe: 

Fe2O3, Fe3O4, FeO and Fe0. These forms acted as oxygen storage and exchange 

reservoirs, cycling through redox reactions to facilitate catalytic processes[86]. 

Moreover, studies on CeO2-supported Fe catalyst identified that the Fe phase could 

suppress the methanation reaction, which typically competed with RWGS at 

temperatures below 450°C, because FeOx displayed a weak adsorption for CO, 

avoiding its further hydrogenation into CH4[87]. 

Co is a promising transition metal for both CO2 and CO hydrogenation. 

Similar to Fe, different CoOx phases are formed during the reaction, some of which 
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are considered to be active for the RWGS[88]. Meanwhile, CO2 dissociation follows a 

redox process, with the CoOx is first reduced by H2 and then re-oxidized by CO2 to 

regain its lost oxygen, thereby producing CO. A previous study on Co/CeO2 catalysts 

concluded that the reduction of Co3+ to Co2+ during RWGS resulted in the high 

catalytic activity[89]. Recent studies suggested that higher oxidation state of Co3+ was 

more active for the RWGS than Co2+ and Co0[90]. Also, IR spectrometry confirmed a 

weaker adsorption of CO on the Co2+ phase as compared to the Co3+ phase[91]. 

Therefore, CO was desorbed easier from the surface, resulting in higher activity 

toward the RWGS. However, the presence of H2 in the gas mixture led to a specific 

Co2+/Co3+ ratio, which mainly depended on the reducibility of the support[92]. 

Ni is the most commonly used non-noble metal for CO2 methanation. When 

supported on oxides like Al2O3[93], TiO2[94], and MgO[95], Ni is maintained at a 

metallic state and achieves a CO2 conversion of 80-90% and a CH4 selectivity of 97-

99%. However, the selectivity can be tuned by changing the valence state of Ni 

catalyst. This is attributed to the binding strength of the CO* produced on the catalytic 

active sites and can be further correlated to the work function variation among the 

different NiOx[96]. Specifically, the activation energy for further hydrogenation of 

CO* to CH4 increases as a function of the oxidation state of Ni, with NiO leading to a 

higher RWGS selectivity compared to Ni0[97]. Like Cu, the main disadvantage of Ni 

is that it is prone to catalyst deactivation due to sintering of Ni particles, as evidenced 

in a study on Ni/Al2O3, and coke formation, as reported in work using Ni/TiO2[34]. 

1.3.3 Metal-support interaction 

The supports in heterogeneous catalysts not only enhance the dispersion of 

metal species but also prevent the sintering and aggregation of active phases. 

Additionally, some supports are not inert and their interactions with nanoparticles give 

rise to new interface phenomena, contributing additional active sites and inducing 

synergistic effects. Such metal-support interaction (MSI) may have a profound impact 

on the resulting catalytic performance of the metal catalysts[98]. 

Based on the chemical behavior, supports are divided into irreducible and 
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reducible oxides. Irreducible oxides, including SiO2 and Al2O3, are difficult to lose 

O2- due to the strong interaction with cations and are thereby considered to be inert as 

they only facilitate the dispersion of catalysts instead of participating in the 

reactions[99]. In contrast, oxides that function as O2- promotors by exchanging O2- 

with supported metals and show ionic conductivity are termed reducible oxides, 

including TiO2, NiO, ZrO2, and CeO2[100]. Moreover, materials that exhibit both 

ionic and electrical conductivity are referred to as mixed ionic-electronic 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 solid-state electrolytes[101,102]. Examples of MIEC materials 

include samarium doped ceria (Sm-CeO2 or SDC), beta-alumina (β’’-Al2O3), and 

yttria-stabilized zirconia (YSZ). MSI plays an important role in modifying catalyst 

activities, making it one of the practical ways to optimize catalytic performance 

through various mechanisms[103]. Typical MSI phenomena involve charge transfer, 

interfacial perimeter, nanoparticle morphology, chemical composition, and strong 

metal-support interaction (SMSI). These phenomena are shown in Figure 1-2 and are 

often entangled, with varying degrees of influence depending on the catalyst and 

reaction involved. Some may have a more pronounced effect than others. 

 

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

main phenomena. Reprinted with permission from [98]. Copyright Nature 2019. 

The interface between a metal nanoparticle (NP) and its support can lead to an 

electron rearrangement within both materials[104]. 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 support[105]. Spillover can occur at the interfacial perimeter as well, 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 support[106,107]. Reverse spillover from 

the support to the metal NP is also possible. For instance, a previous study comparing 

the XPS spectra of Pt NPs on YSZ with that of Pt foil showed a significant shift in the 

Pt4f peak in Pt/YSZ (up to 0.9 eV) towards lower binding energy[108]. This shift 

indicated that charge transfer occurred from YSZ to Pt NPs, contributing to the 

observed MSI. The adhesion energy at the metal-support interface influences the 

morphology of the nanoparticles[109]. In general, supports with stronger adhesion 

result in particles with more faceted shapes. A solid-state reaction between the metal 

NPs and the support can lead to the formation of new phases, with species exchange 

occurring in both directions, often associated with a redox process involving oxidation 

or reduction at the interface[110]. However, the formation of inactive phases, such as 

mixed metal oxides, may happen and poison the active metal sites. Under high 

temperatures and reductive conditions, cations from the support can also migrate to 

the nanoparticle, facilitated by doping the support or using two-dimensional 

supports[111]. The strong metal-support interaction (SMSI) phenomenon refers to the 

coverage of metal NPs by suboxides from the support under reducing 

conditions[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 species[113]. Although 

MSI can alter the properties and performance of catalysts through spontaneous charge 

redistribution and migration of promoting species[114], the unpredictability of these 

interactions poses challenges to precise measurement and control[102]. 

1.4 Electrochemical Promotion of Catalysis 

Electrochemical promotion of catalysis (EPOC) or non-Faradaic 

electrochemical modification of catalytic activity (NEMCA) was first reported by 
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Stoukides and Vayenas at MIT in 1981[115]. It describes 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 solid-state electrolyte 

supports and marks a significant advancement in the field of heterogeneous catalysts. 

Figure 1-3a shows an example of the EPOC phenomenon, where under an application 

of constant current at +1 μA, the reaction increases by 26 times without the need to 

alter other parameters[116]. Figure 1-3b shows a schematic structure of EPOC cell. 

The catalysts are deposited on one side of the 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 between the WE and CE when applying a potential across the cell. 

The catalyst-WE potential with respect to RE is measured and represented as UWR in 

EPOC studies[117]. 

 

Figure 1-3. (a) EPOC phenomenon of Pt deposited on YSZ for C2H4 oxidation under 

an application of +1 μA. Reprinted with permission from [116]. Copyright Springer 

2001. (b) The schematic structure of the EPOC cell. 

The EPOC phenomenon is driven by the migration of promoting ionic species, 

which originate from the SSEs and vary depending on the types of the SSE. The 

normally used SSEs in EPOC include yttria-stabilized zirconia (YSZ, O2- conductor), 

barium-doped zirconium (BZY, H+ conductor), and β’’-Al2O3 (K
+ or Na+ conductor). 

Positive polarization (UWR＞0), where a current flows from WE to CE, involves either 

the removal of electropositive ionic species (e.g. H+, Na+, and K+) from the catalyst or 
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the supply of electronegative ionic species (e.g. O2-) towards the catalyst[118], 

whereas the negative polarization (UWR ＜ 0) involves the reverse process. The 

spillover and backspillover of ionic species occurs at the catalyst-electrolyte-gas 

interface, also known as the three-phase boundary or tpb. These electrochemically 

created ionic species, accompanied by their compensating charges in the electrode, 

form an overall neutral double layer on the catalyst surface, as shown schematically in 

Figure 1-4. The presence of this effective double layer, whose density and field 

strength change with varying catalyst potential, affects the electronic properties (work 

function, Φ) of the catalyst surface and its chemisorptive properties subsequently, thus 

inducing pronounced and reversible alterations in catalytic rates and 

selectivity[102,119]. 

 

Figure 1-4. Schematic of metal electrode deposited on a Na+ conductor (a) and on an 

O2- conductor (b), showing the location of the effective neutral double layer created at 

the tpb. Reprinted with permission from [118]. Copyright Springer 2010. 

The EPOC effect was characterized using the rate enhancement ratio (ρ) and 
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apparent Faradaic efficiency (Λ), which were calculated as Equation (1-6) and (1-7): 

ρ = r ro⁄                  (1-6) 

Λ =
Δr

I nF⁄
                 (1-7) 

Where r0 is the open-circuit reaction rate and r is the steady-state rate after application 

of potential. Δr is the change in the reaction rate, I is the current response to the 

applied potential, n is the number of electrons transferred, and F is the Faradaic 

constant. The unit of r is mole per second per gram of metal catalyst (mol s-1 g-1). The 

catalytic rate change is termed as EPOC effect when |Λ|＞1, which indicates a non-

Faradaic enhancement[102,116] because the Δr is much higher than the migration rate  

of promoting ionic species (I/nF) at tpb upon polarization, meaning that each ion 

promoter supplied to the catalyst creates additional active sites and the Δr is not 

proportional to the applied polarization since it exceeds the steady-state rate increase 

expected from Faraday’s law. 

The functions of promoting ionic species in EPOC have been studied through 

direct observations via ex-situ XPS and in-situ cyclic voltammetry[120,121], or 

through indirect investigations via isotopic labeling studies[122,123]. For example, 

Tsampas et al.[122] conducted experiments to investigate the sacrificial promoter 

mechanism using Pt/YSZ for propane oxidation, aiming at in-situ distinguishing the 

O2- derived from the SSE (promoting ionic oxygen) from those originating from the 

gas phase during EPOC. To achieve this goal, one compartment of the Pt/YSZ catalyst 

was exposed to propane and isotopic oxygen (18O2), while the other was supplied with 

air to replenish the electrolyte with standard oxygen (16O2). In this case, the reaction 

of promoting ionic species with propane would yield C16O2, whereas the combustion 

of propane with atmospheric oxygen would produce C18O2. EPOC effects under 

positive polarization, as shown in Figure 1-5, demonstrated that the oxidation of 

propane by gaseous oxygen was significantly enhanced by EPOC (C18O2 production) 

with the Λ observed up to 35. In contrast, the C16O2 production was only attributed to 

the Faradaic electrochemical oxidation of propane (Λ ≈ 1). The formation of C16O18O 
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was attributed to surface oxygen exchange at tpb, which could also be 

electropromoted but to a lesser extent. These results indicated that the presence of 

promoting ionic species on the catalyst surface led to the generation of more reactive 

oxygen species, which either originated from the gas phase or transferred through the 

YSZ support, and was responsible for the non-Faradaic enhancement in the reaction 

rate. 

 

Figure 1-5. Catalytic rate responses to step changes of various applied positive 

currents during C3H8 oxidation on Pt/YSZ. Reprinted with permission from [122]. 

Copyright Elsevier 2012. 

At a first glance, the phenomena of EPOC and MSI are similar because they 

both significantly influence the activity of metal/metal oxide catalysts due to the 

spillover and backspillover of promoting ionic species. However, these promotion 

phenomena could integrate three distinct mechanisms: classical promotion, where 

chemical species such as Na+, K+, Cl-, etc., are added during synthesis; 

electrochemical promotion (EPOC); and self-driven spillover (MSI), as illustrated in 

Figure 1-6. The formation of the double layer at the metal/gas interface impacts the 

strength of chemisorptive bonds with reactants and intermediates, thereby affecting 

catalytic activity. As opposed to MSI, where promoters spontaneously migrate, a key 
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advantage of EPOC lies in the direct in-situ control of the promoter quantity on the 

catalyst surface. This control provides a method to modify catalytic rates in a 

predictable and manageable manner. As a result, EPOC is also referred to as an 

electrically controlled MSI[114] and MSI effect is also taken as a self-sustained 

electropromotion (SSEP)[124]. 

 

Figure 1-6. Schematic of the unpromoted and promoted states of metal-supported 

catalysts: (a) classical promotion (promoter added during synthesis), (b) EPOC 

(polarization-controlled O2- backspillover), and (c) MSI (self-driven O2- 

backspillover). Reprinted with permission from [102]. Copyright ACS 2013. 

In 2001, a systematic and meticulous search of the electrochemical promotion 

literature[125] allowed Vayenas and coworkers to classify reactions into four types 

(electrophobic-, electrophilic-, volcano-, and inverted volcano-type reactions) based 

on the rate versus catalyst potential or work function behavior. This establishes simple 

and rigorous rules that offer a prediction of the electrochemical promotion behavior 

based on the reaction kinetics under unpromoted conditions or the chemisorptive bond 

strengths of the electron donor (D) and electron acceptor (A) reactants on the 

unpromoted catalyst. Figure 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 

electrophobic behavior when it is positive order in the D species and zero or negative 
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order in the 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 

electrophilic behavior when the rate is positive order in A and zero or negative order 

in D. In this case, species D is more strongly adsorbed on the surface than species A. 

Rule 3 (R3): The catalytic rate goes through a maximum, referred to as 

volcano-type behavior where the rate changes from a positive order in A and negative 

order in D to a negative order in A and a positive order in D. In this case, species A 

and D are strongly adsorbed on the surface. 

Rule 4 (R4): The catalytic rate goes through a minimum, referred to as 

inverted volcano-type behavior when the kinetics are in positive order for A and D. In 

this case, species A and D are weakly adsorbed on the surface. 

 

Figure 1-7. Rules of electrochemical behavior: (R1) electrophobic, (R2) electrophilic, 

(R3) volcano, and (R4) inverted volcano. Reprinted with permission from [125]. 

Copyright Elsevier 2014. 

EPOC has been utilized in various reactions, such as CO2 hydrogenation, CO 

oxidation, CH4 oxidation, C3H8 oxidation, NOx reduction, and H2 production, 
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employing different catalytic systems. Table 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 electrolytes such as YSZ, BZY, and β’’-Al2O3, which can provide ionic species 

of O2-, H+, K+, and Na+. In EPOC, these four types of ionic species impact the 

catalytic reaction in distinct ways depending on the applied polarization, thus acting 

as promoters. The following sections will concentrate on EPOC studies related to CO2 

hydrogenation, specifically involving the RWGS reaction. Additionally, EPOC for 

oxidation reactions will be briefly discussed. 

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

species as the promoter. 

Reaction Catalyst Solid Electrolyte Ionic Species Ref 

CO2 hydrogenation FeOx YSZ O2- [126] 

CO2 hydrogenation CoOx YSZ O2- [127] 

CO2 hydrogenation NiO YSZ O2- [128] 

CO2 hydrogenation Ru YSZ O2- [129] 

CO2 hydrogenation Rh YSZ O2- [130] 

CO2 hydrogenation Ru BZY H+ [131] 

CO2 hydrogenation CoOx BZY H+ [127] 

CO2 hydrogenation Ru β’’-Al2O3 K+ [132] 

CO2 hydrogenation Pd β’’-Al2O3 Na+ [133] 

CO2 hydrogenation Pt β’’-Al2O3 Na+ [134] 

CO oxidation Pt β’’-Al2O3 K+ [135] 

CO oxidation Pt β’’-Al2O3 Na+ [136] 

CO oxidation Pt YSZ O2- [137] 

CH4 oxidation Pd YSZ O2- [138] 

CH4 oxidation Pt YSZ O2- [139] 

CH4 oxidation Rh YSZ O2- [140] 

C3H8 oxidation Ir YSZ O2- [141] 

C3H8 oxidation Ru YSZ O2- [141] 

C3H8 oxidation Pt YSZ O2- [142] 

NOx reduction Pt YSZ O2- [143] 

NOx reduction Rh YSZ O2- [144] 

NOx reduction Pt β’’-Al2O3 K+ [145] 

H2 production Pt β’’-Al2O3 K+ [146] 

H2 production Pt YSZ O2- [147] 
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1.4.1 EPOC for CO2 hydrogenation 

Investigations on the EPOC for CO2 hydrogenation have been conducted with 

various noble metal catalysts supported on different solid electrolytes. Bebelis et 

al.[133] first reported EPOC for RWGS over Pd/YSZ and Pd/Na-β″-Al2O3. CO 

formation rate was enhanced by approximately 6 times under either negative or 

positive polarization (inverted volcano behavior), due to the migration of ionic species 

towards or from the Pd catalyst. Negative polarization resulted in the decrease of the 

catalyst work function and favored the transfer of electrons from Pd to electron 

acceptor molecules like CO2, which favored the adsorption of CO2 and subsequent 

release of CO. Positive polarization resulted in increase of the Pd work function, thus 

increased the coverage of adsorbed H2, which here behaved as an electron donor and 

favored the CO2 hydrogenation. 

Bebelis et al.[148] also reported EPOC for CO2 hydrogenation over Rh/YSZ, 

which showed selectivity to both CO and CH4. The CH4 formation rate increased by 

2.7 times under positive polarization (electrophobic behavior) while the CO formation 

rate increased by 1.7 times under negative polarization (electrophilic behavior). 

Hydrogen, demonstrating electron donor characteristics, exhibited increased 

interaction with the Rh 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] studied EPOC of CO2 hydrogenation over Pt/K-β″-Al2O3. The 

CH4 production rate decreased (electrophobic behavior) and CO production rate 

increased (electrophilic behavior) under negative polarization at -1.5V, which was 

attributed to potassium ion (K+) pumping to Pt catalyst. The K+ migration led to a 

decrease of the catalyst work function, which favoured the transfer of electrons from 

Pt to electron acceptor molecules, like CO2. This improved the dissociative adsorption 

of CO2 and subsequent desorption of CO species, whereas H2 dissociative adsorption 

and subsequent CH4 formation were hindered accordingly. 
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Theleritis et al.[149] studied EPOC of CO2 hydrogenation over Ru/YSZ, 

which showed that positive polarization resulted in increased methanation rate 

(electrophobic behavior) and decreased RWGS rate (electrophilic behavior). It was 

concluded that the formation of effective neutral double layer (Oδ- - Ruδ-) under 

positive polarization favoured the adsorption strength of H2 due to the generation of 

OH bonds, which subsequently facilitated the hydrogenation of CO2 into CH4 and 

inhibited the production of CO. 

Kalaitzidou et al.[132,150] and Makri et al.[151] compared the influence of 

different SSEs, including YSZ, BZY, and β″-Al2O3, on the EPOC effect of CO2 

hydrogenation over Ru catalyst. For YSZ and BZY, it exhibited similar results and 

summarized that positive polarization involved O2− supply to, or H+ removal from the 

Ru catalyst, leading to enhanced methanation and suppressed CO production. It also 

revealed that YSZ was regenerated by directly supplying the SSE with O2- through the 

dissociation of CO2, while BZY was regenerated by H+ as a result of H2 dissociation. 

On the contrary, for Na+ and K+ conducting SSEs, the EPOC for RWGS showed an 

electrophilic behavior, while the methanation rate exhibited a maximum with 

increasing the applied potential (volcano behavior). The addition of Na+ and K+ 

showed strengthening the CO2 binding and in turn decreased the activation energy 

required to cleave an oxygen molecule. This resulted in decreasing the work function 

of Ru catalyst and thus improving the desorption of CO molecules. However, Na+ and 

K+ failed to be regenerated in-situ since they were added in the β’’-Al2O3 initially. 

When the ions were consumed as sacrificial promoters over time, the electrochemical 

cell would short-circuit and promotion also ended. 

For non-noble metal oxide catalysts, iron oxide (FeOx), cobalt oxide (CoOx), 

and nickel oxide (NiO) showed excellent selectivity towards RWGS, where no 

methane was produced in the temperature range of 200-400℃. The EPOC study over 

FeOx catalyst deposited on YSZ was done by Panaritis et al.[152] and demonstrated 

that the RWGS rate was enhanced under both positive and negative polarization 

(inverted volcano behavior) by controlling the oxidation states of FeOx nanowires, 
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which experienced redox processes during polarization. From open-circuit catalytic 

activity investigations, it revealed that the RWGS rates of FeOx followed the sequence 

of Fe3O4 > FeO > Fe0, while fully oxidized Fe2O3 and Fe3C were found to inhibit the 

reaction. Therefore, the in-situ modification of Fe catalyst states resulted in changes in 

reaction rates. According to characterizations like XPS and cyclic voltammetry (CV), 

it was indicated that the electrochemical migration of oxygen ion (O2-) conducted 

from the YSZ solid electrolyte was responsible for the oxidation state changes. This 

study also revealed significant rate increases upon both starting the polarization and 

interrupting the polarization, as shown in Figure 1-8a. The initial increase was 

affiliated with the carbon formed during reaction conditions and the second increase 

after polarization was associated with the reduction of oxygen reservoir of FeOx 

formed during polarization. This was also the first time observing oxidation state 

changes of non-noble metal catalysts during EPOC and thereby offering novel 

insights into the EPOC mechanisms. 

The EPOC study over CoOx NPs deposited on YSZ was explored by 

Zagoraios et al.[153], which also revealed alterations in the oxidation states of CoOx 

during polarization. Similarly, the reaction rate showed two increasing peaks upon 

and post polarization, as shown in Figure 1-8b, which dropped afterwards and 

became stable at suppressed state, as compared to the initial rate. The rate suppression 

under positive polarization (electrophilic behavior) was related to the O2- supply and 

their interaction with the CoOx catalyst surface. It was demonstrated that the initial 

state of Co0 was oxidized into Co2+, which was a more active phase for RWGS and 

led to the first peak. Continuing the polarization, the Co2+ state was further oxidized 

into Co3O4, which was less active and responsible for the later rate suppression. When 

polarization was stopped, the Co3O4 was reduced back to Co0 stepwise and the 

reaction rate underwent reverse process, first increasing (to Co2+) and then decreasing 

(to Co0). Exploration of CoOx NPs further indicated the electrochemical-induced 

redox processes of metal catalysts, which possessed multiple oxidation states and 

contributed differently to RWGS reaction. 
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EPOC study over NiO NPs deposited on YSZ was also done by Zagoraios et 

al.[128] and illustrated the redox transformation between Ni and NiO under 

polarization. The RWGS rate was promoted by 40% under positive polarization 

(electrophobic behavior), as NiO was electrochemically formed at tpb in this case. 

Therefore, EPOC provided a controllable way to modify reaction rate by in situ 

altering the oxidation states of transition metal catalysts. 

 

Figure 1-8. EPOC for RWGS over (a) FeOx nanowires. Reprinted with permission 

from [152]. Copyright Elsevier 2020. (b) Co NPs deposited on YSZ. Reprinted with 

permission from [153]. Copyright ACS 2020. 

To further modify electrocatalytic performance of metal catalysts, combining 

MSI with EPOC was also studied by supporting metals onto another metal oxide 

before being deposited on SSEs. In former research on EPOC over Ru and Ru/Co3O4 

(deposited on BZY), Zagoraios et al.[154] revealed typical electrophobic behavior in 

methanation and electrophilic behavior in CO production. However, when further 

supporting Ru on Co3O4 (still deposited on BZY), the catalyst displayed a superior 

catalytic activity mostly due to spontaneous spillover of O2- from Co3O4 to Ru, and 

the EPOC effect only happened to RWGS reaction rather than methanation, with the 

same behaviors as compared to Ru on its own. In another research, Panaritis et al.[155] 

studied EPOC over FeOx supported on Co3O4 (deposited on YSZ), which displayed a 

high selectivity to CO (>99%). Unlike FeOx on its own, under both positive and 
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negative polarization, the CO rate decreased (volcano behavior) by over 10% due to 

the in-situ change in the oxidation state of Co3O4 during polarization, thus affecting 

the MSI effect between FeOx and Co3O4. These investigations provided innovative 

insights into EPOC mechanism over catalysts with multiple phases for CO2 

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 for CO oxidation and hydrocarbon 

(especially ethylene and methane) oxidation over noble metal catalysts to accelerate 

energy conversion. Yentekakis and Vayenas[156] revealed that the intrinsic rate of CO 

oxidation on polycrystalline Pt supported on YSZ was altered significantly by means 

of electrochemical O2- pumping to or from the catalyst surface. The CO2 production 

rate increased under positive polarization, while decreased under negative polarization 

(electrophilic behavior). Yentekakis et al.[136] also reported EPOC for CO oxidation 

over polycrystalline Pt films on Na-β’’-Al2O3 and demonstrated that the use of the β’’-

Al2O3 enabled precise in situ control of Na+ coverage on the Pt surface. Increasing 

Na+ coverage under negative polarization caused 600% promotion in the CO2 

production rate (electrophilic behavior), which was due to enhanced oxygen 

chemisorption on the Pt surface. Similarly, Lucas-Consuegra et al.[135] studied the 

influence of K-β’’-Al2O3 on EPOC effect over Pt and revealed electrophilic behavior 

for CO oxidation, where CO2 rate increased by 11 times under negative polarization. 

This was due to the formation of potassium compounds on the Pt surface that 

enhanced the adsorption of O2. 

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 of O2- to catalyst from YSZ. Toghan et 

al.[158] used Pt/YSZ as the catalyst and also revealed an increase in ethylene 

oxidation rate under positive polarization (electrophobic behavior), which was due to 

the transition of Pt surface from an inactive carbon poisoned state to an active state. 
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Ibrahim et al.[159] studied the influence of Na+ on Pt catalyst deposited on YSZ for 

ethylene oxidation, whose presence affected the EPOC behavior significantly. Under 

polarization, the reaction showed electrophilic behavior at low Na+ coverage (0.11%), 

electrophobic behavior at high Na+ coverage (65%), and volcano-type behavior at 

intermediate Na+ coverage. This was because the increasing Na+ coverage made its 

interaction with oxygen more significant and subsequently enhanced the reaction rate, 

changing electrophilic behavior gradually into electrophobic one. Hajar et al.[160] 

reported EPOC for ethylene oxidation over RuO2/YSZ, which showed rate increase 

under both positive and negative polarization (inverted volcano behavior). Positive 

polarization increased the work function, leading to improved adsorption and 

facilitated cleavage of the C–C bond in ethylene. Conversely, negative polarization 

facilitated oxygen activation. 

Roche et al.[161] studied EPOC for methane deep oxidation over Pd/YSZ and 

found that the catalytic activity could be in situ increased by applying a positive 

polarization (electrophobic behavior) thus supplying oxygen ions to the catalyst 

surface. The electrochemically migrated O2- enhanced the thermal stability of the 

oxide and resulted in the transition between PdO and Pd phases under polarization. 

Similar studies and results were also performed and concluded by Matei et al. [162], 

Kalaitzidou et al.[163] and Hajar et al[164]. Moreover, Hajar et al.[165] synthesized 

and used bimetallic Ni9Pd core-shell NPs as the catalyst for complete methane 

oxidation, which showed an improved open-circuit activity compared to bare Pd 

catalyst and an electrophobic EPOC behavior under polarization. It was demonstrated 

that electronic interaction between Pd and Ni was responsible for the modified 

electrocatalytic performance, providing a practical advancement of EPOC by 

lowering the noble metal content. Zagoraios et al.[138] introduced MSI by using 

Pd/Co3O4 catalyst (deposited on YSZ) in EPOC for methane oxidation. The CO2 

formation rate increased under positive polarization (electrophobic behavior) and the 

Pd/Co3O4 reached a faster promotional state, mainly due to the presence of Co3O4, 

which behaved as a “bridge” to allow for the O2− promoter to reach the Pd NPs more 
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easily. 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). The enhanced CO2 formation rate was 

attributed to the weakening of Rh–O bond strength, caused by the decrease of the 

coverage of oxygen of the catalytic surface because of the increase of the catalyst 

work function. 

1.4.3 Permanent EPOC 

“Permanent EPOC (p-EPOC)” effect was first discovered by Comninellis and 

co-workers[157], who studied the EPOC transient for C2H4 oxidation on IrO2/YSZ. It 

was found that upon current interruption, neither the rate nor Φ returned to their initial 

open-circuit values, meaning a permanent rate enhancement accompanied by a 

permanent change in Φ. The remaining high activity was attributed to the formation of 

IrO2+δ at the IrO2/YSZ interface during current application, whose catalytic activity 

for ethylene combustion was thought to be higher than on IrO2. Based on this, another 

study by Comninellis et al.[166] on Pt/YSZ catalysts provided strong support for a 

proposed hypothesis that p-EPOC was due to the storage of promoting Oδ− species at 

the catalyst-electrolyte interface during polarization. 

Similar p-EPOC phenomena were also noticed by Stavrakakis and Poulidi[167] 

in studies for CO oxidation over Na-promoted Pt/YSZ. The storage of Oδ− promoting 

species at the catalyst-YSZ interface occurred under oxidizing conditions and resulted 

in formation of sodium oxides, which was responsible for the permanent enhanced 

reaction rate after polarization. Moreover, in EPOC studies for CH4 oxidation, PdO 

layer formation at Pd/YSZ interface[161,163,168] and RhO layer formation at 

Rh/YSZ interface[140] under polarization were also confirmed and considered as the 

reason for p-EPOC effect. It was also found that the p-EPOC state ceased to exist a 

few hours after the polarization interruption, as shown in Figure 1-9a. This process 

occurred as a result of the depletion of all stored Oδ- species, leading to the restoration 

of the catalytic rate to its original level. Therefore, this phenomenon was more 

persistent than permanent. 
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However, research conducted by Souentie et al.[142] revealed that, C3H8 

oxidation over thin sputtered Pt/YSZ showed long-term p-EPOC effect after 

polarization, as shown in Figure 1-9b. It was demonstrated that a thermodynamically 

stable PtOx species was formed at the Pt/YSZ interface, which did not interact with 

the reactive gas mixture. In this case, the removal of p-EPOC was achievable only 

through the application of negative polarization, which led to the decomposition of 

the PtOx species. 

 

Figure 1-9. (a) Persistent p-EPOC effect over Pd/YSZ for CH4 oxidation. Reprinted 

with permission from [161]. Copyright Springer 2008. (b) Long-term p-EPOC effect 

over Pt/YSZ for C3H8 oxidation. Reprinted with permission from [142]. Copyright 

Elsevier 2010. 

The p-EPOC also occurred to FeOx deposited on YSZ, as shown in Figure 1-

8a. It was demonstrated due to oxygen promoter storage in the form of iron oxide 

during polarization. Upon current interruption, the stored O2- became available as 

reaction promoters since the electrochemically formed iron oxide, which was induced 

by applied polarization, was no longer stable. This led to continuous promotion of the 

RWGS reaction until all the stored O2- was depleted. The return of the promoted 

reaction rate to its initial open circuit conditions was dependent on the time of 

polarization. Considering its impact on improving catalytic performance, the p-EPOC 

was believed to be one of the most interesting and potentially important phenomena 

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 approach used to 

understand and predict the electronic structure of atoms, molecules, and solids at the 

atomic and molecular levels. It provides a way to solve the Schrödinger equation 

approximately for complex systems with many electrons, which is otherwise 

intractable due to the electron-electron interaction term in the Hamiltonian. It 

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 ground-state 

properties of a many-electron system could be determined uniquely by its electron 

density. The use of approximations in DFT is necessary because the exact form of the 

exchange-correlation functional, which accounts for the complex interactions between 

electrons, is unknown. Two common approximations: Local Density Approximation 

(LDA) and the Generalized Gradient Approximation (GGA) have been extensively 

used in DFT studies. Despite the wide application of DFT in many other areas, it has 

been rarely studied in EPOC research. 

For the first time, Hajar et al.[160] used DFT calculations to rationalize the 

experimental results for EPOC of ethylene oxidation on RuO2 (110) surface, 

considering the influence of applied polarization. The experimental results showed 

reaction rate enhancements under both positive and negative polarization. From DFT 

results, C2H4 was revealed to preferably adsorbed on the O atoms and upon applying a 

positive polarization, the adsorption of C2H4 was favored (adsorption energy dropped 

from -3 eV to -4.75 eV) and the activation energy of the C–C bond dissociation was 

decreased (from -0.5 eV to -1 eV). Under negative polarization, however, the O2 

adsorption on the RuO2 surface was favored (adsorption energy dropped from -1.5 eV 

to -3 eV) and the activation energy of the O–O dissociation was decreased 

accordingly (from -0.7 eV to -1 eV). As a result, the facilitation of the C–C bond 

dissociation under positive polarization and of the O–O bond dissociation under 

negative polarization explained the observed inverted volcano behavior. 

Another research done by Panaritis et al.[129] utilized DFT model in EPOC 
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study of CO2 hydrogenation over Ru/YSZ, where CH4 production decreased and CO 

rate increased under negative polarization. DFT computations uncovered that electric 

field effects together with a change in surface electrochemical potential between 

intermediates were responsible for the contrasting influence of EPOC on the CH4 and 

CO formation. Specifically, the influence of polarization on CO/CH4 selectivity was 

illustrated by the branching from CO* to CO and CHO*. Under negative polarization, 

the preference for CO desorption increased due to destabilization of the CHO 

intermediate in this case, explaining the increase in CO production. On the contrary, 

positive polarization slightly favored the hydrogenation of CO* into CHO*, thus 

facilitating CH4 production accordingly. 

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 supports toward metal catalysts. 

1.5 Motivation 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, non-noble metal oxide catalysts such as FeOx, CoOx, and NiO exhibit 

limited open-circuit activities and unstable EPOC effects. Additionally, current solid 

electrolytes like YSZ, BZY, and β’’-Al2O3 have limited electrical and ionic 

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 non-noble metal catalysts and solid electrolytes for the RWGS 

reaction using EPOC and MSI phenomena. For the first time, to study the Cu-based 

catalysts and their potential mechanisms in EPOC, and to study the effect of lithium 

ion (Li+) promoter using lithium lanthanum titanate (LLTO) solid electrolyte on the 

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

The following objectives have been executed: 

◆ Develop low cost, active, and stable Cu-based nanostructured catalysts. 

◆ Determine the influence of the MSI effect and the EPOC phenomenon on 

the performance of Cu-based catalysts under reaction conditions. 

◆ Understand EPOC mechanisms through comprehensive electrochemical 

and physicochemical characterizations. 

◆ Use DFT to simulate the migration of ionic species and their impact on 

Cu-based catalysts under EPOC conditions. 

◆ Establish the relationship between electrochemical active surface areas 

(ECSA) and EPOC magnitudes to inform future catalyst development. 

◆ Implement LLTO as solid electrolyte and Li+ as promoter for the RWGS 

reaction and CO oxidation, initiating its application in the EPOC field. 

◆ Investigate the migration of Li+ and its interactions with metal/metal 

oxide catalysts, and how these interactions influence catalytic reactions. 

1.6 Thesis Structure 

Based on the research objectives, this thesis is prepared in the following 

structure: 

Chapter 1 discusses the literature review of the importance of utilizing CO2, 

the CO2 hydrogenation processes and mechanisms, catalysts including noble metals 

and non-noble metals to facilitate the reactions, MSI that involves spontaneous 

spillover of ions and promotion in catalytic performance, and EPOC phenomena that 

enable in situ control of ionic species and reaction rate with both noble metals and 

non-noble metals, as well as p-EPOC effect and theoretical DFT calculations. 

Chapter 2 presents the methodologies used to synthesize nanostructured metal 

catalysts and assemble EPOC cells, along with a diagram of the experimental setup. It 

then describes the preparation steps for the experiments, including pre-treatment 

processes, catalytic reaction conditions, and electrochemical testings, which provide a 
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clear and fundamental overview. The chapter also includes a detailed explanation of 

the physicochemical and electrochemical characterizations conducted in this thesis. 

Chapter 3 proposes to use Cu as the novel non-noble metal catalyst and 

explores the preparation of Cu NPs in the polyol synthesis method and its application 

in EPOC for RWGS. The EPOC mechanism was demonstrated to be the 

electrooxidation of Cu by O2- from YSZ solid electrolyte. Due to the limited catalytic 

activity of Cu NPs and its drawbacks of being easily sintered and deactivated, it is 

necessary for the following study to employ the combination of Cu NPs and metal 

oxide supports to improve the catalyst morphology, properties, and EPOC 

phenomenon. 

Chapter 4 studies the Cu/Co3O4 catalysts with different Cu loadings 

considering that Co3O4 is also a non-noble metal oxide with a huge oxygen storage 

capacity, which is considered beneficial for O2- migration. Despite a huge change in 

EPOC behaviors due to interactions between Cu and Co3O4 and the improvement in 

the sintering of Cu NPs, the highly reactive Co3O4 shows to be unstable because of 

the existence of multiple oxidation states of cobalt, making the investigations on the 

interactions between Cu and Co3O4 complicated. This induces the need for using a 

simple, stable, and still non-noble metal oxide as the support for Cu NPs to study the 

influence of oxide support on the EPOC of Cu-based catalysts in the following study. 

Chapter 5 starts with the synthesis of nanostructured ZnO and uses it as the 

support for Cu NPs with various loadings. The simple and stable structure of 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 Cu2O under polarization is 

responsible for rate enhancement. To provide insight into the origin of the O2- 

migration, theoretical DFT calculations are performed and explain how the lattice O2- 

in ZnO is driven to move towards Cu NPs under polarization and form Cu2O. ECSA 

is also found to correlate with the EPOC effect, which is due to the oxygen vacancy of 

ZnO and betters the understanding of MSI influence on EPOC. 
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Chapter 6 innovatively uses LLTO as the solid electrolyte, aiming at using Li+ 

as promoter and exploring EPOC over non-noble metal catalysts at low temperatures. 

FeOx and Pt are used as comparative catalysts for both RWGS reaction and CO 

oxidation. The superior open-circuit activity of Fe/LLTO over Fe/YSZ is due to the 

MSI. The distinct EPOC behaviors in different systems reveal the unique interactions 

between migrated Li+ and FeOx. For the first time, Li+ functions as promoter in EPOC 

and influences the catalytic reaction rates. This pioneering work demonstrates the 

promising potential of LLTO in EPOC studies, broadening its application in reactions 

that are favored at low temperatures. 

In the end, the conclusions of this thesis work are summarized and 

recommendations for future development in EPOC studies are proposed, followed by 

contributions made to the EPOC research field in the past 4 years in the form of a list 

of publications and conference meetings. 

The objectives of the research are achieved through the progression of 

Chapters 3-6, following the procedures: The open-circuit activities of synthesized 

nanostructured metal catalysts are studied first to illustrate the catalytic performance 

without polarization and under different reaction conditions, like temperatures and 

CO2:H2 ratios. The EPOC phenomenon is then employed by the application of 

constant potential or current and is measured according to the ρ and Λ. 

Physicochemical and electrochemical characterization techniques are also used to 

explain the mechanisms behind the phenomenon. All catalysts have been examined 

through HRTEM and STEM analysis to determine the catalyst structure and size in 

Chapters 3-6. SEM is used to determine the surface morphology of the catalyst in 

Chapters 3-6. EELS mapping is performed to identify and visualize the elemental 

compositions on the STEM images in Chapters 3-6. ICP-ES was used to determine 

the metal loadings of Cu NPs on the catalysts in Chapters 4 and 5. XRD was 

conducted to provide crystallite information on metal catalysts in Chapters 4-6. XPS 

spectra were collected to give insights into the oxidation states of the catalysts in 

Chapters 3-6. CVs are done to provide in situ information about the interactions 
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between migrated ionic species and metal catalysts and the changes in oxidation state 

within the potential window in Chapters 3-6. The appendices at the end of Chapters 3-

6 include supplementary information to the main content of each chapter. 
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Chapter 2: Experiments and Characterizations 

2.1 Catalyst Synthesis 

The nanostructured metal catalysts are prepared using the polyol synthesis 

method adapted from the previous study[1]. In short, metal salt is measured and 

dissolved in ethylene glycol (EG) (Fisher Chemical, Ottawa, Canada), and then 

tetramethylammonium hydroxide (TMAOH) (pentahydrate, Sigma-Aldrich, Oakville, 

Canada, 97+%) 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[1]. 

The solution is stirred for 30 minutes at room temperature (RT) and then refluxed at 

temperatures ranging from 100-200℃. 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 to 8, indicating the reduction of metal ions. 

The supported metal catalysts are prepared by mixing metal colloidal solution 

with measured oxide support powders in deionized water (DI water, 18 MΩ cm) for 

48 h for the desired metal loadings. For instance, 10 mL metal colloidal solution (1 

mg mL-1), corresponding to 10 mg metal catalysts, is 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 Cell Preparation 

YSZ (8 mol% Y2O3-ZrO2, Tosoh) is used as the solid electrolyte in Chapters 3-5 

in the form of a disc and is prepared as reported elsewhere [2]. The disc is 19 mm in 

diameter and 1 mm in thickness. Two electrodes, counter and reference electrodes, are 

deposited by painting with gold paste (Ted Pella Inc., Redding, USA) on one side of 

the disc and calcined in air at 600 ℃ 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 area of 1 cm2) directly opposite to the counter electrode. The 
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metal colloidal solution is applied using a micropipette in steps of 10 μL per 

deposition with a drying step at 100℃ 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 shown in Figure 2-1a. Subsequently, the electrochemical cell 

is assembled in a single-chamber 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 sandwich-like structure. 

The working, counter, and reference electrodes are connected to the potentiostat-

galvanostat (Arbin Instruments, MSTAT, USA) via three gold wires. The schematic 

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

 

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

EPOC cell in reactor, and (c) experimental set-up. 

2.3 Experimental Setup 

The single-chamber quartz reactor is then placed in the catalytic system under 

ambient pressure and isothermal condition. The experimental set-up is displayed in 
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Figure 2-1c and consists of gas flow controllers, quartz reactor, gas analysis 

equipment, and a potentiostat-galvanostat. H2 (Messer, 100 %), CO2 (Messer, 

99.99%), and Ar (Messer, 100 %) are fed to the reactor through three individual mass 

flow controllers (MFC, MKS Instruments). A non-dispersive 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, and 2 corresponding to CO2, Ar, CO, and H2, respectively. This 

experimental set-up is applied for all studies in the following Chapters 3-6. Before 

any reactions, the catalysts deposited on solid electrolyte are pre-treated in air for 1 h 

at 350 ℃ to initially remove the EG and TMAOH, then in Ar for 1 h at 350℃ to get 

rid of air, and finally in H2 (20% in Ar) for 2 h at 350℃ to reduce the metal catalysts 

back. For RWGS reaction, the gas ratio of CO2:H2 is modified to be 1:1, 3:1, 6:1, 1:3, 

and 1:6 under the protection of Ar by adjusting the flowrates of CO2, H2, and Ar, with 

the total flowrate of the inlet gas kept stable at 100mL min-1. 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 rate enhancement ratio (ρ) and apparent Faradaic efficiency (Λ), 

which are calculated by Eq. (2-1) and (2-2): 

ρ = r r0⁄                  (2-1) 

|Λ| = ∆r (I nF⁄ )⁄                (2-2) 

Where r0 is the open-circuit CO production rate and r is the steady-state rate after 

application of voltage/current. Δr is the rate change upon polarization, I is the applied 

current or current response to the applied voltage, n is the number of electrons 

transferred (2 e- for CO), and F is the Faradaic constant. The increase of catalytic rate 

is termed EPOC effect when |Λ| ＞ 1, which indicates a non-Faradaic 

enhancement[3,4]. The unit of reaction rate r is calibrated from ppm (10-6) into mole 
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CO per second per gram of catalyst (mol CO s-1 g-1) by Eq. (2-3), where 24.465 L 

mol-1 is the molar volume at standard conditions: 

mol CO s−1g−1 =
(CO ppm × 10−6) ×(100mL min⁄ ) × (min 60s)⁄

(24.465L mol)⁄  × (1000mL L)⁄  ×(g)
      (2-3) 

This equation is applicable under the assumption that the reactor operates under 

differential conditions, where conversions are kept low. This minimizes the influence 

of mass transport limitations and allows the reaction to proceed at rates that are 

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 Physicochemical Characterization 

The specimens used for physicochemical characterizations included both as-

prepared and spent samples. The as-prepared catalyst samples are collected after pre-

treatments but before engaging in reactions, showcasing the properties of the catalysts 

in their initial states. The spent catalyst samples are obtained directly after EPOC tests, 

providing insights into the properties of catalysts after the polarization. 

Scanning Transmission Electron Microscopy (STEM), performed on an FEI 

Titan3 80-300 microscope operated at 300 keV and equipped with a CEOS aberration 

corrector for the probe forming lens, is used on the analysis of catalyst samples to 

determine the particle size and shape. The samples are prepared by sonicating the 

catalyst powders in ethanol and are then one-drop deposited onto a lacey carbon 

support film (Ted Pella). The microscope is equipped with an EDAX Energy-

dispersive X-ray (EDX) spectrometer, which is carried out to characterize the element 

composition. High-angle annular dark-field (HAADF) imaging is performed with a 

convergence semi-angle of 18 mrad and a collection semi-angle angle of 60 mrad to 

provide a contrast sensitive to the atomic number Z. 

Scanning Electron Microscopy (SEM, JSM-7500F FESEM) is used to 

characterize the morphology of catalyst samples deposited on solid electrolytes. 
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Determination of the metal loadings on oxide supports are performed on 

triplicate samples by Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-ES) (Agilent 8800). 

X-ray Diffraction (XRD) patterns are measured over powder formed catalysts to 

investigate the crystalline structures by the Rigaku Ultima IV multipurpose 

diffractometer with a scanning rate of 1 degree (°) min−1 from 20 to 80 °2θ. The 

identification of peaks is accomplished by using the Powder Diffraction File (PDF) 

database. 

X-Ray Photoelectron Spectroscopy (XPS, Kratos Axis Ultra XPS) equipped with 

a monochromated Al X-ray source is used to determine the oxidation states of catalyst 

samples. The colloidal samples are prepared by depositing colloid solution on a 

silicon wafer followed by drying at 200℃ for 1h under Argon, while the powder 

samples are mounted and attached to the coated aluminum platen using double-sided 

adhesive Cu tape. XPS analysis is conducted using an accelerating voltage of 15 kV 

and a current of 12 mA. The pressure in the chamber during analysis is 9.9 x10-10 ± 

0.4 x10-10 torr.  All XPS peaks are fitted using CasaXPS software with Shirley 

background corrections except those of colloidal Cu, which require a Tougaard 

background.  A Gaussian-Lorentzian shape function is used for high resolution XPS 

spectra.  High resolution analyses are calibrated to adventitious C 1s signal at 284.8 

eV. 

2.5 Electrochemical Characterization 

Cyclic voltammetry (CV) tests are carried out under both inert conditions (in Ar) 

and reaction conditions by the potentiostat-galvanostat (Arbin Instruments, MSTAT). 

The voltage is set to sweep from a negative value to a positive one, followed by 

cycling back to the staring point with a scanning rate of 20 mV s-1. 

Linear sweep voltammetry (LSV) at scan rate of 20 mV s-1 is used to obtain Tafel 

plots. The exchange current density (i0) is determined from the intercept at UWR = 0 in 

Tafel plots (ln I vs. UWR) based on the potentiostat-galvanostat data of current 

responses (I) to various applied potentials (UWR). 
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The relative electrochemical active surface areas (ECSAs) are evaluated by the 

surface roughness factor (RF) values and are determined by measuring the double-

layer capacitance (Cdl) of as-prepared catalysts. CVs are performed in a small 

potential window, where no faradaic reactions happen, with various scan rates (20 - 

200 mV s-1) under inert conditions. By plotting the charging current (I) vs. scan rate 

(dV dt-1), the Cdl could be calculated from the slopes according to the Eq. (2-4)[5]: 

I = dQ dt⁄ = Cdl(dV dt⁄ )             (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. Baranova, 2022, Catalysis Science & 

Technology. 

Abstract: The catalytic activity and EPOC effects of copper (Cu) nanoparticles (NPs), 

an inexpensive metal as an alternative to noble metals, are presented and show to be 

better than those of other non-noble 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 Cu2O 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 yttria-stabilized zirconia (YSZ) follows the redox mechanism. The best 

EPOC effect occurs under an application of +2V and CO2:H2 ratio of 1:1 at 400℃ 

with an enhancement ratio (ρ) of 1.2 and Faradaic efficiency (Λ) of 6.52. 

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 price[1]. Cu nanoparticles (NPs) are 

difficult to stabilize under ambient pressure due to their high reactivity and fast 

oxidation to two main copper oxides: Cu2O (Cu(I)) and CuO (Cu(II))[2–4]. From 

temperature-programmed reduction (TPR) studies of CuO[5–7], the copper oxides are 

reduced in a temperature range of 200-500℃ as shown in Eq. (3-1): 

CuO →  Cu2O → Cu              (3-1) 

Most studies about CO2 hydrogenation on copper-based catalysts focus on metal-

support interaction (MSI) and no EPOC studies have ever been discussed. In a recent 

study[8], Cu/Al2O3 catalyst were used for RWGS and Cu2O was reported as an 
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intermediate during CO production. In another study[9] of RWGS on Cu/ZrO2, the 

dissociation of CO2 adsorbed on Cu was confirmed. The importance of the interface 

for RWGS activity in Cu/ZnO catalytic system was also emphasized recently[10]. 

Similar to Fe and Co, it has been demonstrated that the Cu catalyst is active in 

converting CO2 into CO by following the redox mechanism during RWGS[11,12]. 

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 

open-circuit activities of RWGS over Cu NPs/YSZ were evaluated under the CO2:H2 

ratio of 1:1, 3:1, 6:1, 1:3, and 1:6 in a temperature range of 250 - 450℃. The 

influence of polarization under different temperatures, CO2:H2 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 method mentioned in 

Chapter 2. Specifically, 0.0295g of copper (II) nitrate (hydrate, Alfa Aesar, 99.99%) 

was dissolved in 5 mL of ethylene glycol (EG) (Fisher Chemical), and then 5 mL of 

0.25M tetramethylammonium hydroxide (TMAOH) (pentahydrate, Sigma-Aldrich, 

97+%) was added. The solution was stirred for 30 minutes at room temperature (RT) 

and then refluxed at 190 ℃ for 30 minutes. The resulting colloidal solution was 

cooled down to RT with colour changed from blue to dark red. The pH of the solution 

dropped from the initial value of 12 to 8, indicating the reduction of copper (II) 

precursor. 

3.2.2 Experimental setup 

The electrochemical cell and experimental setup were prepared following the 

procedures detailed in Chapter 2. Counter and reference electrodes were painted on 
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one side of YSZ disc using gold paste and then calcined. The Cu NPs were deposited 

on the other side of the disc in a tape mask mold (surface area of 1 cm2) directly 

opposite to the counter electrode. Cu NPs colloidal solution was applied using a 

micropipette in steps of 10μL per deposition with a drying step at 100℃ for 10 

minutes in between every application. This was repeated until a metal mass loading of 

0.5 mg cm-1 was achieved. 

Subsequently, the electrochemical cell was assembled in a single-chamber quartz 

reactor in a sandwich-like structure using gold mesh and borosilicate fritted disc. The 

working, counter, and reference electrodes were connected to the potentiostat-

galvanostat (Arbin Instruments, MSTAT) via three gold wires. The single-chamber 

quartz reactor was then placed in the catalytic system under ambient pressure and 

isothermal conditions. H2 (Messer, 100 %), CO2 (Messer, 99.99%), and Ar (Messer, 

100 %) were fed to the reactor through three individual mass flow controllers (MFC, 

MKS Instruments). A non-dispersive infrared CO analyzer (Horiba VIA-510) was 

connected to the reactor outlet to monitor the amount of produced CO. Before any 

reactions, the Cu NPs were pre-treated as detailed in Chapter 2. The gas ratio of inlet 

CO2:H2 was modified to be 1:1, 3:1, 6:1, 1:3, and 1:6 under the protection of Ar with 

the total flowrate kept stable at 100mL min-1. The temperature for the experiments 

ranged from 250℃ to 450℃ and was controlled by the heating thermocouple. 

Cyclic voltammetry (CV) test for as-prepared catalyst after pre-treatment was 

carried out by the potentiostat-galvanostat (Arbin Instruments, MSTAT) under inert 

atmosphere (Argon) at 400℃. 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, and 0V respectively, followed by cycling back to 

-1.5V with a scanning rate of 20mV s-1. The effect of holding potential on the first 

cycle were demonstrated by holding potential at 1.5V and -1.5V for 10 min before 

starting the CV tests. CV test under stoichiometric condition (CO2:H2 =1:1) was also 

carried out at 400℃ 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 (ρ) and apparent Faradaic efficiency (Λ), which were calculated by 

Eq. (3-2) and (3-3): 

ρ = r r0⁄                  (3-2) 

|Λ| = ∆r (I nF⁄ )⁄                (3-3) 

Where r0 is the open-circuit CO production rate and r is the steady-state CO 

production rate after application of potential. Δr is the change in CO production rate, I 

is the current response to the applied potential, n is the number of electrons 

transferred (2 e- for CO), and F is the Faradaic constant. The unit of reaction rate r is 

mole CO per second per gram of catalyst (mol CO s-1 g-1). 

3.2.3 Characterizations 

Scanning Transmission Electron Microscopy (STEM) was used on the analysis 

of as-prepared Cu catalyst to determine the particle size and morphology. The 

microscope is equipped with an Energy-dispersive X-ray (EDX) spectrometer, which 

was carried out to characterize the element composition. High-angle annular dark-

field (HAADF) imaging was performed to provide a contrast sensitive to the atomic 

number Z. Scanning Electron Microscopy (SEM, JSM-7500F FESEM) was used to 

characterize the morphology alternation of as-prepared and spent Cu catalyst 

deposited on YSZ. X-Ray Photoelectron Spectroscopy (XPS, Kratos Axis Ultra XPS) 

was used for tests on colloidal, as-prepared and spent Cu catalyst to determine the 

oxidation states change before and after reactions. All XPS peaks were fitted using 

CasaXPS software with Gaussian-Lorentzian shape function and 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 b shows the STEM images of as-prepared Cu catalyst after pre-
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treatments and Figure 3-1c, d, e and f show corresponding EELS mapping of the 

orange square in Figure 3-1b (the yellow square is for drift correction) where red is 

Cu, green is oxygen and blue is carbon. From Figure 3-1a, the average particle size of 

as-prepared Cu catalyst showed to be 20nm with a core-shell structure. The brighter 

shell corresponds to more reduced copper than more oxidized core. The reduction 

could occur under the electron beam. Figure A-1 shows the EDX spectrum of as-

prepared catalyst where Cu was the only metal found with limited oxygen in Area 1 

compared to the blank Area 2. The oxygen element came from the oxidation of Cu 

particle surface during storage since copper was easily oxidized even at room 

temperature[13], resulting in the core-shell structure, which was also illustrated in the 

Ref [14] where Cu2O 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=10nm) presented in Figure 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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Figure 3-1. STEM image of (a) and (b) as-prepared Cu 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 of as-prepared and spent Cu catalysts, 

respectively, deposited on YSZ (Cu/YSZ). After deposition and pre-treatment, 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 were 20-30nm in diameter, which agreed with the particle 

size of as-prepared Cu catalyst in STEM (Figure 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 by O2- under 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 CuOx particles. 
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Figure 3-2. SEM images of (a) as-prepared Cu and (b) spent Cu. 

Figure 3-3 shows the high resolution XPS spectra for Cu 2p of colloidal Cu NPs, 

as-prepared Cu/YSZ after pre-treatment, and spent Cu/YSZ sample, respectively. It 

was found that the Cu catalyst in the colloidal sample (Figure 3-3a) was mainly in 

copper oxide (CuOx) 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 OH- to form Cu(OH)2. After the pre-

treatment in H2, the higher oxidized state of Cu(II) was expected to get reduced to 

metallic Cu0, however metallic copper was unstable and easily oxidized even at 

RT[14]. As a result, most of copper was in Cu(I) state in the as-prepared sample 

(Figure 3-3b). The Cu(OH)2 was also formed due to the reaction between CuO and 

H2O, which was produced from CuOx reduction during pre-treatment process. 

However, the area percentage of Cu(I) was decreased from 74% to 41% with an 

increase in the area of Cu(II) from 7% to 36% after experiments (Figure 3-3c). This 

indicates the change in the oxidation state of Cu possibly due to O2- supply under 

electrochemical anodic polarization, as will be discussed in the next section. The 

small peaks shown between Cu 2p1/2 and Cu 2p3/2 were the shake-up satellite 

structures of Cu(II) oxide, which are known to characterize the existence of CuO 

phase[15–17]. Therefore, the presence of these satellite structures in the colloidal and 

spent sample and their absence in the as-prepared sample further illustrated the 

reduction of CuOx during pre-treatments 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 summarized in Table A-1. From Table A-1, the insignificant 

increase of C-C in the spent sample indicates that there is no carbon deposition on the 

surface of Cu, contrary to earlier observation of carbon deposition on FeOx 

catalysts[18]. 

 

Figure 3-3. High-resolution XPS spectra for Cu 2p of (a)colloidal, (b)as-prepared, 

and (c)spent samples. 

3.3.2 Open-circuit catalytic activity of Cu/YSZ 

Before any experiments, the catalyst was left under reaction conditions for 5 h to 

ensure the stability of the CO production rate. The stable open-circuit catalytic 

reaction rates carried out on Cu NPs deposited on YSZ at various CO2:H2 ratios in a 

temperature range of 250℃ to 450℃ are shown in Figure 3-4, while the overall 

catalytic rates are summarized in Figure A-3, which shows 2 stable runs for each 

CO2:H2 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 

catalyst[19]. The catalyst was activated above 300℃ and the catalytic rate increased 

with temperature in all cases. Under the same conditions, the open-circuit CO rate 

showed to be two times higher than those of recently reported FeOx and CoOx NPs on 

YSZ [18,20] but was still lower than that of ruthenium, a noble metal catalyst[21]. 

As reported before, under hydrogen, CuO starts reducing to Cu2O at 200℃ and 

becomes metallic Cu at 350℃[5,6]. In this study, a reduction pre-treatment under 

20% H2 in Ar was carried out at 350℃ for 2 h, therefore, most of the catalyst was 

supposed to be metallic Cu (Cu0) before RWGS reactions. The difference in CO rate 

at various CO2:H2 ratios indicated that the RWGS reaction over copper catalyst was 

following the redox mechanism. Under stoichiometric conditions, the CO2 adsorbed 

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 H2 to form H2O[11,22]. Cu2O plays an important role in RWGS reaction 

and works as an intermediate which enabled copper catalyst to participate in the 

reaction continuously[23,24].  

Figure 3-4 shows that the CO production rate increases when the ratio is 

oxidizing conditions (3CO2:1H2) compared to stoichiometric conditions (CO2:H2=1:1). 

The enhancement indicated that excess of CO2 led to oxidation of Cu0 to Cu2O, which 

could also adsorb CO2 and be further oxidized to CuO with simultaneous CO 

production[25,26] according to Eq. (3-4) and (3-5): 

2Cu + CO2  →  Cu2O + CO             (3-4) 

Cu2O +  CO2  → 2CuO +  CO             (3-5) 

However, further increase in the CO2:H2 ratio to 6:1 did not lead to the rate 

enhancement. Under higher CO2 concentration, CuO became the dominant state 

which lacked oxygen vacancies in crystal structures for *O and thereby prohibited the 

dissociation of CO2 and release of CO. Under reducing conditions, the CO rate 

showed a limited increase when the ratio was CO2:3H2 compared to stoichiometric 
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conditions. This was likely due to the competitive reactions between the reduction of 

Cu2O by hydrogen and the oxidation of Cu0 by CO2. The Cu2O oxidized from Cu0 

was reduced back to Cu0 by the existence of excessive hydrogen and thus the CO rate 

did not increase a lot compared to the CO2:H2 ratio of 1:1. When the CO2:H2 ratio 

decreased further to 1:6 , the CO rate was thermodynamically favoured over reduced 

Cu0 catalyst[25,27–29]. CO2 conversions are summarized in Figure A-4. 

 

Figure 3-4. Open-circuit 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 pre-treatments to illustrate the change in the oxidation state and 

identify the active states of the copper catalyst. Figure 3-5a shows stable CV cycles 

of Cu/YSZ under both inert (in Argon) and reaction (CO2:H2 ratio of 1:1) conditions 

at 400℃ within a potential range of -1.5V to 1.5V. The complete CV cycles of both 

conditions were summarized in Figure A-5 where the fifth cycles were taken as the 

stable ones. Under the inert condition, a small peak at ~ -0.25V (peak AI) is observed 

in the anodic scan corresponding to electrooxidation of Cu0 to Cu2O (Eq. (3-6)) by O2- 

coming from YSZ[18,30]. In a small anodic peak at ~0.7V (peak AII) Cu2O is further 

oxidized to CuO (Eq. (3-7)), following by oxygen evolution at higher potentials (Eq. 

(3-8)). In cathodic scan, two peaks are present at 0.5V (peak CI) and -0.5V (peak CII), 
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indicating the reduction of CuO to Cu2O (Eq. (3-7)) and further reduction of Cu2O to 

Cu0 (Eq. (3-6)), respectively. Under the reaction condition, the current in anodic cycle 

was inferior to that under the inert condition with only one peak shown in cathodic 

cycle. This was due to the prohibition of oxidation of Cu0 to CuO by the existence of 

H2. As a result, only Cu2O was formed during the process, which demonstrated the 

presence of Cu2O as an intermediate [8] and also confirmed the stepwise oxidation of 

Cu. 

Cu2O + 2e− ⇌ 2Cu + O2−(YSZ)            (3-6) 

2CuO + 2e− ⇌ Cu2O + O2− (YSZ)           (3-7) 

O2−(YSZ) →
1

2
O2 + 2e−              (3-8) 

Figure 3-5b presents the CV cycles within various scanning ranges under Ar at 

400℃. No current peak was found in cathodic cycle when the potential window was 

from -1.5V to 0V, while one peak appeared when the upper potential limit was 

increased from 0V to 0.5V, and two peaks were observed when further increased to 1V. 

This was due to the stepwise oxidation of Cu to Cu2O and CuO. No copper oxide was 

formed within the potential range of -1.5V to 0V, while only Cu2O was formed as an 

intermediate to CuO in anodic cycle in small amounts at 0.5V, and CuO began to form 

at potential above 1V, resulting in two reduction processes during cathodic cycle, 

which was in agreement with previous study[31]. The similarity of anodic current 

trends between various potential windows indicated 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 potential at 1.5V and -1.5V, 

respectively, for 10 min on the first cycles of CV. From Figure 3-5c, peak CI and CII 

shifted to larger potential values with higher cathodic currents after holding for 10 

min, indicating that more CuO was formed during the holding time as a result of 
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spillover of O2- to the catalyst, which was more easily reduced upon starting the CV. 

The negative potential of the CV was increased to -1.35V due to the depletion of O2- 

in YSZ disk during positive polarization under Ar. Also, the peak current of AI was 

increased, indicating more Cu2O formation (eq.3-5) than CuO (eq.3-6) on account of 

the depletion which led to less O2- supply. In Figure 3-5d, the current peak AI 

increased significantly with a higher anodic current observed, while the current peaks 

CI and CII were decreased. The starting negative potential of the CV was increased 

from -1.5V to -1.2V during the holding time, possibly because O2- was removed from 

the catalyst and penetrated deeply into YSZ bulk and occupied oxygen vacancies 

under negative polarization. The stored O2- was then supplied to the catalyst rapidly 

and led to the oxidation of copper catalyst and the increase of peak AI 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 of the O2- 

storage in YSZ bulk during the holding time. The effect of holding time further 

demonstrated the charging/discharging of O2- between YSZ bulk and copper catalyst, 

which was also illustrated by a recent study about CV of FeOx[18]. It was also 

confirmed that the oxidation and reduction processes could occur easily over the 

Cu/YSZ. 
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Figure 3-5. Cyclic voltammetry of Cu/YSZ at 400℃ (a) in Ar and CO2:H2 ratio of 

1:1 and (b) in Ar with varying positive potential, 0, 0.5, 1 and 1.5 V. Effect of holding 

potential at (c) 1.5V and (d) -1.5V for 10 min at 400℃ in Ar. 

3.3.4 Electrochemical promotion of catalysis  

Figure 3-6 shows transient CO production rates and corresponding current 

response to an application of 2V under CO2:H2 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 potential of 2V and rapidly reached the steady-state. 

When polarization was turned off, the rate quickly returned to its initial state. Before 

the steady-state, 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 of O2- species from YSZ 

was stopped and the oxidized Cu NPs were reduced under reaction conditions, leading 
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to a stepwise decline in CO production rate. 

The electrochemical promotion of Cu NPs only occurred under anodic 

polarization at temperatures higher than 340℃ (Figure 3-6a) at which temperature a 

current of 80μA and a CO production rate enhancement of 10% were observed. By 

increasing the reaction temperature to 360℃ (Figure 3-6b) and 400℃ (Figure 3-6c), 

the CO reaction rates increased by 15% and 20% and the corresponding currents also 

increased to 125μA and 250μA, respectively. At the higher T = 450℃ (Figure 3-6d), 

a weaker enhancement (10%) with a higher current (700μA) compared to 400℃ 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 hydrogen[6]. 

Under the stoichiometric condition, a balance was achieved between oxidation of 

Cu0 and reduction of copper oxides. After applying a positive potential across the cell, 

where the O2- species coming from YSZ were supplied towards the catalyst surface 

through three-phase-boundary (tpb), higher oxidation states (Cu+ and Cu2+) of copper 

were formed and subsequently altered the CO production rates. At higher 

temperatures, an increasing amount of Cu0 was formed, which provided more 

opportunities for reacting with O2- species after a positive polarization, resulting in a 

higher ρ which reached the maximum at 400℃. However, since Cu NPs were easily 

sintered at high temperatures [25,32], the enhancement was inhibited at 450℃ as a 

result of the decrease in available active sites that enabled the formation of Cu2O and 

CuO. The sintering of Cu NPs was also illustrated through SEM (Figure 3-2b). Under 

negative polarization, no promotion phenomenon was observed indicating an 

electrophobic EPOC for this type of catalyst[33]. 

The uptake of reactive oxygen in moles during polarizations, expressed as NG 

(mol), was used to characterize the active metal catalyst surface area and estimated by 

Eq. (3-9): 

𝑁𝐺 =
𝐼𝜏

2𝐹
                 (3-9) 
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where I was the current response, F was Faraday’s constant, and τ represented the 

time required for catalytic rate to reach 63% of its promoted steady-state[34]. The NG 

and ρ under stochiometric condition at various temperatures were summarized in 

Table A-2. From Table A-2, the NG showed to increase with temperature until 440℃ 

(1.919×10-7 mol) and then decline at 450℃ (1.73×10-7 mol), suggesting the sintering 

of Cu NPs at high temperature which was in agreement with the SEM results. 

 

Figure 3-6. Transient response of reaction rates under the application of 2V and 

CO2:H2 ratio of 1:1 at (a) 340℃, (b) 360℃, (c) 400℃ and (d) 450℃. 

Figure 3-7 shows transient rate and corresponding current response to an 

application of 2V at 400℃ under various CO2:H2 ratios. Upon polarization, the rate 

showed similar performance as in the case of CO2:H2 ratio of 1:1, increasing stepwise 

before reaching promoted stable states followed by decreasing to O.C. rates after 

interruption of potential. At CO2:H2 ratio of 3:1 (Figure 3-7a), the CO rate increased 

with ρ=1.17 which was inferior but still comparable to CO2:H2 ratio of 1:1 (Figure 3-

6c) with ρ=1.19, and the rate enhancement performance was further decreased to 

ρ=1.14 when CO2:H2 ratio reached 6:1 (Figure 3-7b). However, the CO rate 



71 

 

enhancements under polarization showed prohibition at CO2:H2 ratio of 1:3 (Figure 

3-7c) and 1:6 (Figure 3-7d) with ρ=1.11 and ρ=1.07, respectively. This phenomenon 

was due to the oxidation state alternation of the copper catalyst under different 

reaction conditions. Under oxidizing conditions (3CO2:H2 and 6CO2:H2), Cu NPs 

were oxidized by excessive CO2 and formed Cu2O and CuO. At CO2:H2 ratio of 3:1 

(Figure 3-7a), Cu2O was still dominant which allowed the spillover of O2- species 

towards catalyst from YSZ under polarization and enabled the dissociation of CO2 

into *O and *CO subsequently, resulting in a great enhancement in CO rate. 

At CO2:H2 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 CO2. After stopping the positive polarizations 

where Cu was oxidized by O2-, the catalyst remained in the higher oxidation state 

(CuO) under oxidizing conditions due to the excess of CO2. Copper oxide, CuO, is 

less active than Cu0 and Cu2O, therefore the open-circuit catalytic rates after 

polarizations were lower than the initial ones (Figure 3-7a and b). Under reducing 

conditions of CO2:3H2 (Figure 3-7c) and CO2:6H2 (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 of H2 prohibited the 

formations of Cu2O 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 circumstances. Table A-3 summarizes the NG and ρ at 400℃ under 

various CO2:H2 ratios. The NG showed to decrease as the concentration of CO2 

increased, which was because of the formation of fully oxidized CuO. However, the 

NG was still reduced by increasing the amount of H2 since the O2- coming from YSZ 

reacted with the excessive H2, the uptake of O2- by copper catalyst was thereby 



72 

 

prohibited. The comparison of NG values between each CO2:H2 ratios was in 

agreement with the observed EPOC phenomenon (ρ), which further demonstrated the 

redox mechanism. 

 

Figure 3-7. Transient response of reaction rates under the application of 2V at 400℃ 

for CO2:H2 ratio of (a) 3CO2:1H2, (b) 6CO2:1H2, (c) 1CO2:3H2 and (d) 1CO2:6H2. 

Figure 3-8a and b summarize the characteristics of ρ and Λ respectively, as 

functions of temperature and CO2:H2 ratio. Except for the CO2:H2 ratio of 1:6, under 

which condition ρ and Λ showed tendencies of going down with temperature, both ρ 

and Λ 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 by O2- species 

coming from YSZ after polarization. At temperatures higher than 400℃, Cu NPs 

started sintering and the promotion was inhibited as a result. From Figure 3-8, ρ and 

Λ reached the peaks at 400℃ under stoichiometric and oxidizing conditions, whereas 

tended to maximize at lower temperatures under reducing conditions where the 

catalyst was easy to be reduced and thereby ρ and Λ could achieve the peaks more 

rapidly. The EPOC was prohibited at all temperatures under CO2:H2 ratio of 1:6 due 
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to the suppression of Cu2O and CuO formations, which was discussed above. The 

stoichiometric condition showed the highest ρ, meaning that a good balance was 

achieved between the oxidation of Cu NPs by CO2 and the reduction of Cu2O and/or 

CuO by H2, which maximized the possibility of oxidation state changes of copper 

catalyst. The CO2:H2 ratio of 3:1 had the highest Λ, 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 of 2V was lower because of the inferior 

conductivity of copper oxides compared to metallic copper[35]. 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. 

 

Figure 3-8. Effect of temperature and CO2:H2 ratio on (a) the enhancement ratio (ρ) 

and (b) the Faradaic efficiency (Λ) under the application of 2V. 

The effects of applied potential and CO2:H2 ratio on ρ and Λ are presented in 

Figure 3-9. In all cases, no promotion occurred under negative polarization (-1V) 

because O2- species were not supplied to the catalyst. ρ and Λ increased with the 

growth of positive potential until 2V was applied, and then began to decrease at 2.5V 

under stoichiometric and oxidizing conditions while kept increasing under reducing 

conditions. The transient response of CO production rates under various applied 

potentials and CO2:H2 ratios are summarized in 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 at 2.5V under oxidizing conditions, making fewer oxygen vacancies of the 
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catalyst compared to 2V and resulting in fewer CO2 dissociation and lower values of ρ 

and Λ. 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 O2- species conducting from YSZ by increasing the potential from 2V to 

2.5V, and ultimately enhanced the CO rate. The trend of CO2:H2 ratio effect on ρ and 

Λ in Figure 3-9 was similar to that in Figure 3-8 indicating the redox mechanism of 

EPOC was working for copper catalyst under particular conditions (temperature and 

applied potential). 

 

Figure 3-9. Effect of applied voltage and CO2:H2 ratio on (a) the enhancement ratio 

(ρ) and (b) the Faradaic efficiency (Λ) at 400℃. 

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 occurs with ρ=1.19 

and Λ= 6.52 under a positive polarization of 2V at 400℃ and 1:1 CO2:H2 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 of O2- from 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 Cu0 and Cu2O 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 by in-situ controlling the 

oxidation states of a new copper nano-structured catalyst which is highly active and 

economic. 
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Appendix A: Supplementary Information for Chapter 3 

 

Figure A-1. EDX spectrum of as-prepared Cu catalyst. 

 

Figure A-2. Wide scan of XPS spectrum for colloidal, as-prepared, and spent samples. 
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Table A-1. XPS data of Cu 2p and C 1s for the colloidal, as-prepared, and spent 

samples. 

  Position (eV) FWHM %Area 

 colloid

al 

as-

prepar

ed 

spent colloid

al 

as-

prepar

ed 

spe

nt 

colloid

al 

as-

prepar

ed 

spen

t 

Cu2

p 

Cu(0) 932.68 932.61 932.5

8 

0.94 1.10 1.10 5.07 8.06 11.9

6 

 Cu(I) 

Oxide 

932.17 932.16 932.1

8 

1.09 1.01 0.97 34.51 74.15 41.8

9 

 Cu(II) 

Oxide 

933.30 933.30 933.0

6 

2.08 2.06 2.06 55.65 7.06 36.1

4 

 Cu(II) 

Hydroxi

de 

934.72 934.62 934.6

2 

2.84 2.84 2.84 4.77 10.73 10.0

1 

C1s C-C, C-

H 

284.83 284.80 284.8

0 

1.40 1.20 1.15 67.44 77.90 84.6

0 

 C-OH,  

C-O-C 

286.62 286.62 286.6

3 

1.60 1.57 1.17 21.05 15.51 8.95 

 C=O 288.07 288.10 287.8

0 

1.60 1.57 1.17 1.29 1.33 1.25 

 O-C=O 288.73 288.82 288.9

3 

1.60 1.60 1.50 5.62 4.06 3.98 

 Carbona

te 

290.57 290.74 290.6

3 

1.31 1.31 1.31 1.30 1.21 1.22 

 Carbide 283.10   1.60   3.31   

 



81 

 

 

Figure A-3. Overall catalytic open-circuit CO production rate of Cu/YSZ under (a) 

CO2:H2 ratio of 1:1 (b) CO2:H2 ratio of 3:1 and (c) CO2:H2 ratio of 1:6. 



82 

 

 

Figure A-4. Open-circuit CO2 conversion rate of Cu/YSZ under different CO2:H2 

ratios. 

 

Figure A-5. Overall CV cycles of Cu/YSZ at 400℃ under (a) Argon and (b) CO2:H2 

ratio of 1:1. 
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Table A-2. Summary of NG and ρ under stochiometric condition at various 

temperatures. 

Temperature (℃) NG (mol O uptake) ρ 

340℃ 2.987×10-8 1.08 

360℃ 3.813×10-8 1.16 

400℃ 1.01×10-7 1.19 

440℃ 1.919×10-7 1.14 

450℃ 1.73×10-7 1.11 

 

Table A-3. Summary of NG and ρ at 400℃ under various CO2:H2 ratios. 

CO2:H2 ratio NG (mol O uptake) ρ 

1CO2:1H2 1.01×10-7 1.19 

3CO2:1H2 9.311×10-8 1.17 

6CO2:1H2 7.017×10-8 1.14 

CO2:3H2 6.934×10-8 1.11 

CO2:6H2 6.846×10-8 1.07 
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Figure A-6. Transient response of CO rate under various applied potential 1, 1.5, 2, 

2.5, -1V at 400℃ under (a) CO2:H2 ratio of 1:1 (b) CO2:H2 ratio of 3:1 and (c) 

CO2:H2 ratio of 1:6. 
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Chapter 4: Electrochemical Promotion of Cu/Co3O4 for the 

Reverse Water Gas Shift Reaction 

Adapted from: J. Wang, M. Couillard, E.A. Baranova, 2023, ChemCatChem. 

Abstract: Copper-modified Co3O4 (Cu/Co3O4) catalysts were investigated for the 

reverse water gas shift (RWGS) reaction at 200-400℃ under different CO2:H2 ratios. 

It was found that the electrocatalytic performance of Co3O4 was 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 catalysis (EPOC) studies. Under 

the applied voltages of +2 V and -1 V, the catalytic rates were suppressed and 

increased by about 40% and 14%, respectively. This was due to the changes in the 

active oxidation states of Cu and Co caused by O2- migration under polarization, as 

confirmed by XPS, XRD, and cyclic voltammetry (CV). The study also revealed that 

the exchange current density (i0) was counter-correlated with the open-circuit catalytic 

rate (r0) 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 non-noble metal, shows great potential in catalyzing RWGS due to its 

high activity and low price[1,2]. Chapter 3 regarding Cu NPs deposited on YSZ 

(Cu/YSZ) illustrates the possibility of promoting RWGS catalytic rate by in-situ 

controlling the oxidation states of Cu NPs. However, catalyst deactivation remains a 

problem since copper is prone to oxidation[3] and sintering at high temperatures[4,5]. 

Therefore, selecting suitable oxides as supports for Cu NPs is considered a practical 

method to improve thermal stability and dispersion of Cu NPs[6]. Cobalt oxide 

(Co3O4) is a conductive metal oxide[7] and has a high oxygen storage-release 

capacity[7,8], which is considered beneficial for O2- migration. Studies on Co3O4-

based catalysts, including Ru/Co3O4 deposited on BZY[9] and Fe/Co3O4 deposited on 
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YSZ[10], have been investigated to further illustrate the interaction and O2- migration 

between metal catalysts and oxide support during EPOC. 

In the present study, we investigated commercial Co3O4 powder as a catalyst for 

RWGS in the temperature range of 200-400℃ under stoichiometric (CO2:H2=1:1), 

oxidizing (CO2:H2=3:1) and reducing (CO2:H2=1:6) conditions. The powder was also 

modified by adding 1, 4 and 8 wt.% of Cu nanoparticles (NPs) with an average size of 

13 nm. The open circuit catalytic rates (r0) of bare and Cu-modified Co3O4 

(Cu/Co3O4) catalysts were studied followed by detailed electrochemical 

characterizations using cyclic voltammetry (CV), linear sweep voltammetry (LSV), 

and chronoamperometry (CA). For the first time, the EPOC was demonstrated for 

Cu/Co3O4 catalysts to alter the catalytic performance of RWGS reaction. The 

exchange current density (i0) was estimated for the first time as an informative tool to 

evaluate the electrocatalytic properties of Co3O4-based catalysts and predict the r0. 

The crystalline structure, elemental composition, oxidation states and morphology of 

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

4.2 Experimental 

4.2.1 Catalysts synthesis 

The Cu NPs were synthesized using the polyol method following the same 

procedures as reported in Chapter 3 and stored in colloidal solution (1 mg mL-1). The 

Cu/Co3O4 catalysts were prepared by mixing Cu colloidal solution with commercially 

purchased Co3O4 (Cobalt (II, III) oxide nanopowder, Sigma-Aldrich, specific surface 

area of 40−70 m2 g−1) powders in deionized water (DI water, 18 MΩ cm) for 48 h for 

the desired Cu loadings of 1, 4, and 8wt.% on Co3O4. For instance, 10 mL of Cu 

colloidal solution, which corresponded to 10 mg of Cu NPs, was mixed with 1000 mg 

of Co3O4 powders in DI water to generate 1wt.%Cu/Co3O4. The dispersed Cu/Co3O4 

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 Chapter 2. For 

catalyst-working electrode, 0.1 g of the Cu/Co3O4 catalysts was dispersed in 10 mL of 

DI water under ultrasound. Then the catalyst ink was deposited on YSZ disks in the 

amount of 5 μL at a time over the masked area of 1 cm2, opposite to the counter 

electrode, and left to dry in air at 100℃ in between each deposition until a mass 

loading of 0.5 mg cm-2 was achieved. The electrochemical cell was then placed in a 

single-chamber quartz reactor in a sandwich structure. H2 (Messer, 100 %), CO2 

(Messer, 99.99%), and Ar (Messer, 100 %) were fed to the reactor via separate mass 

flow controllers (MFC, MKS Instruments), which were used to modify the inlet 

CO2:H2 ratios to be 1:1, 3:1, and 1:6 by adjusting the flowrates. The total volumetric 

flowrate was kept at 100 mL min-1. Before any experiments, the catalysts were pre-

treated using the same procedures in Chapter 2 and left under reaction conditions for 

5h to ensure the steady state. 

All electrochemical measurements were carried out using potentiostat–

galvanostat (Arbin Instruments, MSTAT). Cyclic voltammetry (CV) was performed 

under inert condition (in Argon) at 400℃. The potential window was set to begin 

from -1.0 V to 1.5 V, followed by cycling back to -1.0 V with a scanning rate of 20 

mV s-1. The EPOC tests were carried out by applying a constant potential across the 

catalyst-working electrode and the counter electrode and were characterized by the 

rate enhancement ratio (ρ) in Eq. (4-1) and apparent Faradaic efficiency (Λ) in Eq. (4-

2): 

ρ = r r0⁄            (4-1) 

|Λ| = ∆r (I nF⁄ )⁄            (4-2) 

where r is the steady-state reaction rate after polarization, ro is the open-circuit rate 

before polarization, I is the current response to the applied potential, F is the Faradaic 



88 

 

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 s-1 g-1). 

Linear sweep voltammetry (LSV) at scan rate of 20 mV s-1 were used to obtain 

Tafel plots. The exchange current density (i0) was determined from the intercept at 

UWR = 0 in Tafel plots (ln I vs. UWR) based on the potentiostat-galvanostat data of 

current responses (I) to various applied potentials (UWR). 

4.2.3 Characterizations 

Scanning Transmission Electron Microscopy (STEM) was carried out on as-

prepared and spent Cu/Co3O4 catalysts to determine the microstructure and particle 

size. High-angle annular dark-field (HAADF) imaging was conducted with a 

convergence semi-angle of 18 mrad and a collection semi-angle of 60 mrad to provide 

a contrast sensitive to the atomic number Z. 

Scanning Electron Microscopy (SEM, JSM-7500F FESEM) was used to 

characterize the morphology of spent catalysts stayed on the YSZ surface. 

X-ray Diffraction (XRD) patterns were measured over as-prepared and spent 

catalysts to investigate the crystalline structure changes by the Rigaku Ultima IV 

multipurpose diffractometer at a scanning rate of 1 degree (°) min-1 from 20 to 80 °2θ. 

Determination of the metal composition of Cu/Co3O4 was performed on triplicate 

samples by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-ES) 

(Agilent 8800). 

The X-ray photoelectron spectroscopy (XPS) spectra were measured on a Kratos 

AXIS Nova spectrometer equipped with an Al X-ray source to determine the 

oxidation states of Cu and Co. The data were collected using AlKα radiation 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 Gaussian-Lorentzian shape function for high resolution XPS spectra. 
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4.3 Results 

4.3.1 Catalyst characterizations 

The ICP-ES analysis confirmed consistency between the nominal and actual Cu 

loading amounts on Co3O4, which were 1, 4, and 8wt.% (± 0.3 – 0.5wt.%). Figure 4-1 

shows the STEM images of the as-prepared and spent 4wt.%Cu/Co3O4 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 in Figure 4-1a, Cu was found to be attached to the surface of Co3O4 

structure in as-prepared sample. Figure 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) mapping in Figure 4-1b 

showed that the location of O was in line with those of Cu and Co, confirming the 

high oxidation state of CuOx and Co3O4. No carbon was found, suggesting complete 

removal of residual organics used for synthesis. 

In spent sample (Figure 4-1c), Cu was still found on the surface of Co after all 

experimental tests with apparent agglomeration observed. Nevertheless, as opposed to 

the as-prepared 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 of Co3O4 under experimental 

conditions (reducing atmosphere and polarization) where O2- was 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 from CO2 under the reaction conditions. 
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Figure 4-1. HAADF-STEM image of (a) as-prepared 4wt.%Cu/Co3O4 and EELS 

mappings with corresponding elemental composition of (b) as-prepared and (c) spent 

4wt.%Cu/Co3O4 catalyst. 

Figure 4-2 shows the SEM images of spent Cu/Co3O4 catalysts with various 

copper loading of 0, 1, 4, and 8wt.%. The bare Co3O4 showed a porous structure with 

a relatively smooth surface (Figure 4-2a), whereas as Cu loading on Co3O4 increased 

from 1 to 8wt.% (Figure 4-2b, c, and d), the structure became more rough and less 

porous with smaller particles observed on the surface that corresponded to Cu NPs. 

Figure B-2 shows the SEM images on a larger scale (10μm) of the spent Cu/Co3O4 

catalyst of 0, 1, 4 and 8wt.%Cu/Co3O4. 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 free-standing Cu NPs were found to be agglomerated. From 

Figure B-3b, free-standing Cu showed to be prone to sintering at high temperatures 

under reaction conditions, therefore, the increased amount of Cu on Co3O4 aggravated 

the occurrence of sintering phenomenon, which also resulted in the less porous 

structure. Additionally, Figure B-4a shows the fresh sample of 4wt.%Cu/Co3O4 that 

is collected after pre-treatments, where catalyst is well-dispersed compared to the 
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spent one (Figure 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 Co3O4. 

 

Figure 4-2. SEM images of spent (a) Co3O4, (b) 1wt.%Cu/Co3O4, (c) 4wt.%Cu/Co3O4, 

and (d) 8wt.%Cu/Co3O4 deposited on YSZ on the scale of 100nm. 

Figure 4-3 shows XRD patterns of as-prepared and spent 4wt.%Cu/Co3O4 

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 as-prepared catalyst was mostly present in Co3O4, where the peaks 

were  assigned to a pure Co3O4 phase[11–13]. The crystallite structure of the spent 

catalyst changed significantly with new diffraction peaks observed at 41, 47, and 

76 °2θ, corresponding to metallic Co (100), (101), (110), respectively[14,15], while 

the peak at 44 °2θ indicated the dominant Co3O4 (404) phase. This confirms the 

change in the oxidation state of Co from higher one (Co3O4) to lower one CoOx 

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 FeOx/Co3O4 

catalyst for RWGS where carbon nanotubes (CNTs) were formed on the surface and 

observed using the X-ray diffraction[10]. 

 

Figure 4-3. XRD patterns of (a) as-prepared and (b) spent 4wt.%Cu/Co3O4. 

Figure 4-4 shows the XPS spectra of fresh and spent samples for Cu 2p3/2 and 

Co 2p3/2. The peaks at 932 and 934 eV in Cu 2p3/2 represent metallic copper/Cu2O 

(Cu0/Cu1+) and CuO (Cu2+)[16], respectively. The peaks at 778, 779 and 781 eV in Co 

2p3/2 are identified as metallic cobalt (Co0), Co3O4 (Co2+,3+) and CoO (Co2+)[17]. The 

species information is summarized in Table B-1. From Figure 4-4a, Cu was found to 

be mainly in reduced states in fresh sample where Cu0/Cu1+ occupied 86% area and 

Cu2+ only had 14%. Nevertheless, Cu2+ increased to 86% and Cu0/Cu1+ 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 phase[18]. 

From Figure 4-4b, Co0 and Co2+,3+ (Co3O4) were the main phases in fresh 

sample and owned 45% and 40% area, respectively, while Co2+ had 15%. After 

electrochemical experiments, the lower oxidized state of Co0 was completely 
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transferred into higher ones in spent sample and Co2+ phase increased to 42% 

accordingly. The peaks over 784 eV were satellite structures of Co2+[19]. The XPS 

results show that as expected some reduction of CuOx and Co3O4 occurred during the 

pre-treatment in H2, whereases the catalyst was mostly in oxidized state after the 

reaction under polarization. This agrees with STEM results and XRD patterns 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 O2- 

storage-release ability of Co3O4, which was also confirmed by the existence of Co2+,3+ 

(Co3O4) structure in both fresh and spent samples. The XPS spectra for O 1s is shown 

in Figure B-5, where the 528-530 eV is known as lattice O2-, 531-532 eV is taken as 

defect O2- and 533 eV represents water[20,21]. The O 1s spectra of fresh sample 

showed consistency with that of Co3O4 reported earlier[22], indicating that the large 

lattice/defect O2- in Cu/Co3O4 catalyst was mainly provided by Co3O4 structure. 

Nevertheless, O2- shifted to higher binding energies in spent sample, which was also 

in line with another study on Cu-Co oxide[20] and was due to the increased oxygen 

vacancies caused by partial substitution of Co2+ by Cu2+[23] during the continuous O2- 

cycling in EPOC. The presence of water in spent sample was a result of the RWGS 

reaction, as H2O is one of the main products. 

 

Figure 4-4. High-resolution XPS spectra for (a) Cu 2p3/2 and (b) Co 2p3/2. 
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4.3.2 Catalytic RWGS reaction 

Figure 4-5a shows the light-off curves of bare Co3O4, Cu/Co3O4, and free-

standing Cu catalysts deposited on YSZ under stoichiometric conditions (CO2:H2 = 

1:1) after several runs until stable. The overall light-off curves of 4wt.%Cu/Co3O4 are 

summarized in Figure 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 Co3O4 and Cu/Co3O4, while above 350℃ for the free-

standing Cu. Bare Co3O4 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 FeOx/Co3O4[10], where bare Co3O4 also 

exhibited the highest activity under stoichiometric conditions, while the reaction rate 

slightly decreased when loaded with FeOx. 

The high open-circuit activity of Co3O4 for RWGS was attributed to its high 

surface area and porous structure as shown in Figure 4-2a, and due to its high 

reducibility affiliated to the oxidation states change between Co3+ and Co2+ under 

reaction conditions[24]. When Co3O4 was loaded with small amounts of Cu NPs, the 

decrease in the catalyst performance was attributed to the sintering of Cu and a charge 

transfer between Cu and Co3O4[25], where CoOx provided oxygen to Cu and kept it in 

an oxidized station[10]. 

Both Cu and Co3O4 functioned as the active phase of catalyst by participating in 

the RWGS reaction and influenced each other. For instance, the stability and 

dispersion of Cu NPs after catalytic reactions were improved by supporting on Co3O4, 

as shown in SEM images, which prevented Cu from deactivation caused by 

agglomeration and sintering that easily happened at high temperatures[16]. 

Conversely, considering that Co3O4 acted as a semiconductor which only showed 

electrical conductivity above 350℃[9,26], it was necessary to modify Co3O4 by 

loading conductive Cu NPs to improve its conductivity and electrocatalytic properties 

before being used as an electrode in EPOC studies, which will be discussed later. 

Nevertheless, excessive loading amount of Cu on Co3O4 resulted in Cu sintering 
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(Figure B-2b, c and d) and formation of the less porous structures (Figure 4-2b, c 

and d), and the reaction rates were thereby decreased. As a result, 4wt.% was taken as 

the optimum Cu loading on Co3O4, which maintained a high activity and stability and 

could be promoted after polarization. 

Figure 4-5b and c show that when increasing CO2 or H2 concentration, the open-

circuit rates were both enhanced, while the rates in oxidizing conditions (Figure 4-

5b) were slightly lower than in reducing conditions (Figure 4-5c). The superior 

RWGS reaction rates in reducing conditions were because of the increased oxygen 

vacancies under excess of H2[6] where O2- migration between metal and oxide was 

promoted and RWGS was thermodynamically favoured in H2 rich atmosphere[27,28]. 

However, although high CO2 concentration inhibited O2- migration because catalysts 

were fully oxidized in this case, RWGS reaction rates over Cu/Co3O4 catalysts in 

oxidizing conditions were still comparable to those in reducing conditions. This was 

affiliated to the Co3O4 phase which was able to provide sufficient oxygen vacancies 

due to its porous structure and huge oxygen storage-release capacity. 

The same phenomenon was also observed in a previous study, and it was 

demonstrated that the reaction was favored in CO2 rich atmosphere over the Co3O4 

based catalyst[10,17]. 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 Cu/Co3O4 

catalysts. 
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Figure 4-5. Light-off curves of bare Co3O4, Cu/Co3O4, and free-standing 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 reactions[29–31]. 

In EPOC studies, the catalyst serves as a WE, where the charge transfer occurs at the 

three-phase boundary (tpb), between the solid electrolyte, the metal or metal oxide 

catalysts and the gas phase. Performing CV can provide a piece of in-situ information 

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 method[16,32,33]. 

Figure 4-6a shows the CV of the as-prepared and spent 4wt.%Cu/Co3O4 samples 

between -0.8 and 1.5 V under Argon at 400℃. The CV of as-prepared sample showed 

similar trend to that of bare Co3O4 deposited on YSZ, as shown in the Figure 4-6b. 
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Because the catalyst was kept at reduced state after pre-treatment, Cu was difficult to 

be reduced/oxidized due to the lack of O2-, as a result, the Cu phase was inert and 

CoOx showed its redox property in CV. In contrast, CV of spent sample changed 

significantly and showed two typical cathodic peaks, similar to that of as-prepared 

free-standing Cu deposited on YSZ, as shown in Figure 4-6c, which was consistent 

with the former study on Cu/YSZ[16]. During catalytic reactions, CuO phase that 

could store huge amounts of oxygen was formed by oxidizing Cu with O2- supplied 

from YSZ and CoOx 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 to Cu2O (CI) and Cu0 

(CII) in cathodic cycle. Compared to Figure 4-6c, the positions of CI and CII 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 Cu/Co3O4 than in 

free-standing Cu due to the huge oxygen capacity of Co3O4, which enabled easier 

reduction processes. Therefore, the difference in CV shapes of as-prepared and spent 

4wt.%Cu/Co3O4 further illuminated the oxidation state changes of Cu and Co3O4 

during polarization. 

The rapid increase of currents at higher potentials (＞1.0 V) in CVs represented 

oxygen evolution reaction (OER), as shown in Eq. (4-3). However, it should be noted 

that the CVs were all tested under inert condition (in Argon), where OER would occur 

significantly and release O2 at tpb when applying potentials higher than 1.0 V. Under 

reaction conditions with the presence of H2, the released O2 from YSZ was unable to 

oxidize the catalyst because it would react with H2 to form H2O, especially under 

reducing conditions (CO2:H2= 1:6), where the EPOC effects still occurred. Therefore, 

it meant that the oxidation state changes of Cu and Co3O4 were due to the O2- 

migration during polarization instead of from the released O2 during OER. 

O2−(YSZ) →
1

2
O2 + 2e−              (4-3) 



98 

 

 

Figure 4-6. Cyclic voltammetry of (a) as-prepared and spent 4wt.%Cu/Co3O4, and as-

prepared (b) bare Co3O4 and (c) free-standing Cu deposited on YSZ in Argon at 

400℃, scan rate 20 mV s-1. 

4.3.4 Electrochemical promotion of catalysis 

Electrochemical promotion of bare Co3O4 and Cu/Co3O4 were investigated using 

chronoamperometry (CA) under anodic and cathodic polarization. It was observed 

that the bare Co3O4 catalyst did not show any rate increase or decrease under 

polarization, which was attributed to its poor conductivity and electrocatalytic 

property. Among Cu modified Co3O4 catalysts, only 4wt.%Cu/Co3O4 showed the 

catalytic rate changes under applied polarization. In the former study of Cu/YSZ[16], 

the catalyst showed an electrophobic EPOC behaviour where the catalytic rates were 

promoted upon an application of +2V under all conditions, as summarized in Figure 

B-7. The best enhancement ratio (ρ) was 1.19 under stochiometric condition, which 

was slightly inhibited under oxidizing (ρ=1.17) condition due to the formation of less 
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active CuO by reacting with CO2 and extremely prohibited under reducing (ρ=1.06) 

condition on account of the limited migration of O2- towards Cu from YSZ caused by 

excessive H2. However, when loading Cu NPs on Co3O4, the EPOC effects were 

completely different, where the catalytic rate was suppressed under positive 

polarization at +2V and enhanced under negative polarization at -1V. The overall 

transient responses of RWGS rate and current to applied potentials under all 

conditions are summarized in Figure B-8. The corresponding ρ and Faradaic 

efficiency (Λ) values at 400℃ under polarization are summarized in Figure 4-7 

where the ρ values under all conditions show declined trends as increasing the applied 

potential, indicating an electrophilic property[26]. 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 opposite O2- 

migration directions. 

 

Figure 4-7. Summary of ρ and Λ values for 4wt.%Cu/Co3O4 under (a) stoichiometric, 

(b) oxidizing, and (c) reducing conditions at 400℃. 
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Figure 4-8a and b show the transient rate response of 4wt.%Cu/Co3O4 

deposited on YSZ at 400℃ under stoichiometric (CO2:H2=1:1), oxidizing 

(CO2:H2=3:1) and reducing (CO2:H2=1:6) conditions. In Figure 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 free-standing 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 

open-circuit reaction rates). The suppression of reaction rate was the most pronounced 

in stoichiometric condition with ρ=0.58 and Λ=75, in comparison to the oxidizing 

(ρ=0.59 and Λ=58) and reducing conditions (ρ=0.66 and Λ=58). On the contrary, in 

Figure 4-8b, the CO rate increased upon an application of -1V and 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 ρ=1.11 and Λ=35, and the most apparent in oxidizing 

condition with ρ=1.16 and Λ=65. 

Since bare Co3O4 did not show any EPOC effects, the alternation in CO rate 

under polarization was due to the presence of Cu and its interaction with Co3O4. It 

was reported that when combining Cu with Co3O4, Cu2+ would substitute Co2+ in 

Co3O4 bulk[23], which created more oxygen vacancies by forming new bonding with 

Co3+. As a result, Co3O4 functioned as an O2- bridge between Cu and YSZ, where O2- 

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 effect[8]. Therefore, 8wt.%Cu/Co3O4 showed no traces of 

EPOC phenomenon due to the existence of CuO that had limited oxygen vacancies, 

without which O2- was unable to be migrated between Cu and Co3O4 under 

polarization, thus making the catalyst less polarizable. The absence of EPOC effects 

over 1wt.%Cu/Co3O4 was because of the low conductivity of Co3O4 and low loading 

amount of Cu NPs, where the changes in oxidation state of Cu caused by O2- 
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migration from Co3O4 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/Co3O4, the O2- was supplied towards Cu from Co3O4 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 mappings in Figure 4-1 and XRD patterns 

in Figure 4-3. Since lower oxidation state of Co, e.g., metallic Co (Co0) was less 

active than CoOx in RWGS reaction[17,34] and CuO showed inferior activity than 

Cu2O and Cu0 due to its limited oxygen vacancies[16], 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 of CoOx was formed, leading to 

the instantaneous increase in reaction rate. The CoOx was then reduced gradually by 

H2 under reaction condition, which made the reaction rate decline slowly until it 

returned to the initial state. The storage of O2- 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 in Figure 4-8d and calculated by Eq. (4-4)[17]: 

% rate increase = 100% × [(rpeak − r0) r0⁄ ]         (4-4) 

where rpeak is the maximum value of rate peak and r0 is the open-circuit rate. It can be 

seen that by increasing the applied potential, the % rate increase was also enhanced, 

representing more O2- was 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, the O2- 

transfer was prohibited due to the huge amount of H2, as a result, the suppression in 
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reaction rate under positive polarization and % rate increase during depolarization 

were inferior. 

Conversely, O2- was migrated in an opposite direction from supported Cu to 

Co3O4 and YSZ bulk under negative polarization, leading to an increase in the 

reaction rate. The rate peak after interrupting the application of -1V was absent 

because O2- was not stored in this case, which further illustrated the oxygen storage 

phenomenon during positive polarization. In oxidizing condition, excessive CO2 

could constantly provide O2- to the reduced states of Cu and Co under negative 

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

and the enhancement ratio was thereby the highest. The migration of O2- between 

Co3O4 and supported metal was also confirmed in a recent study on FeOx/Co3O4[10]. 

 

Figure 4-8. EPOC of 4wt.%Cu/Co3O4 at (a) +2V and (b) -1V under different CO2:H2 

ratios at 400℃, (c) EPOC under stoichiometric conditions at various anodic potentials, 

and (d) Percentage (%) rate increase after polarization under various conditions at 

400℃. 
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The uptake of reactive promoting species, O2- in 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. (4-5)[35]: 

NG =
Iτ

2F
                 (4-5) 

where I represented the current response, τ was the time required for catalytic rate to 

reach 63% of its suppressed/promoted steady-state, and F was Faraday’s constant. 

The NG values under different conditions and applied potentials at 400℃ are 

summarized in Figure 4-9. Under positive polarization (UWR＞ 0), the NG was 

improved with an increase in the applied potential across the catalyst under all 

conditions, indicating that more O2- was involved in the catalytic reactions by being 

supplied electrochemically towards catalyst from YSZ, in other words, more O2- was 

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 in Figure 4-8d that had a similar trend with Figure 4-9. The 

inferior NG values in reducing condition was due to the high concentration of H2 that 

inhibited the O2- migration and in oxidizing condition was because of the highly 

oxidized catalysts, which provided fewer oxygen vacancies for O2- transfer. Moreover, 

the NG of 4wt.%Cu/Co3O4 under stoichiometric condition at +2V and 400℃ was 

1.3×10-7 mol, 30% higher than that of free-standing Cu under the same condition, 

which was 1.0×10-7 mol[16]. The increased value of NG was attributed to the existence 

of Co3O4, which had a huge oxygen capacity and could provide/receive O2-. 
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Figure 4-9. Summary of NG (mol O2- uptake) at 400℃ under different reaction 

conditions and applied potentials. 

4.3.5 Exchange current density evaluation 

The exchange current density (i0) was used to express the electrocatalytic activity 

of the catalyst when the net current passing through the tpb was 0. The corresponding 

Tafel plots used to determine i0 values of various Cu/Co3O4 catalysts are shown in 

Figure B-9. Figure 4-10 summarizes the relationship between open-circuit catalytic 

rate (r0) and i0 for bare Co3O4, Cu/Co3O4, and free-standing Cu catalysts at 400℃ 

under stoichiometric condition. The results showed that catalyst with a lower value of 

i0, which corresponded to a fewer loading amount of Cu, exhibited a higher reaction 

rate. The inversed relationship between r0 and i0 for Cu/Co3O4 was consistent with 

electrocatalytic studies on ethylene oxidation over IrOx/CeO2 and IrOx/TiO2[36] as 

well as over Pt/CeO2 and Ru/CeO2[37]. Higher i0 values represented that 

electrocatalytic reactions involving the participation of O2- species in electrochemical 

reactions predominated, rather than catalytic reactions that did not consume catalyst 

during the process[38]. Therefore, the electrocatalytic property of catalyst was 

improved by adding and increasing the Cu loading on Co3O4, making the Cu/Co3O4 

function more like an electrode that could take part in the electrochemical redox 
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reactions more readily. On the contrary, bare Co3O4 failed 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 i0 was known to provide a measurement of non-polarizability of the 

catalyst[38,39] and predict the magnitude of Λ in EPOC[37], e.g., lower values of i0 

represented that the catalysts deposited on solid electrolytes were more polarizable, 

which were desirable to achieve higher Λ values. Taking free-standing Cu and 

4wt.%Cu/Co3O4 that showed EPOC effects as the example, 4wt.%Cu/Co3O4 had a 

lower i0 value of 1.4 μA cm-2 with a much higher Λ=75 compared to Cu whose i0 was 

2.8 μA cm-2 with Λ=6.54. This demonstrated that Cu/Co3O4 was more polarizable 

than free-standing Cu, which was affiliated to the huge oxygen capacity of Co3O4 that 

allowed for easier migration of O2- at tpb under polarization. The relationships 

between r0 and i0 of Cu/Co3O4 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 i0 revealed that the presence of Cu loading improved the 

electrocatalytic property of bare Co3O4 and enabled this Cu/Co3O4 catalyst to be 

utilized as the catalyst-working electrode in EPOC. 

 

Figure 4-10. Relationship between open circuit catalytic reaction rate (r0) and 

exchange current density (i0) of Cu/Co3O4 catalysts under the stochiometric condition 

at 400℃. 
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4.4 Conclusion 

In this study, Cu/Co3O4 catalysts with 1, 4 and 8wt.% of Cu NPs were shown to 

be highly active non-noble metal catalysts for the RWGS reaction in the temperature 

range of 200–400°C. Among all catalysts, only 4wt.%Cu/Co3O4 displayed 

electrophilic EPOC effects, where the reaction rate was promoted by 11-16% under 

negative polarization at -1V and suppressed by 34-42% under positive polarization at 

+2V. This was due to the formation and decomposition of active phases (Cu0/Cu2O 

and CoOx) induced by O2- migration under polarization. CV results also provided in 

situ information about the changes in the oxidation states of 4wt.%Cu/Co3O4 catalyst 

before and after reactions. Investigations of i0 revealed an inverse relationship 

between r0 and i0, in agreement with EPOC theory. The counter-correlation between r0 

and i0 also indicated that Cu NPs enhanced the electrocatalytic property of Co3O4 and 

allowed it to function as the catalyst-working electrode in EPOC. Therefore, our 

findings provide the opportunity to predict and alter the catalytic RWGS rate of 

4wt.%Cu/Co3O4 catalyst under polarization. 
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Appendix B: Supplementary Information for Chapter 4 

 

Figure B-1. (a) TEM image and (b) particle size distribution of copper nanoparticles. 

 

Figure B-2. SEM images (10μm) of spent (a) Co3O4, (b) 1wt.%Cu/Co3O4, (c) 

4wt.%Cu/Co3O4, and (d) 8wt.%Cu/Co3O4 deposited on YSZ. 
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Figure B-3. SEM images (1μm) of (a) as-prepared and (b) spent free-standing Cu 

deposited on YSZ. 

 

Figure B-4. SEM images (10μm) of (a) fresh and (b) spent 4wt.%Cu/Co3O4 deposited 

on YSZ. 
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Figure B-5. High resolution XPS spectra for O 1s of fresh and spent 4wt.%Cu/Co3O4. 

 

Figure B-6. Overall light-off curves of 4wt.%Cu/Co3O4 under the stoichiometric 

condition. 
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Table B-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 

Cu 2p Cu0/Cu1+ 932.3 932.3 1.93 1.57 85.72 13.54 

 Cu2+ 934.6 934.4 2.14 2.54 14.28 86.46 

Co 2p Co0 778.0 N/A 2.05 N/A 44.53 N/A 

 Co2+ 781.5 781.2 2.86 2.24 15.62 42.01 

 Co2+,3+ 779.8 779.7 2.39 1.62 39.85 57.99 

O 1s defect O2- 531.2 531.5 1.65 2.40 31.15 53.84 

 lattice O2- 528.8 529.8 2.84 0.92 68.65 44.44 

 H2O N/A 533.5 N/A 1.11 N/A 1.72 
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Figure B-7. EPOC effects of free-standing Cu/YSZ at 400℃ under various conditions. 
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Figure B-8. Overall transient responses of reaction rate and current to applied 

potentials over 4wt.%Cu/Co3O4 at 400℃ under (a) stoichiometric, (b) oxidizing, and 

(c) reducing conditions. 
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Figure B-9. Tafel plots of (a) bare Co3O4, (b) 1wt.%Cu/Co3O4, (c) 4wt.%Cu/Co3O4, 

(d)8wt.%Cu/Co3O4, and (e) free-standing Cu under all conditions at 400℃. 
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Figure B-10. Relationships between open circuit catalytic reaction rate (r0) and 

exchange current density (i0) of Cu/Co3O4 catalysts under (a) oxidizing and (b) 

reducing conditions. 
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Chapter 5: Experimental and DFT Study on Electrochemical 

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

Adapted from: J. Wang, M. G. Sandoval, M. Couillard, E. A. González, P. V. Jasen, A. 

Juan, A. Weck, E. A. Baranova, 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 reverse water gas shift (RWGS) reaction 

that recycles wasteful CO2 into 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 open-circuit catalytic rates (r0) owing to larger specific 

surface areas (SBET = ~38 m2 g-1). In EPOC experiments, the application of constant 

currents results in promoted reaction rates, with the highest enhancement ratio (ρ = 

1.14) and apparent Faradaic efficiency (Λ = 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 to Cu2O and a 

subsequent increase in RWGS rate. A correlation between SBET and r0 and a positive 

relationship between the electrochemical surface area (ECSA) and Λ values in EPOC 

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

activation under polarization. 

5.1 Introduction 

Although Cu/Co3O4 catalysts show good activities in Chapter 4, the existence of 

multiple oxidation states of Co makes the interaction between Cu and Co3O4 

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 support, ZnO 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 CO2 hydrogenation processes[1], Research on DFT calculation 

of Cu surfaces[2] identified that the most critical step in RWGS was the dissociation 

of CO2, 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 CO2 preferably bonded to Cu (110) rather than to Cu (111). In 

addition, DFT investigations on Cu2O surface revealed that the existence of Cu2O 

(110) further promoted the activation and subsequent reduction of CO2[3]. Similarly, 

DFT studies on ZnO demonstrated the sensitivity of CO2 adsorption to the oxide 

surface structure, highlighting that the binding strength of CO2 was 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 of CO2[5]. Despite the 

widespread application of DFT in RWGS, it was rarely studied in the field of EPOC 

and the impact of O2- migration 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 support towards metal catalyst. 

In this study, we explored the EPOC using stable and active metal catalysts to 

emphasize the sustainability and innovation of our catalyst design, aiming to enhance 

the potential for energy-efficient and durable catalytic systems. A series of non-noble 

Cu/ZnO catalysts, with varying copper loadings on hexagonal-structured ZnO, were 

synthesized and deposited on YSZ for the RWGS reaction. These catalysts exhibited 

greater activity than previously studied Cu-based[6] and Fe-based catalysts[7] and 

demonstrated improved stability over Co-based catalysts[8], 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 O2- towards Cu under 

polarization and demonstrated the redox processes occurring on the non-noble metal 

catalyst surface, leading to the electro-oxidation of Cu into Cu2O. These findings were 

further validated through XPS and XRD characterizations. Additionally, 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 Experimental and Computational Methodology 

5.2.1 Catalysts preparation 

The nano-structured ZnO support was synthesized using the polyol method as 

mentioned in Chapter 2. Specifically, Zinc Acetate (dihydrate, Alfa Aesar, 97+%) was 

measured and dissolved in ethylene glycol (EG) (Fisher Chemical). Then, 0.25 M 

tetramethylammonium hydroxide (TMAOH) (pentahydrate, Sigma-Aldrich, 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 gradually from RT to 150℃. Once the colour changed from clear to turbid 

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 MΩ cm), and dried in air at 60℃. The Cu NPs were synthesized 

following the same procedures as shown in Chapter 3 and were stored in colloidal 

solution (1 mg mL-1). 

The Cu/ZnO catalysts were prepared following the procedures in Chapter 2. Cu 

colloidal solution was mixed with the ZnO powders 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 at 60℃ for 24 h and stored in powder forms for future tests. 

5.2.2 Experimental setup 

YSZ, gold electrodes, and catalyst-working electrode were prepared following 

the same procedures as described in Chapter 4. The catalyst loading was 0.5 mg cm-2. 

The electrochemical cell and reactor setup were assembled as mentioned in Chapter 2. 

H2 (Messer, 100 %), CO2 (Messer, 99.99%), and Argon (Ar, Messer, 100 %) were fed 

to the reactor through three individual mass flow controllers (MFC, MKS 

Instruments) and the CO2:H2 volumetric ratios were adjusted to be 1:1, 3:1, and 1:6 

under the protection of Ar. CO analyzer was connected with gas outlet to monitor the 

amount of produced CO. Before starting the RWGS reaction, the catalysts were pre-

treated following the procedures mentioned in Chapter 2. The catalysts were then left 

under stochiometric conditions (CO2:H2 =1:1) for 5 h to guarantee the steady state. 

5.2.3 Electrochemical measurements 

A potentiostat–galvanostat (Arbin Instruments, MSTAT) machine was used to 

conduct all electrochemical tests. The EPOC measurements were carried out by 

applying constant currents across the catalyst-working electrode and the counter 

electrode, and the effects were evaluated by the enhancement ratio (ρ) and apparent 

Faradaic efficiency (Λ) according to Eq. (5-1) and (5-2): 

ρ = r r0⁄                  (5-1) 

|Λ| = (r −  r0) (I nF⁄ )⁄               (5-2) 

where r is the promoted reaction rate during polarization, r0 is the open-circuit rate, I 

is the applied current, F is the Faradaic constant, and n is the number of electrons 

transferred, which is 2 in RWGS reaction. 
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Cyclic voltammetry (CV) was carried out over as-prepared samples right after 

pre-treatment. Before starting the CV, the atmosphere was changed into inert 

condition (in Argon) and the temperature was kept at 400℃. The potential window of 

CV was set to start from -0.8 V to 1.5 V, followed by cycling back to -0.8 V with a 

scanning rate of 20 mV s−1. 

The relative electrochemical active surface areas (ECSAs) of Cu/ZnO catalysts 

were evaluated by the surface roughness factor (RF) and were determined by 

measuring the double layer capacitance (Cdl) of as-prepared catalysts. CVs were 

performed in the potential window ranging from -0.25 V to 0.25 V, where no faradaic 

reactions happened, with various scan rates (20 - 200 mV s-1) under inert conditions at 

400℃. By plotting the charging current (I) vs. scan rate (dV dt-1), the Cdl could be 

calculated from the slopes according to the Eq. (5-3)[9]: 

I = dQ dt⁄ = Cdl(dV dt⁄ )             (5-3) 

The resulting Cdl of all Cu/ZnO catalysts were then normalized to that of bare 

ZnO to obtain the RF, as shown in Eq. (5-4): 

RF = Cdl,CuZnO Cdl,ZnO⁄               (5-4) 

5.2.4 Physicochemical characterizations 

Scanning Transmission Electron Microscopy (STEM) was used on spent 

10CuZnO catalyst to determine the structure and particle size. High-angle annular 

dark-field (HAADF) imaging was performed to enhance contrast sensitivity to the 

atomic number Z. Scanning Electron Microscopy (SEM, JSM-7500F FESEM) was 

used to characterize the morphology of spent catalysts deposited on YSZ and Energy-

dispersive X-ray spectrometer (EDS) connected to the microscope was carried out to 

characterize the elemental composition. X-ray Diffraction (XRD) patterns were 

measured over as-prepared 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 (°) min−1 from 20 to 80 °2θ. The crystallite 
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sizes of NPs, L, were estimated by using the major phase parameters according to 

Scherrer Equation (Eq. (5-5)) and the interplanar distances, d, were determined 

according to the Bragg Equation (Eq. (5-6))[10]: 

L = Kλ FWHM ∙ cos θ⁄                (5-5) 

nλ = 2d ∙ sin θ                 (5-6) 

where FWHM is the full width at half maximum of the diffraction peak, θ is the 

diffraction angle, n=1, λ=0.15418 nm, and K=0.9. 

The X-ray photoelectron spectroscopy (XPS) spectra were measured on as-

prepared and spent samples using a Kratos AXIS Nova spectrometer equipped with an 

Al X-ray source to investigate the oxidation states of Cu and Zn. The XPS peaks were 

all fitted using the Shirley background corrections and the Gaussian-Lorentzian shape 

function in CasaXPS software with high resolution analyses calibrated to the C 1s 

signal at 284.8 eV. Brunauer-Emmett-Teller (BET) method was performed on as-

prepared samples to determine the specific surface area (SBET). The values were 

calculated from data points at relative pressures (p/p0) between 0.05 and 0.30. The Cu 

loadings on ZnO in the as-prepared samples were confirmed through Inductively 

Coupled Plasma Emission Spectroscopy (ICP-ES, Agilent 8800). 

5.2.5 Computational methodology 

Spin-polarized (SP) Density Functional Theory (DFT) calculations, based on 

quantum mechanics, were performed using the Vienna Ab-initio Simulation Package 

code (VASP)[11]. The magnetic moments for both Zn- and O-atom were initialized at 

zero. The plane-wave basis set with a cut-off energy of 520 eV was used for the ZnO 

bulk and surface simulation. The general gradient approximation (GGA) 

parameterized by the Perdew-Burke-Ernzerhof functional (PBE) as an exchange–

correlation term was considered[12]. The projector augmented wave (PAW) pseudo 

potential method for taking into account the electron–ion core interaction, was carried 

out[13]. For the long-range order phenomena, the Van der Waals interactions as 

implemented by the DFT-D3 correction method of Grimme et al. were used[14]. 
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Because standard DFT fails to describe the localization in the Zn d orbitals, the 

Hubbard correction (DFT-U) enclosed by the Dudarev approximation was applied[15]. 

To obtain an electronic structure similar to the experimental one and avoid the energy 

fluctuations, an on-site 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 Zn 3d-orbitals, O 

2p-orbitals and Cu 3d-orbitals, respectively. These values are in good agreement with 

those reported in the literature[16,17]. All structures were optimized until the forces 

acting on each atom were smaller than 10−4 eV Å−1 and the energy convergence was 

smaller than 10−2 meV. An automatically generated gamma-centered k-points mesh in 

the irreducible part of the Brillouin zone of 12 × 12 × 7 (bulk) and 7 × 7 × 1 (surface) 

k-point sampling grid was used for reciprocal space integration, following the 

Monkhorst-Pack scheme[18]. 

The bulk of wurtzite ZnO were simulated using the p63̅mc space group.[19] The 

obtained lattice parameters of a = b = 3.166 Å, c/a = 1.611 Å (c = 5.102 Å) and ɑ = β 

= 90°, γ = 60° are in good agreement with reported experimental[20] and 

theoretical[21] values. As shown in Figure C-1, the ZnO (101) low-index surface was 

modeled as a super-cell with five ZnO bilayers along the vacuum direction and 4 × 4 

primitive cell on the in-plane direction. This ZnO plane was chosen based on 

experimental information in Section 5.3.1. The 15 Å 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 Cu-atom with the surface are presented in Figure C-1. For a more 

realistic representation, a second Cu atom was adsorbed at the nearest and the most 

energetically favorable adsorption site. Then an O-atom was adsorbed along the high 

symmetrical adsorption sites surrounding the Cu-atom and the two Cu-atoms 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 indicated in Figure 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 stable O-vacancy locations was simulated by 

incrementally moving it in 0.1 Å steps upward on the ZnO surface with two adsorbed 

Cu-atoms. 

The adsorption energies, represented as Eads in eV, were computed as the 

difference between the total energy of the system after adsorption (Eadsorbate/substrate) 

and the energy of the isolated atom in a box (Eadsorbate) plus the energy of the clean 

surface (Esubstrate). This calculation is expressed in Eq. (5-7): 

Eads  = Eadsorbate substrate⁄ −  (Eadsorbate + Esubstrate)       (5-7) 

For the Eads, a smaller value signifies a more favourable adsorption site and a 

positive value indicates an endothermic reaction, while a negative one suggests an 

exothermic process. In this case, the oxygen is considered as coming after the entire 

process of CO2 electrochemical reduction to CO, where the final products are 

primarily CO(g) and O*[5]. Then the Eadsorbate is calculated from an atomic oxygen 

isolated in a box. 

The energy barrier (Ebar), reaction energy (Er), and reverse energy barrier (Erbar) 

are calculated in Eq. (5-8)-(5-10): 

Ebar = ETS − EIS              (5-8) 

Er = EFS − EIS                (5-9) 

Erbar = ETS − EFS               (5-10) 

where EIS, EFS and ETS refer to the initial-, final- and transition-state energies. The 

vacancy formation energy (Evac) is computed at zero kelvin in Eq. (5-11) (a lower 

value indicates a more energetically favorable condition): 

Evac = (EZnO(101)+vac + Evac−atom) − EZnO(101)        (5-11) 
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where EZnO(101)+vac is the total energy of the system in the presence of the defect, Evac-

atom is the energy of the isolated atom deleted from the vacancy and EZnO(101) is the 

total energy of the system without any vacancy[22]. 

5.3 Results 

5.3.1 Physicochemical characterizations 

The ICP-ES analysis confirmed the actual Cu loading amounts on ZnO (± 0.3 – 

0.6 wt.%). Figure 5-1a and b show the TEM image and STEM image with 

corresponding EELS mapping (the orange area in Figure 5-1b) of spent 10CuZnO 

catalyst, respectively, where Cu was found on the surface of ZnO support. From the 

STEM image in Figure 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 shown in Figure 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 the SEM images of all spent Cu/ZnO catalysts on 

scale of 1 μm (Figure C-4), where no sintering was found. The EDS results from 

Figure C-5 confirmed the existence of Cu and Zn without any other impurities (Zr 

was from YSZ). 

The crystalline structure of 10CuZnO is shown in Figure 5-1a, where the lattice 

interplanar distance of the ZnO phase is measured to be 0.25 nm, which is referred to 

as ZnO (101)[23]. However, Cu showed two different lattice structures with 

interplanar distances of 0.21 nm and 0.3 nm, representing metallic Cu (111) and Cu2O 

(110) phases[24,25], 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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Figure 5-1. (a) TEM image of spent 10CuZnO. (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 the XRD patterns of as-prepared and spent 10CuZnO catalyst. 

The peak information of major phases in as-prepared and spent samples is 

summarized in Table C-1. The XRD patterns of bare ZnO and 60CuZnO are 

summarized in Figure C-6. It was found that ZnO (101), Cu (111) and Cu2O (110) 

had the highest peak intensity in the phases of zinc oxide, metallic copper and copper 

oxide, respectively, and were taken as the major phases. For the synthesized ZnO 

support (Figure C-6a), the as-prepared sample exhibited several peaks within the 

diffraction range, illustrating the crystallinity of a hexagonal wurtzite-structured 

ZnO[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. 

From Figure 5-2a, in addition to the peaks of ZnO, the as-prepared 10CuZnO sample 

showed three new peaks located at 43, 51, and 74 °2θ. These peaks represented Cu 

(111), (200) and (220)[27], 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 

oxidation. However, an additional peak at 30 °2θ appeared in the spent sample, which 

was known as the Cu2O (110) phase[28], and the particle sizes of ZnO and Cu were 

both enlarged (Table C-1). The formation of Cu2O agreed with STEM result. In terms 

of 60CuZnO (Figure C-6b), the larger Cu loading amount on ZnO yielded 

significantly higher peaks of metallic Cu, while the Cu2O phase was still formed after 

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

and Cu2O (110) at 36, 43, and 30 °2θ were calculated to be 0.248 nm, 0.209 nm, and 

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) high-resolution XPS spectra of Cu 2p3/2 and Cu 

LMM for as-prepared and spent 10CuZnO. High-resolution XPS spectra of (c) O 1s 

and (d) Zn 2p for as-prepared ZnO, 10CuZnO and 60CuZnO. 
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Figure 5-2b shows the XPS spectra of Cu 2p3/2 and Cu LMM for as-prepared 

and spent 10CuZnO. The peaks at 931.5, 931.2 and 933.4 eV represented metallic 

copper (Cu0), Cu2O (Cu1+) and CuO (Cu2+)[6], respectively. The detailed Cu 2p 

species information is summarized in Table C-2. From Figure 5-2b, Cu in as-

prepared sample was mainly in its reduced states, where Cu0 and Cu1+ occupied 68% 

and 13% area, respectively, and Cu2+ had 19%. This confirmed the reduction of Cu 

after the pre-treatment in H2. In spent sample, however, the Cu 2p3/2 slightly shifted to 

lower binding energy (dash line) with Cu0 decreased to 53%, while Cu1+ increased to 

28% and Cu2+ remained at 19%. This illustrated that Cu0 was partially oxidized into 

Cu1+ by O2- because of the applied currents. The oxidation state change was also 

confirmed by Cu LMM spectra, which showed a similar trend as Cu 2p3/2. This was 

consistent with XRD patterns showing only a tiny Cu2O peak at 30 °2θ in the spent 

sample. The Cu2+ was formed during the storage as its content stayed constant and Cu 

was prone to oxidation even at RT[29]. Despite the formation of Cu2+, the Cu0 and 

Cu1+ were still the main phases after the reactions due to the protection of ZnO 

support. 

The XPS spectra of O 1s for as-prepared ZnO, 10CuZnO and 60CuZnO are 

compared in Figure 5-2c, with lattice O2- (OL, represents Zn-O bonding) of ZnO 

found at 530 eV, defect O2- (OV, represents oxygen-deficient region) of ZnO observed 

at 531 eV, and adsorbed oxygen (-OH) located at 532 eV[30,31]. It was found that by 

increasing Cu content from 0 to 60 wt.%, the OL increased from 44.19% to 64.23% 

and the OV decreased from 48.58% to 21.47%. Moreover, the OL peak position shifted 

from 530.25 eV to 530.8 eV. This illustrated that Cu/ZnO catalysts with a lower 

Cu/Zn ratio owned a higher amount of oxygen vacancies, which were provided by the 

ZnO phase. 

Figure 5-2d exhibits the XPS spectra of Zn 2p with peaks near 1021 eV and 

1044 eV referred to as Zn 2p3/2 and Zn 2p1/2, respectively. The peak shifts of Zn 2p 

towards higher binding energies further confirmed the decrease of oxygen vacancies 

in Cu/ZnO catalysts with increasing the Cu loading. The detailed XPS data of O 1s 
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and Zn 2p for as-prepared samples are included in Table C-3 and the wide scan 

spectra are shown in Figure C-7. 

5.3.2 Open-circuit activities 

Figure 5-3a shows the open-circuit RWGS activities of Cu, ZnO and Cu/ZnO 

catalysts under stoichiometric conditions across the temperature range of 200 - 400℃. 

The catalytic rates under both oxidizing and reducing conditions are summarized in 

Figure C-8. The RWGS rates of 20CuZnO, which exhibits the best catalytic 

performance, under various conditions are shown in Figure 5-3b. Observations 

indicated a slightly elevated activity in oxidizing conditions compared to 

stoichiometric conditions, while the reaction was most favored under reducing 

conditions. This was because, more CO2 was adsorbed and dissociated into CO on the 

surface of Cu[32] in oxidizing conditions, resulting in high CO production rates, 

while the RWGS was thermodynamically favored in H2-rich atmosphere[33]. 

Considering the low carbon conversion in oxidizing condition and high H2 

consumption in reducing condition, the stoichiometric condition was chosen and 

studied in this work. 

From catalytic investigations, both unsupported Cu NPs and the ZnO support 

were found to contribute to the RWGS rate, which were activated above 340℃. 

However, by loading small amounts of Cu NPs on ZnO, the Cu/ZnO catalysts showed 

apparent superior catalytic rates compared to bare Cu and ZnO and were activated 

above 280℃. This was due to the MSI effect that improved both thermal stability and 

dispersion of the nano-structured catalysts, which were also verified by the SEM 

images and crystallite size evaluation from XRD data. The catalytic rate was 

improved by adding more Cu NPs until a loading amount of 20 wt.%. Further 

increasing Cu to 40 wt.% only resulted in limited enhancement in reaction rate, which 

was then significantly inhibited when Cu reached 60 wt.%. According to the 

evaluation of SBET as summarized in Table 5-1, it confirmed the increasing SBET of 5-

40CuZnO and the decrease in SBET of 60CuZnO. This meant that the increasing 

catalytic activity was due to the enlarging geometric reaction sites. However, the 
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excessive existence of Cu NPs in 60CuZnO led to a decrease in the surface area and 

the reaction rate was inhibited as a result. This was attributed to Cu NPs that were 

prone to agglomeration at high temperatures[6,34], also confirmed in Figure C-2. 

 

Figure 5-3. Light-off curves of (a) all Cu/ZnO catalysts under stoichiometric 

conditions and (b) 20CuZnO catalyst under all reaction conditions. 

Table 5-1. Summary of parameters for Cu/ZnO catalysts at 400℃. 

5.3.3 Electrochemical promotion of catalysis 

Figure 5-4 shows the transient responses of RWGS rates to applied constant 

current of 400 μA over all Cu/ZnO catalysts. The overall catalytic rates under 

polarization are summarized in Figure C-9. All Cu/ZnO catalysts showed EPOC 

effects, where the catalytic reaction rates were promoted gradually upon starting the 

 ZnO 5CuZnO 10CuZnO 20CuZnO 40CuZnO 60CuZnO 

r0 (×10-5 mol s-1 g-1) 7.90 10.2 10.9 12.9 13.7 10.9 

SBET (m2 g-1) 10.47 23.64 30.11 36.77 39.24 25.86 

ρ 1.06 1.13 1.14 1.08 1.06 1.05 

Λ 2.45 3.15 3.16 2.57 2.04 1.76 

RF 1.00 1.22 1.45 1.17 0.86 0.58 
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polarization and achieved new steady-states soon. Once interrupting the applied 

currents, the promoted catalytic rates were decreased and returned to the open-circuit 

rates. The EPOC effects only occurred under positive polarization, indicative of an 

electrophobic behavior[35]. The ρ and Λ used to describe the magnitude of EPOC 

effects are summarized in Table 5-1. 

It was found that 5CuZnO and 10CuZnO had the highest and similar ρ (~1.14) 

and Λ (~3.16), while further increasing Cu loading on ZnO led to declines in the 

values. 40CuZnO and 60CuZnO exhibited restricted EPOC effects with ρ to be 1.06 

and 1.05 and Λ to be 2.04 and 1.76, respectively. Moreover, the open-circuit activities 

of 40CuZnO and 60CuZnO continuously decreased, particularly after polarization. 

These were attributed to the agglomeration of the huge amounts of Cu NPs on ZnO. 

When applying positive polarization across the catalysts, the O2- in ZnO bulk were 

supplied towards Cu NPs thorough the oxygen vacancies. As a result, the metallic Cu 

was partially oxidized into Cu2O and the catalytic rate was enhanced accordingly as 

Cu2O was a more active phase which could adsorb CO2 with simultaneous CO 

production[6]. Moreover, DFT calculations also supported that CO2 was less likely to 

bond with Cu (111)[1], which was the primary phase of the Cu NPs in this study, but 

was more likely to interact with Cu2O (110)[3], the newly identified Cu phase after 

polarization as per the STEM and XRD results. When the polarization was stopped, 

the continuous supplement of O2- was also interrupted. The formed Cu2O was reduced 

back to metallic Cu by H2 and the catalytic activities returned to the initial states. 

However, ZnO also showed an electrophobic EPOC behavior, demonstrating the 

existence of oxygen vacancies within the structure that enabled the migration of O2- 

from ZnO bulk to ZnO surface, which contributed to the enhanced rate. This property 

was important as it ensured that ZnO served as an appropriate substrate for Cu in 

EPOC by providing sufficient O2- through abundant oxygen vacancies under 

polarization. After loading Cu NPs, the MSI effect between Cu and ZnO contributed 

to the improvements in EPOC effects since the active phases of reduced states of Cu 

were maintained and protected by the ZnO phase. When the Cu loadings reached 20 
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wt.%, less oxygen vacancies were available due to the fewer amounts of ZnO and 

agglomeration of Cu NPs. The EPOC effects were thereby inferior to those of 

5CuZnO and 10CuZnO which were enriched with ZnO phase. Also, from Figure C-9, 

applying currents of 300 μA and 200 μA resulted in worse EPOC effects. This was 

associated with less O2- supplement at weaker applied currents. 

 

Figure 5-4. Transient responses of CO rates to applied constant current of 400 μA for 

all Cu/ZnO catalysts under stoichiometric conditions at 400℃. 

5.3.4 Density functional theory 

To clarify the source of oxygen in Cu2O formed during EPOC tests and explore 

the potential lattice oxygen provision mechanism in the ZnO structure, DFT 

calculations were performed as a theoretical study. The electronic density of states 

(DOS) curves of bulk ZnO shown in Figure C-10 serve as validation for the 

calculations. The symmetry observed in both spin-up and spin-down contributions 

indicated a zero magnetic moment. From Figure C-10a, the Fermi level was close to 

the valence band (VB), indicative of a type p semiconductor behaviour with a band 



135 

 

gap energy (Eg) of 3.2 eV, closely aligning with the experimental values and 

consistent with reported theoretical results[36]. From Figure C-10b, the projected 

DOS curves revealed three regions within the valence band: a deep segment (between 

-15 and -20 eV) primarily composed of O-2s states, a middle region (between -5 and -

10 eV) dominated by Zn-3d and O-2p states, and a shallow portion (between -5 eV 

and EF) mainly derived from O-2p states. Notably, a Zn-3d peak was observed around 

8.7 eV, and the O-2p width was approximately 5 eV. These findings were in good 

agreement with experimental band compositions, Zn d peak and O p bandwidth 

values[37,38]. 

The calculations carried out on the ZnO (101) surface models described above 

attempted to evaluate the preference for oxygen supply during electrooxidation. Two 

potential alternatives were taken into account. The first alternative involved the 

supply of oxygen from the gas phase (O*), while the second considered the migration 

of lattice oxygen from the ZnO phase (Omigrated), originating from a layer beneath the 

exposed surface. Figure 5-5 shows the schematic views of the Cu/ZnO (101) surfaces 

under different conditions. The adsorption energies of Cu and O* on different sites and 

the bond distances for the most stable configurations are summarized in Table C-4 

and C-5, respectively. 

Initially, the adsorption of Cu on ZnO was identified as a favorable process, 

exhibiting an adsorption energy of -5.90 eV. Cu was adsorbed on a B1 site, resulting 

in a final Cu1-O1 bond length of 1.82 Å, closely resembling the distance observed in 

Cu2O surface oxide reported in the literature[39]. Meanwhile, the Zn1-O1 bond length 

was elongated by approximately 0.11 Å with respect to the bare surface (Figure 5-5a 

and Table C-5). Upon considering O*, our results showed that the most stable site was 

on the Cu atom at a Cu1-O
* distance of 2.80Å (Figure 5-5b) with an adsorption 

energy of -0.63 eV, indicating a favourable process. In this case, the Zn-O distances in 

the support remained unaltered. After the adsorption of the second Cu atom, the Cu1-

Cu2 distance measured 2.59 Å (Figure 5-5c). The adsorption energy of the second Cu 

was -4.11 eV at a T1 site, resulting in final Cu1-O1(support) and Cu2-O1(support) distances 
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of 1.86 Å and 1.93 Å, respectively (Figure 5-5c). Meanwhile, the Zn1-O1 distance 

elongated to 2.06 Å (compared to a distance of 1.82 Å in bare support). In this system, 

the O* was adsorbed in a bridge configuration on the Cu dimer at a Cu-O* distance of 

3.48 Å, with an adsorption energy of -0.28 eV (Figure 5-5d). All these results 

indicated that Cu preferred adsorption sites close to surface O(support), and gas-phase O* 

exhibited a tendency to localize near a single Cu species with a more favourable O* 

adsorption energy (-0.68 eV) rather than near a Cu dimer with a less favourable O* 

adsorption energy (-0.28 eV). This simulated behavior explained that the presence of 

Cu2O instead of CuO in spent sample as shown in STEM (Figure 5-1a) and XRD 

(Figure 5-2a) after electrocatalytic experiments implied that the oxidation of Cu was 

less likely attributed to CO2 in the gas phase. Moreover, the support experienced only 

minimal distortion in their lattice distances throughout this adsorption process, which 

were less than 4% in the case of a Cu dimer. 

 

Figure 5-5. Schematic view of (a) ZnO (101) surface after Cu adsorption, (b) Cu/ZnO 

(101) system after O* adsorption, (c) Cu/ZnO (101) system after Cu adsorption and (d) 

2Cu/ZnO (101) system after O* adsorption. The green oxygen atom represents the O*. 
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To investigate the migration of oxygen from the support to a position between 

the Cu-Cu bridge, we first determined the O vacancy formation energy and Zn 

vacancy formation energy, resulting in values of 3.59 eV (VO1) or 2.70 eV (VO2) and 

7.15 eV (VZn1) or 7.35 eV (VZn2). Subsequently, we displaced the O1 lattice oxygen 

upwards until the Cu-O distance reached approximately 1.80 Å, similar to the metal-

oxide distance in a Cu2O surface. 

The energy vs. step curve in Figure 5-6 illustrated that the more favorable 

process involved the use of lattice oxygen from ZnO for the formation of a Cu2O 

surface species. The lattice oxygen migration exhibited a small activation energy of 

approximately 0.25 eV, and the system stabilized with a favorable energy difference 

of about 0.385 eV compared to the initial location in the ZnO lattice. Moreover, the 

final Cu-Omigrated distance (1.80 Å) due to ZnO lattice oxygen migration was found 

significantly shorter than the Cu-O* distances (2.80 Å for a single Cu or 3.48 Å for a 

Cu dimmer) due to O* adsorption in the gas phase. The most energetically favorable 

configuration entailed Cu1-Cu2, Cu1-O1 and Zn1-O1 distances of approximately 2.50 Å, 

1.80 Å and 4.04 Å, respectively. 

Furthermore, given that the XRD patterns of the as-prepared samples showed no 

observation of Cu2O peak and an Ebar of 0.25 eV was required, the spontaneous 

process of O migration from ZnO to Cu in MSI did not occur herein. Instead, energy 

input from the outside was necessary to initiate migration, which could be attributed 

to the applied currents/potentials. Once O reached the Cu phase, the formation of 

Cu2O was favored with an energy drop of 0.535 eV.  The regeneration of ZnO lattice 

oxygen could be achieved by O* from the CO2 dissociation, mediated by the energy of 

electrooxidation. All these results supported the idea of lattice oxygen provision in a 

Mars Van Krevelen mechanism and indicated that the origin of O in Cu2O was from 

ZnO, which could only happen under polarization. 
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Figure 5-6. Energy vs Step curves of the O1 migration of the ZnO (101) surface after 

two Cu atoms adsorption. The pink atom indicates the migrating oxygen. The 

graphics inserts present the initial, transition and final configuration. 

5.3.5 Electrochemical characterizations 

CV is commonly applied to the catalyst-working electrode to investigate the 

redox properties of materials and provide in-situ information about the 

electrochemical processes and changes in the oxidation states, and thus is widely used 

in EPOC studies as an electrochemical characterization method[6,7,31]. Figure 5-7a 

and b show the CVs of as-prepared Cu/ZnO catalysts deposited on YSZ in Argon at 

400℃. The CVs cycled from -0.8 V to 1.5 V and then back to -0.8 V at a scan rate of 

20 mV s-1, where the anodic cycle involved electro-oxidation and the cathodic cycle 

involved electro-reduction. The fifth cycle of each CV curves was chosen as the stable 

one. The CVs of bare ZnO support and free-standing Cu are shown in Figure C-11. 

ZnO showed no anodic peaks but one cathodic peak (~ -0.3 V), whose shape was 

similar to ZnO film reported elsewhere[40]. This meant the synthesized ZnO could 

only be electro-reduced in cathodic cycle, indicating its fully oxidized state and 

confirming the existence of oxygen vacancies that allowed migrations of O2-. 

However, the free-standing Cu showed one anodic peak AI (~ 0.6 V), representing 

partial oxidation of Cu to Cu2O, and two cathodic peaks CI (~ 0.6 V) and CII (~ 0.3 

V), representing stepwise reduction of CuO to Cu2O and then to metallic Cu[6]. The 
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sharp increase in anodic currents after 1 V represented oxygen evolution reaction 

(OER) at tpb[7]. When supporting Cu NPs on ZnO, the CVs of Cu/ZnO catalysts 

were similar to that of free-standing Cu rather than bare ZnO. This was attributed to 

the Cu that functioned as an active phase in Cu/ZnO and could be easily electro-

oxidized/reduced by O2-. However, the apparent differences in shapes indicated 

distinct electrochemical properties. From Figure 5-7a and b, in addition to peak AI, a 

new anodic peak AII (~ 0.9 V) appeared in 5-40CuZnO, which was absent in 

60CuZnO. The peak AII represented the oxidation of Cu2O to CuO and was visible 

when Cu was not the main phase. In 5-40CuZnO, small amounts of Cu NPs on ZnO 

were fully oxidized, resulting in two anodic peaks. Nevertheless, Cu in 60CuZnO was 

partially oxidized to Cu2O due to its huge content, and only the peak AI was shown 

accordingly. 

Figure 5-7c summarizes the peak locations of AI, AII, CI and CII. It was found 

that the two anodic peaks shifted to more negative potentials initially and then 

returned to more positive potentials as increasing the Cu loading, while the two 

cathodic peaks exhibited exactly the opposite phenomenon. This further confirmed 

that 10CuZnO, which showed the most negative anodic peak positions and the most 

positive cathodic peak positions, was the easiest catalyst for electro-

oxidation/reduction, indicative of its highest ability to be polarizable. On the contrary, 

20-60CuZnO were more challenging to be electro-oxidized/reduced and thus less 

polarizable. 
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Figure 5-7. CVs at 400℃ in Argon for (a) 5-20CuZnO and (b) 20-60CuZnO; (c) Peak 

locations of AI, AII, CI and CII; (d) Effects of Cu loadings on RF and SBET; 

Correlation between (e) Λ and RF, and (f) r0 and SBET of Cu/ZnO catalysts. 

5.3.6 Electrochemical active surface area 

The ECSA is commonly used to estimate the activities of electrocatalysts and 

larger ECSAs represent more electrochemical active reaction sites[41]. Therefore, it is 

possible to perform ECSA evaluations in EPOC studies that involve the 

electrochemical migration of ions through the active sites and find out the origin of 

ECSA and a relationship between the significance of ECSA and EPOC effects. 
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However, the ECSA is mostly obtained by dividing the Cdl of the catalysts by a 

specific capacitance (Cs) which describes the capacitance of an ideal catalyst surface 

in liquid phase[9]. To apply the ECSA in EPOC with solid-gas phases and avoid using 

Cs, the RF is proposed to characterize the relative ECSA of the catalysts[42]. In this 

case, the Cdl of modified catalysts (Cu/ZnO) are normalized against that of 

unmodified catalyst (bare ZnO) to establish the RF[43,44], as Cdl reliably indicates 

ECSA due to their consistent positive relationship[45,46]. Since an effective double-

layer is also formed during polarization in EPOC, the Cdl evaluation is considered 

appliable in this work. 

The CVs of Cu/ZnO catalysts at various scan rates are shown in Figure C-12a, 

where no peaks were found within the range, meaning no Faradaic reactions happened. 

By increasing the scan rate from 20 mV s-1 to 200 mV s-1, the current densities were 

increased accordingly. The slope obtained from the plot of current density vs. scan 

rate represented the Cdl value. The corresponding plots and Cdl values of all Cu/ZnO 

catalysts are summarized in Figure C-12b. The resulting RF values of Cu/ZnO 

catalysts are concluded in Table 5-1 with RF of ZnO to be 1. The influences of Cu 

loadings on RF and SBET of all Cu/ZnO catalysts are shown in Figure 5-7d. It was 

found that 5CuZnO and 10CuZnO had RF values of 1.22 and 1.45, respectively, both 

larger than ZnO. When further increasing the Cu loading, however, the RF began to 

decline and reached the bottom value of 0.58 for 60CuZnO. This indicated that the 

ECSA of Cu/ZnO was improved initially and then deteriorated drastically with an 

increase in the Cu content. It should also be noted that, although 10CuZnO exhibited 

the largest RF values, 20-40CuZnO showed the highest SBET values. The 

inconsistency demonstrated that the specific surface area was different from 

electrochemical active surface area, which was more suitable for estimating 

electrochemical reactions. 

Figure 5-7e and f show the correlation between Λ and RF, as well as r0 and SBET 

of Cu/ZnO catalysts, respectively. As a comparison, the relationship between r0 and 

RF, as well as Λ and SBET are shown in Figure C-13. Figure 5-7e elucidated a clear 
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positive correlation between Λ and RF, while r0 showed no correlation with RF 

(Figure C-13a). In contrast, Figure 5-7f revealed a pronounced positive correlation 

between r0 and SBET, whereas Λ exhibited no relationship with SBET (Figure C-13b). 

The consistency between Λ and RF demonstrated that larger ECSAs contributed to 

stronger EPOC effects under the same polarization. In EPOC, the induced change in 

the catalytic rate (= r - r0) exceeded the electrocatalytic rate (= I/nF) expected by 

Faraday’s law[35], which was equal to the transport rate of the promoting species (O2- 

in this study). This indicated each O2- supplied to the catalyst created additional active 

sites[47], whose magnitude was characterized by Λ. 

Consequently, it could be concluded that larger ECSAs promoted the formation 

of additional active sites, thereby benefiting the EPOC effects. Moreover, according to 

the XPS results, the origin of ECSA was possibly the oxygen vacancies provided by 

ZnO. That was, 5-10CuZnO catalysts enriched with ZnO phase had more oxygen 

vacancies, enabling easier O2- transport via larger ECSAs during polarization and 

formation of more active sites subsequently. On the contrary, the ECSAs of 20-

60CuZnO catalysts were decreased due to the lack of ZnO phase and poor EPOC 

effects were shown accordingly. This also agreed with the results from Figure 5-7c 

and indicated that the polarizability of Cu/ZnO catalyst was related to ECSA and thus 

to oxygen vacancies. The correlation between r0 and SBET was also uncovered in 

Section 5.3.2 regarding open-circuit activity. 

5.4 Conclusion 

In this study, Cu/ZnO catalysts showed improved activities for RWGS reaction, 

attributed to both the MSI effect and the enlarged specific surface area. The most 

active 20-40CuZnO catalysts demonstrated SBET achieving 38 m2 g-1. Upon applying 

constant positive currents to the catalyst-WE, both ZnO and Cu/ZnO catalysts 

displayed an increase in the catalytic rate, which returned to its initial value after the 

current interruption. The electrochemical promotion was most pronounced in the 

10CuZnO catalyst, characterized by the highest ρ of 1.14 and Λ of 3.16. 
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Physicochemical characterizations including STEM, XRD, and XPS revealed the 

formation of Cu2O (110) during polarization, which was considered responsible for 

the observed rate enhancement. To validate the source of oxygen in Cu2O, DFT 

calculation was employed, shedding light on the potential mechanism. The results 

supported the idea of lattice oxygen migration from bulk ZnO to the Cu surface, 

influenced by polarization. CV as an electrochemical characterization method 

reflected distinct electrochemical properties for each Cu/ZnO catalyst, with 10CuZnO 

exhibiting the best polarizability. The relative ECSA, determined from CVs and 

characterized by RF, also attained the highest value of 1.45 in 10CuZnO. The 

consistency between RF and Λ indicated that Cu/ZnO catalysts enriched with ZnO 

phase possessed more oxygen vacancies, thereby guaranteeing larger ECSAs. This 

feature was conducive to achieving a stronger EPOC effect by promoting O2- 

migration. These results suggest that the development of multi-phase catalyst-WE in 

future EPOC research should focus on creating MSI involving highly active metals 

and non-noble metal oxide supports that are chemically stable, ionically conductive, 

and rich in oxygen vacancies. 
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Appendix C: Supplementary Information for Chapter 5 

 

Figure C-1. Schematic view of high symmetrical possible adsorption sites on the ZnO 

(101) surface. The B1, B2, and B3 indicate the Zn-Zn bridge sites with different 

chemical environments. The H1 and H2 represent the hollow sites. The T1 and T2 

labels show the Top sites on the O atoms, while the T3 and T4 are the Top sites on Zn 

atoms. The Zn and O highlighted atoms are those chosen to generate the different 

types of vacancies. The white and yellow full (VZn1 or VO1) and dotted (VZn2 or VO2) 

lines correspond to Zn and O vacancies. 

 

Figure C-2. HAADF-STEM image of (a) bare ZnO and (b) unsupported Cu NPs. 
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Figure C-3. SEM images of (a) as-prepared and (b) spent unsupported Cu NPs 

deposited on YSZ on scale of 1 μm. 

 

Figure C-4. SEM images of spent (a) ZnO, and (b) 5wt.%, (c) 10wt.%, (d) 20wt.%, 

(e) 40wt.%, and (f) 60wt.%Cu supported on ZnO on the scale of 1 μm. 
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Figure C-5. EDS spectrums of (a) 10CuZnO and (b) 60CuZnO. 
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Table C-1. Summary of major peak positions and corresponding interplanar distances 

(d), full width at half maximum (FWHM) and crystallite sizes (L). n=1, λ=0.15418 

nm, K=0.9. 

ZnO 

as-prepared  spent 

 2θ 
d 

(nm) 
FWHM (rad) size (nm)   2θ 

d 

(nm) 
FWHM (rad) size (nm) 

ZnO (101) 36.16 0.248 0.00577703 25.26718  ZnO (101) 36.18 0.248 0.00551524 26.46807 

Cu (111) N/A N/A N/A N/A  Cu (111) N/A N/A N/A N/A 

Cu2O (110) N/A N/A N/A N/A  Cu2O (110) N/A N/A N/A N/A 

10CuZnO 

as-prepared  spent 

 2θ 
d 

(nm) 
FWHM (rad) size (nm)   2θ 

d 

(nm) 
FWHM (rad) size (nm) 

ZnO (101) 36.18 0.248 0.00678933 21.50106  ZnO (101) 36.18 0.248 0.00532325 27.42266 

Cu (111) 43.28 0.209 0.00432841 34.48922  Cu (111) 43.22 0.209 0.00376991 39.59052 

Cu2O (110) N/A N/A N/A N/A  Cu2O (110) 30.02 0.297 0.00371755 38.64475 

60CuZnO 

as-prepared  spent 

 2θ 
d 

(nm) 
FWHM (rad) size (nm)   2θ 

d 

(nm) 
FWHM (rad) size (nm) 

ZnO (101) 36.18 0.248 0.0056025 26.0558  ZnO (101) 36.16 0.248 0.00574213 25.42077 

Cu (111) 43.22 0.209 0.00446804 33.4045  Cu (111) 43.22 0.209 0.00401425 37.18066 

Cu2O (110) N/A N/A N/A N/A  Cu2O (110) 29.98 0.297 0.00438077 32.79108 
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Figure C-6. XRD patterns of as-prepared and spent (a) bare ZnO and (b) 60CuZnO. 
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Table C-2. XPS data of Cu 2p for as-prepared and spent 10CuZnO. 

 

  

Element Composition Position (eV) FWHM %Area 

  as-

prepared 
spent as-prepared spent as-prepared spent 

Cu 2p1/2 N/A 951.3 951.3 N/A N/A N/A N/A 

Cu 2p3/2 

Cu0 931.5 931.5 1.60 1.68 67.62 53.26 

Cu1+ 931.3 931.2 0.78 1.09 12.93 27.54 

Cu2+ 933.5 933.4 2.01 2.49 19.45 19.20 
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Table C-3. XPS data of Zn 2p and O1s for as-prepared ZnO, 10CuZnO and 60CuZnO. 

 

 

Catalyst Element Composition Position (eV) FWHM %Area 

ZnO 

O 1s OL 530.25 1.103 44.19 

 OV 531.02 1.969 48.58 

 -OH 532.26 1.41 7.23 

Zn 2p Zn 2p1/2 1044.05 N/A N/A 

 Zn 2p3/2 1021.03 N/A N/A 

10CuZnO 

O 1s OL 530.29 1.007 50.29 

 OV 531.08 1.942 44.43 

 -OH 532.19 1.242 5.28 

Zn 2p Zn 2p1/2 1044.45 N/A N/A 

 Zn 2p3/2 1021.43 N/A N/A 

60CuZnO 

O 1s OL 530.8 1.063 64.23 

 OV 531.64 1.394 21.47 

 -OH 532.74 1.318 14.3 

Zn 2p Zn 2p1/2 1045.26 N/A N/A 

 Zn 2p3/2 1022.13 N/A N/A 
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Figure C-7. Wide scan XPS spectra of as-prepared ZnO, 10CuZnO and 60CuZnO. 

 

Figure C-8. Light-off curves for all Cu/ZnO catalysts under (a) oxidizing and (b) 

reducing conditions. 
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Figure C-9. Overall transient responses of CO rates to applied constant currents for all 

Cu/ZnO catalysts under stoichiometric conditions at 400℃. 
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Figure C-10. Total (a) and projected (b) DOS curves of wurtzite ZnO bulk. The Fermi 

level is the dotted line at zero. The insert represents the wurtzite ZnO unit cell, where 

the grey and red spheres are the Zn and O atoms, respectively. 

Table C-4. The adsorption sites and energies of adsorbed Cu- and O-atom on ZnO 

(101) surface. 

 Eads (eV) 

Adsorption site/ Atom Cu O* 

B1 -5.90 - 

B2 -3.52 - 

B3 -3.55 - 

H1 -4.10 -0.63 

H2 -0.72 -0.50 

T1 -4.01 -0.49 

T2 -3.53 -0.36 

T3 -4.87 -0.57 

T4 -3.90 -0.58 

Top Cu - -0.54 
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Table C-5. Bond distances for the most stable configurations. 

 

Distances (Å) 

System ZnO(101) Cu/ZnO(101) Cu/ZnO(101) + O* 2Cu/ZnO(101) 2Cu/ZnO(101) + O* 

Bond type      

O1 - Zn1 1.82 1.93 1.92 2.06 1.99 

O2 - Zn1 1.84 1.87 1.87 1.96 1.98 

O2 - Zn2 1.85 1.87 1.87 1.98 1.99 

Cu1 - O1 - 1.82 1.83 1.86 1.92 

Cu1 - O4 - 1.82 1.83 1.79 1.83 

O* - Cu1 - - 2.80 - 3.49 

O* - Cu2 - - - - 3.48 

O* - Zn1 - - 4.53 - 5.28 

O* - Zn2 - - 3.70 - 4.06 

Cu2 - Cu1 - - - 2.59 2.45 

Cu2 - O1 - - - 1.93 1.94 

Cu2 - O2 - - - 1.93 1.95 

Cu2 - Zn1 - - - 2.48 2.53 
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Figure C-11. CVs at 400℃ in Argon from -0.8 V to 1.5 V at a scan rate of 20 mV s-1 

for unsupported Cu NPs and bare ZnO. 
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Figure C-12. CVs at various scan rates (a) and corresponding plots of current densities 

vs. scan rates (b) of all Cu/ZnO catalysts for Cdl evaluation. 

 

Figure C-13. Relationships between (a) r0 and RF, and (b) Λ and SBET of Cu/ZnO 

catalysts. 
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Chapter 6: Electrochemical Promotion of Catalysis by Lithium-

Ion 

Adapted from: J. Wang, S. Yan, K. E. Salem, C. Panaritis, M. S. E. Houache, Y. Abu-

lebdeh, D. Higgins, E. A. Baranova, 2024, ACS Catalysis (under review). 

Abstract: This research explores the application of lithium lanthanum titanate (LLTO) 

as the solid electrolyte in EPOC for both CO oxidation and reverse water gas shift 

(RWGS) reaction due to its lithium ion (Li+) conductivity. Iron-oxide (FeOx) 

nanowires and Platinum (Pt) film are used as catalysts and deposited on LLTO. The 

applied polarization introduced EPOC effects, where Li+ is found to migrate and 

interact with metal catalysts under polarization according to physicochemical 

characterizations like STEM, XRD and XPS. The difference in EPOC behaviors 

indicates distinct interactions, where FeOx reacts with Li+ as FeOx is prone to redox 

processes, while Pt does not exhibit similar interactions owing to its chemical stability. 

Cyclic voltammetry (CV) provides in situ insights into the electrochemical reactions 

and confirms that the interaction between metal/metal oxide and migrated Li+ plays a 

critical role in exhibiting EPOC effects. 

6.1 Introduction 

EPOC has been widely utilized in the field of energy conversion processes with 

various catalytic systems[1]. In these studies, metal catalysts are typically deposited 

on YSZ and β’’-Al2O3. However, a significant challenge arises from the limited 

electrical and ionic conductivities of these materials at reduced temperatures. This 

restricts the broader application of EPOC, especially impacting its efficiency in 

reactions requiring lower operational temperatures. Consequently, exploring solid 

electrolytes that are capable of maintaining high electrical and ionic conductivity at 

lower temperatures is necessary. Lithium lanthanum titanate (LLTO), chemically 

denoted as LiLaTiO3 and part of the perovskite family, is known for its excellent 

electrochemical properties and advantageous application as solid electrolyte in 
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lithium-ion (Li+) batteries[2]. Its unique crystal structure allows for significant ionic 

mobility, making it particularly effective in conducting Li+, with the ionic 

conductivity ranging from 10-3 to 10-7 S cm-1 at room temperature[3]. Additionally, 

LLTO exhibits significant electrical conductivity, crucial for minimizing interface 

resistance and enhancing charge transfer efficiency between the electrolyte and 

electrodes[4]. This, combined with its chemical stability at elevated temperatures[5], 

positions LLTO as a promising solid electrolyte candidate in EPOC studies 

considering its ability to facilitate efficient ion transport and maintain structural 

integrity under operational conditions. 

In this study, LLTO is utilized as the solid electrolyte in EPOC, representing a 

significant innovation in this area by employing Li+ as the promoting ionic species for 

the first time. To broaden the scope of the investigation, both CO oxidation and 

RWGS reaction are selected as the target conversion reactions. CO oxidation is an 

ideal model for surface science studies due to its simplicity[6], while RWGS is 

regarded as a practical and promising CO2 hydrogenation process as it is often 

combined with the Fischer-Tropsch (FT) process to produce a wide range of liquid 

hydrocarbons and chemicals[7]. Iron oxide (FeOx) is chosen as one of the catalysts 

because it is a non-noble metal oxide susceptible to changes in oxidation state and 

demonstrates activity in both reactions. In contrast, the noble metal Pt is used for 

comparison with FeOx, as it is chemically stable and resistant to oxidation[8]. 

The EPOC experiments are conducted on Fe/LLTO and Pt/LLTO systems for 

both reactions under applications of various constant voltages/currents and reaction 

conditions. Distinct observed EPOC behaviors are elucidated through proposed 

mechanisms involving the electrochemical interactions between the metal/metal oxide 

catalysts and Li+ from LLTO. Cyclic voltammetry is employed as electrochemical 

characterizations to provide in situ insights into these interactions. Additional 

physicochemical characterizations, including STEM, SEM, XRD, and XPS are 

utilized to confirm the catalyst morphology, changes in metal oxidation states, and Li+ 

migration under polarization. This research highlights the potential of LLTO in EPOC 
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and lays a foundational work for future studies in this field. 

6.2 Experimental 

6.2.1 Preparation of catalyst and electrochemical cell 

The FeOx nanowires were prepared by the polyol synthesis method, following 

the procedures as mentioned in Chapter 2. Typically, iron precursor (iron (III) nitrate 

(Fe(NO3)3) was dissolved in ethylene glycol (EG, Fisher Chemical). Then 0.12 M 

tetramethylammonium hydroxide (TMAOH, pentahydrate, 97+%, Sigma-Aldrich) 

solution was added to increase the pH to 12. The mixture, exhibiting a turbid yellow 

colour, underwent stirring at room temperature (RT) for a duration of 30 minutes. 

Following this, the mixture was heated up to 160 °C from RT under reflux conditions, 

after which it was allowed to cool down to RT. The resulting FeOx nanowires were 

stored in colloidal solution with a concentration of 2 mg mL-1. 

In this study, the LLTO was utilized as the solid electrolyte, which was prepared 

as described elsewhere[10] and shaped into a disc with dimensions of 13 mm in 

diameter and 1 mm in thickness. Two electrodes, made of gold, were applied on one 

side of the disc using gold paste (Ted Pella, 16022) following the same procedures as 

described in Chapter 2.  

In the process of fabricating the catalyst-working electrode, the FeOx nanowires 

were applied using a wet deposition method as mentioned in Chapter 2, with the final 

loading to be 0.3 mg cm-2. The Pt film was prepared using the physical vapor 

deposition (PVD) method via electron beam evaporation, where metallic Pt was 

deposited onto the LLTO surface, opposite the CE. The thickness of the Pt film was 

adjusted by varying the evaporation time, with Pt-100 denoting a thickness of 100 nm 

and Pt-50 a thickness of 50 nm. Subsequently, the catalyst-WE was covered with a 

gold mesh to ensure electrical conductivity and a porous fritted disc made of 

borosilicate was used to secure the electrochemical cell in a sandwich-like 

configuration. 
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6.2.2 Experimental setup 

The assembled electrochemical cell and reactor setup are as shown in Chapter 2. 

Gas inputs for RWGS, including hydrogen (H2, Messer, 99%), carbon dioxide (CO2, 

Messer, 99%), and argon (Ar, Messer, 100%), were supplied to the reactor through 

separate mass flow controllers (MFC, MKS Instruments). The CO2:H2 inlet ratios 

were adjusted to 1:1, 3:1, and 1:6 by modulating the flowrates, while maintaining a 

total flow rate of 100 mL min-1. As for CO oxidation, carbon monoxide (CO, Messer, 

10% in Ar), oxygen (O2, Messer, 99%), and argon (Ar, Messer, 100%) were fed to the 

reactor. The effluent gas composition was analyzed using CO analyzer and CO2 

analyzer, respectively. The deposited catalysts underwent a pre-treatment in the 

reactor prior to experimental runs, as detailed in Chapter 2. 

6.2.3 Electrochemical measurements 

Electrochemical measurements were conducted using a potentiostat-galvanostat 

(Arbin Instruments, MSTAT). The EPOC tests were carried out by applying constant 

currents or voltages across the catalyst-WE and CE and were characterized by the rate 

enhancement ratio (ρ) and apparent Faradaic efficiency (Λ) from Eq. (6-1) and (6-2), 

respectively: 

ρ = r r0⁄                  (6-1) 

|Λ| = (r −  r0) (I nF⁄ )⁄               (6-2) 

where r refers to the rate observed after applying polarization, r0 represents the open-

circuit rate before polarization, I is the applied current or current response to the 

applied voltage, F is the Faradaic constant, and n is the number of electrons 

transferred, which is 2 for both RWGS reaction and CO oxidation. The unit of the 

reaction rate is expressed as moles of product gas per second per gram of catalyst, 

denoted as (mol s-1 g-1). 

Cyclic voltammetry (CV) was performed under reaction conditions using the 

potentiostat-galvanostat (Arbin Instruments, MSTAT) with a scan rate of 10 mV s-1. 
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6.2.4 Physicochemical characterizations 

Physicochemical characterizations of the catalysts were conducted using both as-

prepared samples collected subsequent to pre-treatment and spent samples obtained 

after all electrocatalytic experiments. The sample was labeled as ‘RWGS spent’ after 

RWGS reaction and ‘CO spent’ after CO oxidation. 

Scanning Transmission Electron Microscopy (STEM) was used to perform the 

structural and elemental analysis of the as-prepared and spent samples. Scanning 

Electron Microscopy (SEM, JSM-7500F FESEM) was employed to assess the 

morphology of the as-prepared and spent samples deposited on LLTO. Additionally, 

an Energy-dispersive X-ray spectrometer (EDS) integrated with the microscope was 

utilized to characterize the elemental compositions of the catalysts. X-ray Diffraction 

(XRD) analysis was carried out on both as-prepared and spent catalyst samples to 

evaluate changes in the crystalline structure. The identification of peaks was 

accomplished by using the Powder Diffraction File (PDF) database. X-ray 

photoelectron spectroscopy (XPS) spectra were measured on a Kratos AXIS Nova 

spectrometer equipped with an Al X-ray source to determine the oxidation state and to 

identify the presence of Li. High resolution spectra for Fe 2p, O 1s, C 1s, Pt 4f and Li 

1s were recorded in the appropriate regions with the binding energies referred to the 

C1s peak at 284.8 eV. The XPS peaks were fitted using Shirley background 

corrections and the Gaussian-Lorentzian shape function in CasaXPS software. 

6.3 Results and Discussions 

6.3.1 Physicochemical characterizations 

Figure 6-1a and b display the TEM image and EELS mapping of the RWGS 

spent Fe catalyst, illustrating microstructure of the material and distribution of 

elements where Fe is shown in blue, O in green, and C in red. From Figure 6-1a, a 

layer was found on the catalyst surface, which was amorphous and approximately 5 

nm in thickness, as detailed in Figure D-1. The EELS mapping shown in Figure 6-1b 

highlighted the O area positioned outside the Fe region, creating a core-shell structure 



166 

 

of Fe(core)-O(shell). Moreover, the C map was divided into two distinct regions. One 

region, where C overlapped with Fe but not with O, suggested the formation of iron 

carbide (Fe3C). The other region showed C attached to the O layer but not 

overlapping with Fe, indicating the likely formation of lithium carbonate (Li2CO3). 

This was consistent with the amorphous layer observed in Figure 6-1a and aligned 

with previous findings of Li2CO3 coated FeOx catalysts[12]. The presence of Li2CO3 

will be further verified by subsequent XPS analyses. 

 

Figure 6-1. TEM image (a) and EELS mapping (b) of RWGS spent Fe/LLTO. 

Figure D-2 shows the SEM images and corresponding EDS spectrums of as-

prepared, CO spent, and RWGS spent Fe catalyst samples. The as-prepared sample 

was characterized by the unique nanowire structure of FeOx catalyst. However, the 

CO spent and RWGS spent samples showed that the original morphology transformed 

significantly to a porous structure. The pores were irregularly shaped and distributed 

throughout the material, indicating a breakdown of the initial nanowire architecture. 

The change in the structure was possibly attributed to the reactions occurring at the 

catalyst surface, leading to material degradation and restructuring. The elemental 

composition analysis using EDS identified the presence of C, O, Li, and La without 

any other impurities. 

Figure 6-2 shows the high-resolution XPS spectra of as-prepared, CO spent, and 

RWGS spent Pt-50/LLTO and Fe/LLTO samples for Li 1s and C 1s. The detailed XPS 

species information is summarized in Table D-1. The wide scans of Pt-50/LLTO and 
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Fe/LLTO samples are shown in Figure D-3. The high-resolution XPS spectra for Pt 4f, 

Fe 2p, and O1s are included in Figure D-4. Figure 6-2a, focusing on Li 1s & Pt 5p in 

Pt-50/LLTO, shows a broad peak at 51 eV identified as Pt 5p3/2, and a peak at 55 eV 

corresponding to Li2CO3[13,14]. It was found that Li2CO3 peak appeared only in the 

spent samples, indicative of the Li+ migration due to polarization. 

The formation of Li2CO3 was further confirmed through C 1s spectra shown in 

Figure 6-2b, where the carbonate peak located at 290 eV[13] was also exclusive to 

spent samples. A comparison between the two spent sample types revealed that the 

area percentage of Li2CO3 was greater in RWGS spent samples (16.48%) than in CO 

spent samples (6.86%), which will be elaborated on later regarding its decomposition 

in O2-rich environments. The Pt 4f spectra in Figure D-4a indicates that the Pt 

remains at its metallic state (Pt0)[15] and is chemically stable throughout the reactions 

without oxidation state changes. The O 1s spectra in Figure D-4b shows that the 

dominant oxygen species is C-O/C=O[16], affiliated to CO/CO2 adsorption on the Pt 

surface. 

As for the Fe/LLTO samples, the peaks at 53.5, 56.3, and 58.5 eV in Figure 6-2c 

regarding Li 1s & Fe 3p are identified as Fe0, Fe2+ and Fe3+, respectively[17]. The 

apparent presence of Fe0 in as-prepared sample indicated a reduced state of Fe 

catalyst attributed to pre-treatments, although the main phase was Fe2+ due to sample 

oxidation when exposed to air during storage. Similarly, in CO and RWGS spent 

samples, the appearance of the Li2CO3 peak at 55 eV suggested Li+ migration, 

consistent with HRTEM images showing Li2CO3 layer formation on the Fe surface. 

The absence of Fe0 in CO spent sample indicated a complete oxidation, whereas its 

persistence in RWGS spent sample indicated a more reduced state. 

Li2CO3 layer formation was further supported by the carbonate peak in C 1s 

spectra shown in Figure 6-2d, present only in spent samples. Moreover, the area of 

the C-C peak in the RWGS spent sample (55.6%) was significantly higher than in the 

other two (20.28% in as-prepared and 31.34% in CO spent), suggesting carbon 

deposition in the form of Fe3C during the RWGS reaction, as corroborated by XRD 
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results in Appendix D. Figure D-4c demonstrates similar trends in Fe 2p as in Fe 3p. 

As opposed to metallic Pt film in Pt/LLTO, the O 1s spectra of Fe/LLTO in Figure D-

4d also revealed the existence of lattice oxygen (OL) at 529.8 eV and defect oxygen 

(OV) at 530.7 eV[18] in addition to C-O/C=O peak. The OV was found more 

prominent in as-prepared sample due to its reduced state. The significant increase in 

OL and decrease in OV in CO spent sample reflected complete oxidation of the iron 

catalyst, while similar levels of these species in RWGS spent sample suggested an 

intermediate oxidation state. Details on XRD patterns are discussed in Appendix D. 

 

Figure 6-2. High-resolution XPS spectra of as-prepared, CO spent, and RWGS spent 

Pt-50/LLTO catalysts for (a) Li 1s & Pt 5p and (b) C 1s, as well as Fe/LLTO catalysts 

for (c) Li 1s & Fe 3p and (d) C 1s. 
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6.3.2 Open-circuit activity 

Figure 6-3a presents the open-circuit activities of RWGS under stoichiometric 

conditions over Fe/LLTO, Fe/YSZ, Pt/LLTO, and LLTO on its own. Both FeOx and Pt 

demonstrated 100% selectivity for CO production across the investigated temperature 

window. The activity of Fe/LLTO was found to be threefold higher than that of 

Fe/YSZ, as reported previously[16]. Given that the intrinsic activity of the LLTO 

alone was substantially limited in comparison to the other systems, the FeOx was the 

active phase and was in an inherently promoted state due to the synergistic 

interactions between FeOx and LLTO. This interaction was achieved by FeOx, which 

was known to take up and release oxygen, thereby leading to the synergistic effect[19]. 

The catalytic performance of Fe/LLTO under different reaction conditions is 

compared in Figure D-7a and shows that an H2-rich environment favors the RWGS 

reaction. Kinetic studies on Arrhenius plots also reveal the lowest activation energy in 

reducing conditions, which are shown in Figures D-7 & 8 and Table D-2. Although 

the catalytic activity of Pt-50/LLTO was much lower than that of Fe/LLTO, it was still 

comparable to Fe/YSZ, suggesting a lack of synergistic interactions between Pt and 

LLTO in this instance. The activity of Pt-100 was even lower, likely due to its dense 

surface[20]. 

Figure 6-3b shows the CO oxidation activities of Fe/LLTO and Pt/LLTO. 

Among the catalysts tested, Pt-50 displayed superior catalytic performance, activating 

at 150°C and achieving 100% conversion at 250°C, which was consistent with 

findings reported in the literature[6]. Increasing the Pt thickness to 100 nm led to a 

decrease in activity for Pt-100 due to the dense surface, with activation occurring at 

220°C. Fe/LLTO demonstrated intermediate activity, starting at 200°C and achieving 

full conversion at 300°C, also in agreement with prior studies[21]. 
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Figure 6-3. Open-circuit (a) RWGS activities and (b) CO conversions of Fe/LLTO 

and Pt/LLTO. 

6.3.3 EPOC for CO oxidation 

Figure 6-4 summarizes the EPOC effects for CO oxidation over FeOx, Pt-100, 

and Pt-50 catalysts on LLTO. The corresponding applied voltages are summarized in 

Figure D-9. The results demonstrated that EPOC could be executed at temperatures 

as low as 150°C with FeOx and 200°C with Pt-50, attributed to the use of LLTO as the 

solid electrolyte. From Figure 6-4a, a rapid decrease in reaction rate was observed 

upon applying a positive polarization of +3 V over the FeOx catalyst, with ρ=0.87 and 

Λ=17.5. However, the rate remained at the suppressed state even after interrupting the 

polarization, indicative of a permanent EPOC effect. Only when a negative 

polarization of -0.5 V was applied, the rate would return to its initial state, with 

ρ=1.13 and Λ=7.5. 

Figure 6-4b shows that increasing the applied positive potential leads to more 

significant decreases in reaction rates. For instance, applying +1 V resulted in a 4% 

decrease, while +3 V and +5 V led to decreases of 13% and 16%, respectively. 

Additionally, extending the duration of negative polarization modified the magnitude 

of rate enhancement. Taking the suppressed rate after a polarization of +3 V for 20 

min as an example, Figure 6-4c shows that a negative polarization of -0.5 V for 10 

minutes is insufficient to fully recover the rate, whereas 15-20 minutes of polarization 

achieves complete recovery. However, extending the period to 30 min further 
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promoted the rate, and once the prolonged negative polarization was stopped, the 

enhanced rate slightly decreased and stabilized shortly afterwards. 

Under positive polarization, Li+ was removed away from the catalyst to LLTO, 

which happened at the catalyst-electrolyte-gas interface and aligned with analogous 

EPOC studies involving alkali metal ionic species like Na+ and K+[22,23]. Given that 

Li+ was proven beneficial for CO oxidation[24], its removal cleaned the interface and 

resulted in the rate decrease. However, since the Fe catalyst existed mainly in its 

highly oxidized state (FeOx) in this environment, the transport of electrons facilitated 

an interaction between the Li+ and O2- in FeOx at the tpb, as represented by Eq. (6-3): 

FeOx + Li+ + e−  ↔  Li2O + Fe           (6-3) 

This process, known as lithiation of transition metal oxide, was reversible and 

involved the interaction of Li+ with MOx (where M = Fe, Ni, Cu, Co, etc.), converting 

them into M and Li2O[25]. However, because the resulting Fe was immediately 

oxidized back to FeOx by O2 from the gas phase, the balance was disrupted and the 

lithiation process continued to move forward as long as the electrons were still 

passing. At the same time, the Li2O interacted with the high amounts of produced CO2 

and formed Li2CO3 phase. After interrupting the polarization, the continuous removal 

of Li+ was ceased and the lithiation process was also stopped due to the absence of 

electrons. But because of the Li2CO3 formation, which functioned as an inert layer 

and prevented the migrated Li+ from moving back to FeOx catalyst, the reaction rate 

remained suppressed. Moreover, increasing the applied voltage removed more Li+ and 

strengthened the lithiation process due to the influx of more electrons, resulting in 

more significant and permanent suppression. 

Under negative polarization, the supply of Li+ to the FeOx catalyst from the 

LLTO was hindered by the existence of undesirable Li2CO3. However, due to the flow 

of electrons in the reverse direction, Li2CO3 could be electrochemically removed, as 

depicted in Eq. (6-4): 

Li2CO3 − e−  →  Li+  + CO2 + O2
∗            (6-4) 
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This process is referred to as the electrochemical oxidation of Li2CO3, a reaction 

commonly observed in Li-O2/air batteries[26]. In this case, Li2CO3 was decomposed 

into Li+, CO2, and O2 (O2 originated from the reactive 'nascent oxygen', O2
*)[27], 

which was also reported to occur on the surface of Li6.4La3Zr1.4Ta0.6O12 (LLZTO) 

solid electrolyte[28], a material similar to LLTO used in this study. Consequently, this 

process not only removed the inert Li2CO3 layer but also facilitated the release of Li+ 

to the FeOx catalyst, thereby restoring the reaction rate to its initial state. However, 

applying negative polarization for 10 min was insufficient to completely decompose 

the Li2CO3, resulting in only partial recovery of the reaction rate. On the contrary, a 

duration of 30 min proved to be excessive, leading to the depletion of Li+ within the 

LLTO and their subsequent supply to FeOx surface, which in turn caused a permanent 

further enhancement in the reaction rate. 
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Figure 6-4. CO oxidation rate on FeOx under (a) +3 V and -0.5 V, (b) various positive 

voltages, and (c) different polarization time at -0.5 V. CO oxidation rate on (d) Pt-100 

with positive polarization, and on Pt-50 with (e) positive and (f) negative polarization. 

For sputtered Pt on LLTO, although both Pt-100 and Pt-50 showed responses to 

the applied polarization, the distinct behaviors demonstrated the influence of the Pt 

film thickness. According to Figure 6-4d, EPOC effects were observed for Pt-100 

only under positive polarization, leading to a decrease in the reaction rate. The 

transient rate under negative polarization over Pt-100, shown in Figure D-10, 
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exhibited no rate changes. Furthermore, an application of at least +2 V was required 

to introduce the EPOC effect, with no responses observed below this voltage. 

Similarly, increasing the applied voltage resulted in stronger EPOC, with a 25% 

decrease in reaction rate at +2 V and a 31% suppression at +2.5 V. Interestingly, 

unlike FeOx, the suppressed rate started to increase immediately after stopping the 

polarization and returned to its initial state slowly, taking up to 8 hours. 

Pt-50 displayed a similar trend to Pt-100, with the reaction rate decreasing under 

positive polarization and returning to the initial state after interruption, as shown in 

Figure 6-4e. However, the rate suppression for Pt-50 occurred at a lower voltage of 

+1 V and the rate recovery took only 5 minutes. The suppression remained stable at 

ρ=0.43, even when the applied voltage was increased and the polarization period was 

prolonged. Furthermore, the reaction rate exhibited a sharp and instantaneous increase 

upon negative polarization, as shown in Figure 6-4f. The peak reaction rate 

diminished gradually during polarization, returning to its initial state, and increasing 

the applied negative voltage resulted in a higher peak. 

Similarly, Li+ was removed away from Pt catalyst under positive polarization, 

resulting in a rate decrease. However, given that Pt was commonly used as a non-

reactive electrode because of its chemical and thermal stability[8], the Li+ could only 

migrate through and be stored by Pt[29], rather than interacting with it as in the case 

of FeOx. Therefore, once the polarization was interrupted, Li+ could freely transport 

back and the reaction rate recovered as a result. Moreover, due to the thickness of Pt-

100 reaching 100 nm, the backspillover of Li+ required a long time to fully complete. 

Increasing the applied voltage enabled more Li+ removal and strengthened EPOC 

effect. 

In comparison, Pt-50, with a thickness of 50 nm, allowed a much easier 

backspillover and thereby shortened the rate recovery time. Also, since polarization of 

+1 V for 15 min already cleaned the Pt film completely, further increasing voltage or 

prolonging polarization time did not have a significant influence. Under negative 

polarization, although Li+ was supplied to Pt, Pt-100 was too thick and Li+ failed to 
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reach Pt film surface even by depleting the LLTO, resulting in no rate enhancement. 

For Pt-50, however, Li+ could easily spillover to Pt film surface and resulted in the 

rate promotion, which was proportional to the applied negative polarization. The 

migrated Li+ on Pt surface would interact with O2 from the gas phase in the presence 

of electrons and form lithium oxides[30], which were finally transferred into Li2CO3 

and led to the rate decrease due to the consumption of Li+. 

6.3.4 EPOC for RWGS 

Figure 6-5a-c illustrate the EPOC effects for RWGS over Fe/LLTO under 

diverse reaction conditions. The corresponding applied polarization was summarized 

in Figure D-11, showing a constant current at -500 μA. Under stoichiometric and 

oxidizing conditions (Figure 6-5a and b), EPOC effects manifested exclusively under 

negative polarization. In this case, Li+ was conducted from LLTO towards the Fe 

catalyst, as discussed before. The catalytic rate during polarization was suppressed by 

13% with ρ=0.87 and Λ=3.22 under stoichiometric conditions, while decreased by 27% 

with ρ=0.73 and Λ=8.98 in CO2-rich conditions, implying that the migrated Li+ 

poisoned the FeOx catalyst, rendering the new phase less active than bare FeOx. A 

prior investigation on EPOC involving iron catalyst elucidated that the RWGS 

activities of FeOx followed the sequence of Fe3O4 > FeO > Fe0, while fully oxidized 

Fe2O3 and Fe3C were found to inhibit the reaction[16]. 

In RWGS, iron catalyst mainly existed in highly active phases of Fe3O4, a 

slightly higher oxidation state under oxidizing conditions, and FeO, a lower oxidation 

state under stoichiometric conditions. Consequently, Fe3O4, characterized by the 

highest activity, was more significantly influenced by migrated Li+. Conversely, under 

reducing conditions (Figure 6-5c), the reaction rate experienced a 21% promotion 

under the same negative polarization with ρ=1.21 and Λ=8.47. In this scenario, iron 

catalyst was maintained in the form of metallic Fe due to excess H2. This more 

reduced state of Fe had worse RWGS catalytic performance and was activated by Li+ 

during polarization. 

The beneficial influence of Li+ on Fe and its negative impacts on Fe3O4/FeO 
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underscored the significance of the Li-O interaction as a potential factor contributing 

to the deactivation. Specifically, the migrated Li+ underwent the same process as 

mentioned in Eq. (6-3), leading to the formation of Li2O and consequent partial 

reduction of FeOx. As a result, the reaction rate decreased over the less oxidized state 

of iron catalyst (i.e., Fe0). The particular interaction observed between FeOx and Li+ 

during the polarization and subsequent generation of Fe0 aligned with results reported 

elsewhere[31]. Unlike in CO oxidation, the reduced Fe0 could not be oxidized back by 

the gas environment because no oxygen existed in RWGS. 

Furthermore, upon discontinuing polarization, catalytic rates gradually increased 

due to the cessation of Li+ and electron transportation. Li2O was no longer formed in 

this case, and Fe0 began to be oxidized by Li2O following the reverse process in Eq. 

(6-3). However, it failed to fully revert to the initial open-circuit rates, likely 

attributed to the formation of Fe3C as well as the depletion of Li2O. Under the 

reaction conditions, a portion of Li2O reacted with CO2 to form Li2CO3, which was 

inert and ineffective in oxidizing Fe. This depletion implied that the lithiation process 

was not completely reversible. Similarly, studies have revealed that unlike lithiation, 

the delithiation of FeOx followed an antisymmetric reaction pattern[31], wherein the 

FeO phase formed[32] rather than reverting to the original FeOx phase[33]. The 

resulting FeO exhibited improved activity compared to Fe0 but was still inferior to 

Fe3O4. As a result, the reaction rate increased but could not return to its previous level. 

In reducing conditions, however, iron catalyst was already in a reduced state. 

Consequently, the lithiation process encountered limitations due to the absence of O2-. 

Therefore, when Li+ were introduced under polarization, the reaction rate did not 

diminish. Instead, the migrated Li+ engaged in a reaction with CO2, leading to the 

formation of lithium oxalate, which underwent decomposition into Li2CO3 and CO 

when subjected to elevated temperatures[34], a finding that aligned with previous 

studies on Li-CO2 batteries[35]. This mechanism facilitated an increased release of 

CO, thereby contributing to the observed enhancement in the reaction rate. This 

phenomenon was represented by Eq. (6-5): 
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Li+ + CO2 + e−  →  Li2C2O4  → Li2CO3 + CO        (6-5) 

In contrast to CO oxidation, the absence of O2 in RWGS dictated that the 

interaction between Li+ and CO2 followed Eq. (6-5) rather than the reverse process of 

Eq. (6-4). When polarization is interrupted, the continuous Li+ supply from LLTO and 

electron transport were also stopped. Hence, the absence of Li2C2O4 formation and its 

subsequent decomposition into Li2CO3, along with the cessation of CO release, 

contributed to the restoration of the reaction rate. The transient responses of RWGS 

rates to positive polarization at different temperatures under various conditions are 

shown in Figure D-12-14 and demonstrate no EPOC phenomenon because Li+ is 

removed away from iron catalyst in this situation and contributes no interactions. 

More discussions on the influence of applied currents and temperatures can be found 

in Appendix D and Figure D-15. 

 

Figure 6-5. Transient responses of RWGS rate to negative polarization at 350℃ 

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

responses of RWGS rate to different negative polarization on Pt-50 at 400℃. 
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For the Pt/LLTO, EPOC effects were observed exclusively for Pt-50 and not for 

Pt-100, which was attributed to the inferior Li+ migration in Pt-100. As depicted in 

Figure 6-5d, reaction rates were promoted under negative polarization across all 

conditions (the corresponding applied voltage is shown in Figure D-16). Upon 

interrupting the polarization, the rates decreased and reverted to their initial value. In 

this scenario, since the supplied Li+ could not interact with Pt and there was no O2 in 

the environment, they instead directly reacted with CO2 from the gas phase, following 

Eq. (6-5) under polarization. Consequently, CO was released due to the 

decomposition of Li2C2O4. An increased CO2 concentration under oxidizing 

conditions favored this process, while the limited availability of CO2 under reducing 

conditions restricted this process. When the polarization ceased, the formation of 

Li2C2O4 and the release of CO were also stopped. 

6.3.5 Cyclic voltammetry 

The CVs of Fe/LLTO and Pt/LLTO during CO oxidation and RWGS are shown 

in Figure 6-6, reflecting their electrochemical properties. Each CV consisted of five 

cycles with a scan rate of 20 mV/s. For CO oxidation over Fe/LLTO, shown in Figure 

6-6a, the 1st cycle exhibited pronounced anodic peaks at +0.2 V, indicative of 

electrochemical reactions occurring at the Fe-LLTO-gas tpb. This was associated with 

the interaction between Li+ and FeOx catalyst. As previously discussed, the Li2O 

reacted with CO2 to form a Li2CO3 solid electrolyte interface (SEI)[36], which was 

stable and difficult to revert back. The sharp decrease in cathodic cycle starting at 

+0.1 V suggested the electrochemical decomposition of Li2CO3. However, the 

decomposition was not complete due to the rapid voltage sweep in the CVs. As a 

result, the anodic peak from the 2nd cycle onward started to decrease and disappeared 

from the 3rd cycle, confirming the progressive formation of a stable SEI[37]. This SEI 

served as a protective barrier and prevented further consumption of Li+[38]. 

In comparison, according to CVs over Pt-50 as displayed in Figure 6-6b, the 

absence of an anodic peak in all cycles indicated a lack of electrochemical interaction 

between Li+ and Pt film. This observation was consistent with EPOC results. 
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Nonetheless, the current at +1 V exhibited an increase and stabilization over 

successive cycles, which was attributed to the depletion of Li+ within the LLTO and 

their subsequent spillover to the Pt surface. 

 

Figure 6-6. CVs of CO oxidation on (a) Fe/LLTO at 150℃ and (b) Pt-50/LLTO at 

200℃. CVs of RWGS on Fe/LLTO at 350℃ under (c) oxidizing and (d) reducing 

conditions, and on Pt-50/LLTO at 400℃ under (e) oxidizing and (f) reducing 

conditions. 
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The CVs of Fe/LLTO in RWGS under oxidizing and reducing conditions are 

shown in Figures 6-6c and d, respectively. The CVs under stoichiometric conditions 

can be found in Figure D-17. Similar to Figure 6-6a, the pronounced anodic current 

peaks in the 1st cycles at +0.05 V under stoichiometric and oxidizing conditions 

indicated the process described by Eq. (6-3). Moreover, the formation of Li2CO3 was 

responsible for the disappearance of the peak from the second cycle in the CO2-rich 

environment. In contrast to CO oxidation, where Li2CO3 was decomposed completely 

due to the existence of O2, the electrochemical process in RWGS was not reversible. 

This was also demonstrated by the permanent EPOC effects as shown in Figure 6-5. 

As a result, the current peaks decreased significantly after the 1st cycle. 

Under reducing conditions, the sharp anodic peak was initially present because 

of the interaction between Li+ and CO2, as described by Eq. (6-5). This peak persisted 

in subsequent cycles but with a gradually decreasing current value, indicating the 

formation of a weak SEI attributed to the lower concentration of CO2. However, with 

increasing cycle numbers, the gradual accumulation of Li2CO3 led to a decrease in the 

current peaks. Figures 6-6e and f exhibit the CVs of Pt-50/LLTO in RWGS under 

oxidizing and reducing conditions, respectively. The CVs under stoichiometric 

conditions are also provided in Figure D-17. Similar to the case with Fe in its metallic 

state shown in Figure 6-6d, the anodic peak in the 1st cycles also represented the 

process described by Eq. (6-5), considering the stability of Pt metal. Under 

stoichiometric and oxidizing conditions, the current peak disappeared soon, indicating 

a strong SEI due to the abundance of CO2 gas. In contrast, under reducing conditions, 

the peak still existed but diminished stepwise, suggesting a weak SEI in this case. 

6.4 Conclusion 

The EPOC phenomenon was observed over FeOx nanowires and Pt film for 

both CO oxidation and RWGS reaction. Physicochemical characterizations including 

STEM, XRD, and XPS confirmed the presence of Li2CO3 in the spent sample, which 

was absent in the as-prepared one, illustrating the Li+ migration during polarization. 

For CO oxidation, reaction rates over iron oxide (FeOx) experienced a permanent 
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decrease under positive polarization but could revert to their initial state under 

negative polarization. This was linked to the formation of Li2CO3, which consumed 

and stored Li+ in this inert form, maintaining a persistently reduced reaction state. 

Applying reverse polarization led to the electrochemical breakdown of Li2CO3 back 

into Li+, which restored the reaction rates. Both Pt-50 and Pt-100 displayed similar 

decreases in reaction rates under positive polarization, but they showed immediate 

increases upon the cessation of polarization. The removal of Li+ from the Pt catalyst 

cleared the surface, leading to the observed rate decrease. This process was easily 

reversible, as there were no interactions between Li+ and Pt, which remained in its 

metallic state. However, thicker Pt films resulted in slower rate recovery due to 

limited backspillover of Li+. 

For RWGS, the reaction rate was promoted by applying negative polarization 

in reducing conditions, whereas it was suppressed in stoichiometric and oxidizing 

conditions. During negative polarization, Li+ interacted with FeOx, which was in a 

higher oxidized state in CO2-rich environments. This resulted in its reduction to Fe0, 

which was less active than FeOx and contributed to the observed rate suppression. 

Conversely, the migrated Li+ reacted with CO2 to form Li2C2O4 in reducing 

conditions, instead of interacting with the iron catalyst due to its reduced state in H2-

rich atmospheres. Unlike CO oxidation, the absence of O2 in RWGS resulted in 

forming Li2C2O4 rather than Li2CO3 directly. The decomposition of Li2C2O4 into 

Li2CO3 and CO at elevated temperatures contributed to the rate promotion. Pt-50 

showed reaction rate increase under all conditions and experienced a similar process, 

where the rate enhancement was due to the CO release from Li2C2O4 decomposition. 

Therefore, the interaction between metal/metal oxide and migrated Li+ was 

considered as the key factor in exhibiting the EPOC effects. When catalysts were in 

oxidized states, the metal oxide lithiation would happen and resulted in formation of 

Li2CO3. On the contrary, when catalysts were in metallic state, Li+ would interact with 

CO2 directly and led to the formation of Li2C2O4 and its subsequent decomposition 

into CO. Moreover, CV results indicated the formation of Li2CO3 SEI and revealed 
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that the EPOC effect was reversible if Li2CO3 was not formed or able to be 

electrochemically decomposed in an O2-rich environment. However, it would show a 

permanent EPOC effect if Li2CO3 was formed and could not be completely removed. 
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Appendix D: Supplementary Information for Chapter 6 

 

Figure D-1. HRTEM image of RWGS spent Fe/LLTO catalyst showing the 

amorphous Li2CO3 layer on Fe surface. 
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Figure D-2. SEM images and EDS spectrums of as-prepared, CO spent, and RWGS 

spent Fe/LLTO catalysts. 
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Table D-1. Detailed XPS species information of as-prepared, CO spent, and RWGS 

spent Pt/LLTO and Fe/LLTO catalysts. 

Pt/LLTO 

Position (eV) FWHM (eV) %Area 

as-

prepare

d 

CO 

spent 

RWGS 

spent 

as-

prepare

d 

CO 

spent 

RWGS 

spent 

as-

prepare

d 

CO 

spent 

RWGS 

spent 

Pt 

4f 

Pt 4f7/2 70.4 70.3 70.3 0.84 0.83 0.83 - - - 

Pt 4f5/2 73.7 73.6 73.6 0.93 0.87 0.87 - - - 

Pt 

5p 
Pt 5p3/2 51.2 51.1 51.1 4.2 4.26 4.31 100 83.52 93.14 

Li 

1s 
Li2CO3 - 55.1 55.2 - 1.47 1.39 0 16.48 6.86 

C 

1s 

C-C 284.8 284.8 284.8 1.11 1.12 1.42 81.91 64.22 68.8 

C-O 285.9 286 286.4 1.13 1.55 1.81 6.73 6.45 7.36 

C=O 288.6 288.6 288.8 1.89 1.37 1.2 11.36 5.62 6.12 

Li2CO3 - 289.9 290 - 1.11 1.18 0 23.7 17.73 

O 

1s 

C-O, 

C=O 
531.6 531.7 531.8 1.86 1.6 1.62 100 100 100 

Fe/LLTO 

Position (eV) FWHM (eV) %Area 

as-

prepare

d 

CO 

spent 

RWGS 

spent 

as-

prepare

d 

CO 

spent 

RWGS 

spent 

as-

prepare

d 

CO 

spent 

RWGS 

spent 

Fe 

2p 

Fe 707.7 - 707.2 1.7 - 1.62 10.99 0 4.49 

Fe2+ 711.2 710.5 710.7 2.77 2.23 3.43 75.97 66.52 85.44 

Fe3+ 713.5 712.4 713 2.25 2.6 2.22 13.04 33.48 10.07 

Fe 

3p 

Fe 53.5 - 53.6 1.82 - 2.27 22.04 0 17.12 

Fe2+ 56.3 55.8 56.2 2.65 2.1 2.9 68.86 74.19 57.32 

Fe3+ 58.4 57.5 58.4 2.2 2 2.43 9.09 16.33 8.97 

Li 

1s 
Li2CO3 - 55.1 55.2 - 1.27 1.96 0 9.48 16.59 

C 

1s 

C-C 284.8 284.8 284.8 1 1.2 1.44 20.28 31.34 55.6 

C-O 285.6 286.3 285.7 1.75 1.65 2.23 70.4 58.69 33.45 

C=O 288.8 288.6 288.7 1.53 1.7 1.81 9.31 7.4 8.35 

Li2CO3 - 290 289.9 - 1.2 1.4 0 2.58 4 

O 

1s 

OL 529.8 529.8 529.8 1.57 1.3 1.27 10.55 36.91 17.27 

OV 530.7 530.7 530.8 1.1 0.74 2.07 34.91 2.14 22.28 

C-O, 

C=O 
532 531.9 532 2.37 1.89 2.52 54.55 60.96 60.45 

  



189 

 

 

Figure D-3. Wide scan XPS spectra for (a) Fe/LLTO and (b) Pt-50/LLTO. 
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Figure D-4. High-resolution XPS spectra of as-prepared, CO spent, and RWGS spent 

Pt-50/LLTO catalysts for (a) Pt 4f and (b) O 1s, as well as Fe/LLTO catalysts for (c) 

Fe 2p and (d) O 1s.  
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Figure D-5a-c show the XRD patterns of as-prepared and spent samples. The 

as-prepared iron catalyst predominantly exhibited a reduced state, as evidenced by the 

presence of three distinct peaks corresponding to metallic Fe (Fe0) (PDF #87-0722). 

This observation indicated that the catalyst underwent full reduction during the pre-

treatment. However, subsequent electrocatalytic experiments induced notable 

alterations in the crystalline structure. The XRD patterns obtained for the spent 

sample revealed the coexistence of multiple phases, including Fe0 (PDF #87-0722), 

Fe3O4 (PDF #77-1545), Fe3C (PDF #72-1110), and LLTO (PDF #87-0935). These 

findings provided insight into the partial oxidation of the iron catalyst under reaction 

conditions, where CO2 was identified as a contributing factor. Additionally, the 

presence of carbon deposition was observed, leading to the formation of Fe3C. This 

phenomenon aligned with previous literature reports, supporting the propensity of 

iron catalysts to undergo such transformations. Furthermore, the detection of the 

LLTO phase was attributed to its inclusion when removing the catalysts from the 

LLTO disk surface. The XRD for bare LLTO solid electrolyte is shown in Figure D-6. 

In addition to the predominant peaks observed in the spent sample, lithium 

carbonate (Li2CO3) phase was also discerned, as presented in Figure D-5d. Given the 

relatively low intensity of the characteristic Li2CO3 peaks due to its limited amount in 

the spent sample, and the overlapping nature of these peaks with those of other phases, 

a specific scanning window ranging from 19 to 33 °2θ was selected for detailed 

presentation. The peaks located at 21.3, 23.4, 29.4, 30.5 and 31.8 °2θ identified 

Li2CO3 (PDF #72-1216), which were absent in the as-prepared sample. The presence 

of Li2CO3 phase signified the migration of Li+ to the iron catalyst during polarization, 

followed by its interaction with CO2 to form Li2CO3. 
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Figure D-5. XRD patterns of as-prepared and spent catalyst (a) in a full range (25 to 

85 °2θ) and (b) in a narrow range (19 to 33 °2θ). 
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Figure D-6. XRD pattern of bare LLTO solid electrolyte. 

Linear sweep voltammetry (LSV), conducted at a scan rate of 1 mV s⁻¹, is 

employed to generate Tafel plots, expressed as the natural logarithm of current density 

(ln j) versus the potential difference between WE and RE (UWR). These plots help to 

infer the exchange current density (j0), a fundamental parameter in electrochemical 

kinetics, which is discerned from the intercept of the linear segment. Subsequently, 

the derived values are utilized to construct Arrhenius plots, wherein ln(j0) is plotted 

against 1000/T. This analytical method involves estimating the activation energies (Ea) 

by assessing the slopes derived from Eq. (D-1): 

𝐸𝑎 =  −𝑅 ∙  𝑠𝑙𝑜𝑝𝑒               (D-1) 

The Arrhenius plots under stoichiometric, oxidizing and reducing conditions are 

presented in Figure D-7b. The LSV curves and corresponding Tafel plots used to 

determine the j0 are summarized in Figure D-8. The detailed parameters of Tafel plots 

and Arrhenius plots are summarized in Table D-2. The findings indicated that the Ea 

exhibited a minimum value of 15 kJ mol-1 under reducing conditions, rose to 33.13 kJ 

mol-1 in oxidizing conditions and reached its maximum at 64.43 kJ mol-1 under 

stoichiometric conditions. This correlation suggested that the RWGS reaction was 
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preferentially catalyzed in a H2-rich environment where the activation energy barrier 

was reduced, thereby promoting the reaction process, as evidenced by the open-circuit 

activities. These results demonstrated the potential of LLTO as a promising solid 

electrolyte for Fe nanowires deposition in EPOC applications. 

 

Figure D-7. Open-circuit activities over Fe/LLTO under different reaction conditions 

(a) and corresponding Arrhenius plots (b). 

 

Figure D-8. LSV curves of Fe/LLTO in (a) stoichiometric, (b) oxidizing, and (c) 

reducing conditions. Tafel plots of Fe/LLTO in (d) stoichiometric, (e) oxidizing, and (f) 

reducing conditions. 
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Table D-2. Summary of Tafel intercepts for j0 evaluation and Arrhenius slopes for Ea 

determination under different reaction conditions. 

 CO2:H2=1:1 CO2:H2=3:1 CO2:H2=1:6 

Temperature (℃) 

Tafel 

intercep

t 

j0 (μA) 

Tafel 

intercep

t 

j0 (μA) 
Tafel 

intercept 
j0 (μA) 

400 2.0516 112.616 2.7283 534.9338 3.1396 1379.113 

380 1.905 80.35261 2.6722 470.1106 3.0874 
1222.92

5 

360 1.7838 60.7855 2.6303 426.8743 3.048 1116.863 

340 1.5746 37.54914 2.5654 367.6207 3.0087 
1020.23

4 

320 1.3392 21.83735 2.4013 251.9417 2.9705 
934.329

4 

300 1.2128 16.323 2.2819 191.3815 2.9322 
855.460

6 

Arrhenius Slope -7.7494 -3.9845 -1.8044 

Ea (kJ/mol) 64.4285116 33.127133 15.0017816 
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Figure D-9. Transient CO oxidation rates over (a) and (b) Fe/LLTO, (c) Pt-100/LLTO, 

(d) and (e) Pt-50/LLTO, and corresponding applied voltages. 
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Figure D-10. Transient CO oxidation rate over Pt-100/LLTO at 250℃ under negative 

polarization. 

 

Figure D-11. Transient RWGS rates over Fe/LLTO at 350℃ and corresponding 

applied current of -500 μA under different reaction conditions. 
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Figure D-12. Transient RWGS rates over Fe/LLTO and corresponding applied 

currents in stoichiometric conditions (a) under positive and negative polarization at 

300℃, and (b) under positive polarization at 350℃. 
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Figure D-13. Transient RWGS rates over Fe/LLTO and corresponding applied 

currents in oxidizing conditions (a) under positive and negative polarization at 400℃, 

and under positive polarization at (b) 350℃ and (c) 300℃. 
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Figure D-14. Transient RWGS rates over Fe/LLTO and corresponding applied 

currents in reducing conditions (a) under positive and negative polarization at 300℃, 

and under positive polarization at (b) 350℃ and (c) 400℃. 
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Figures D-15a and b depict the EPOC effects at 350°C in reducing conditions 

with -400 μA and -300 μA currents, respectively. It was found that the reaction rate 

increased by 11% (ρ=1.11, Λ=5.69) at -400 μA, and by only 6% (ρ=1.06, Λ=4.04) at -

300 μA. Compared to similar conditions at -500 μA according to Figure 6-6c, the CO 

production rate increment was notably lower, attributed to a decreased amount of Li+ 

migration under a smaller polarization. In EPOC, NG (mol) was used to quantify the 

extent of uptake of reactive promoting species, namely Li+ (in moles) in this study, 

during polarization and was calculated using Eq. (D-2): 

𝑁𝐺 =
𝐼𝜏

2𝐹
                 (D-2) 

where I denoted the applied current, τ referred to the time needed for the catalytic rate 

to achieve 63% of its suppressed or promoted steady-state value and F represented 

Faradaic constant. The NG under reducing conditions were determined to be 1.4×10-7, 

1.1×10-7, and 8.5×10-8 moles of Li+ at currents of -500, -400, and -300 μA, 

respectively. Quantitatively, it showed that the NG increased with the applied currents, 

indicating that more Li+ was involved in the electrocatalytic processes at Fe-LLTO-

gas interface by being supplied to the iron catalyst from the LLTO under polarization. 

Notably, at a current of -500 μA, the NG was estimated to be 5.1×10-7 moles under 

oxidizing conditions, decreasing to 4.3×10-7 moles under stoichiometric conditions. 

This observation suggested a greater consumption of Li+ in a CO2-rich environment, 

facilitated by a more abundant amount of O2- supply due to the higher oxidation state 

of FeOx. Conversely, the NG was significantly lower under reducing conditions 

because the iron catalyst was mainly in its reduced state and thereby Li+ only 

interacted with limited amount of CO2 in this case. 

The influence of temperature on the EPOC effects was also evident. As shown in 

Figure D-15c, EPOC manifested under oxidizing conditions at 300°C. Similar to 

Figure 6-6b, the reaction rate experienced a 15% reduction under negative 

polarization at -500 μA (with ρ=0.85 and Λ=1.51). At 300°C, FeOx predominantly 

existed in the form of Fe3O4. Consequently, it was more susceptible to reduction in the 

presence of Li+ supply. At 400°C, despite not reducing to Fe0, FeOx underwent further 
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reduction with a diminished availability of O2-. This led to a constrained transient 

response of the reaction rate to the applied current, not exhibiting the EPOC 

phenomenon (Figure D-13a). From Figure D-15d, EPOC was observed at 400°C 

(with ρ=1.04 and Λ=3.4) but not at 300°C in reducing conditions, where Fe0 was the 

main phase and facilitated the interaction of Li+ with CO2 to form Li2C2O4. However, 

the temperature at 300°C was inadequate for the decomposition of Li2C2O4 into 

Li2CO3 and CO, which occurred only at higher temperatures. As a result, no EPOC 

phenomenon was observed herein (Figure D-14a). Moreover, RWGS was known to 

be more favorable in H2-rich environments at high temperatures. Therefore, at 400℃, 

CO2 was more readily converted into CO thermodynamically rather than interacting 

with migrated Li+, leading to a limited EPOC effect. 

 

Figure D-15. Transient RWGS rates over Fe/LLTO under different conditions. 
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Figure D-16. Transient RWGS rates over Pt-50/LLTO at 400℃ and corresponding 

applied voltage of -0.5 V under different reaction conditions. 

 

Figure D-17. The 1st to 5th cycles of CV over (a) Fe/LLTO and (b) Pt-50/LLTO in 

RWGS under stoichiometric conditions. 
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Chapter 7: Conclusions and Recommendations 

7.1 Conclusions 

The development of CO2 conversion technologies in recent years has shown a 

promising direction and is crucial for addressing the urgent need for sustainable 

solutions in the face of the environmental crisis caused by climate change. Despite 

significant progress, the continuous growth in energy demand, which still largely 

depends on fossil fuels and natural gas, highlights ongoing challenges. This is 

especially true as the demand for alternatives to fossil fuels increases and the shift to 

renewable energy sources remains slow. In response to these issues, it is critical to 

prioritize research and development in CO2 conversion technologies to help create a 

sustainable future and protect the planet for future generations. Building on the idea of 

sustainability, this thesis aims to develop and evaluate novel catalytic systems paired 

with the EPOC phenomena to recycle CO2 more efficiently and economically. 

Focusing on the RWGS reaction, the employment of non-noble metal catalysts 

deposited on solid electrolytes and the application of electrochemical polarization 

allows for in-situ control of the catalytic activity. Each chapter encompasses those 

approaches with the following conclusions: 

◆ In Chapter 3, Cu NPs (13 nm) were synthesized for the first time through the 

polyol synthesis method and deposited on YSZ solid electrolyte. Upon the 

application of positive polarization, the RWGS catalytic rate was increased 

with ρ = 1.19 and Λ = 6.52. Based on XPS characterizations and CV tests, the 

oxidation of Cu0 to Cu1+ by direct supply of O2− from YSZ was considered the 

reason for the observed rate enhancement. The reaction conditions, including 

CO2:H2 ratios and temperatures, also showed significant impacts on the 

oxidation states and surface morphology of Cu NPs. This work provided a 

new non-noble metal catalyst in EPOC for RWGS reaction, which was active 

and economical, and showed stable EPOC effects. 
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◆ In Chapter 4, Cu NPs were supported on commercial Co3O4 particles (with Cu 

loadings of 1, 4, and 8 wt.%) to form Cu/Co3O4 catalysts. Through 

electrochemical tests, it was proposed that Co3O4 functioned as an O2- 

reservoir, either providing or receiving O2- to or from Cu NPs, thereby 

influencing EPOC behaviors. The presence of Cu NPs enhanced the 

electrocatalytic property of Co3O4, while Co3O4 helped to reduce the sintering 

of Cu NPs, particularly when the Cu loading was below 4wt.%. This 

investigation provided new insights into the electrochemical interactions 

between oxide supports and Cu NPs, opening avenues for further studies on 

the EPOC effects of supported Cu catalysts. 

◆ In Chapter 5, Cu NPs were supported on synthesized ZnO, chosen for its 

simple, stable structure, and affordability. The ZnO not only enhanced the 

catalytic performance of Cu through MSI but also effectively protected Cu 

from sintering and oxidation. This protection was noted even with a high 

copper loading of 60wt.% and at elevated temperatures of 400°C, making it an 

ideal support for Cu NPs. Under positive polarization, partial oxidation of Cu0 

to Cu1+ indicated O2- migration from ZnO to Cu. A new DFT model was 

developed to theoretically illustrate this process and to explain the energy 

input requirement to initiate the O2- migration, which could be driven by 

applied currents. Additionally, this work established a link between the ECSA 

and the magnitudes of EPOC effects, suggesting future directions in the 

selection of metal oxide supports. 

◆ In Chapter 6, LLTO was utilized as a solid electrolyte for the first time, paired 

with non-noble metal oxide FeOx and noble metal Pt as comparative catalysts. 

The study revealed a notable superior activity of Fe/LLTO over Fe/YSZ, 

demonstrating an MSI effect. When constant voltages were applied, Li+ was 

found to migrate toward the metal catalyst and interact with FeOx, resulting in 

a transformation of the active phase of the Fe catalyst during the RWGS 

reaction. This interaction was absent in Pt, which remained in its metallic state 



206 

 

throughout the process. Expanding the application scope of LLTO, CO 

oxidation was also performed, with Fe/LLTO demonstrating EPOC effects at 

150°C for the first time. This innovative use of Li+ as a promoter enabled the 

EPOC phenomenon at low temperatures, leveraging the high ionic 

conductivity of LLTO, thereby making EPOC more viable for industrial 

applications. 

7.2 Recommendations 

In scientific exploration, each discovery sparks new ideas and possibilities. 

This thesis begins by highlighting the advantages of using Cu-based catalysts for the 

RWGS reaction, employing MSI and EPOC phenomena. It ends by innovatively 

proposing the integration of the LLTO solid electrolyte into the EPOC framework. 

However, further research is needed to fully understand the materials and mechanisms. 

Recommendations for future EPOC developments are provided for both academic and 

industrial communities: 

◆ With the assistance of LLTO which is highly conductive at low temperatures, 

further research can focus on using operando characterizations, including 

polarization modulation infrared reflection absorption spectroscopy (PM-

IRRAS), in-situ XRD, and in-situ Raman spectroscopy, to investigate the ionic 

species migration mechanisms and their influences on the intermediates and 

gas adsorption on metal catalyst surface. 

◆ DFT studies on the Li+ migration within the LLTO structure during EPOC and 

its influence on metal/metal oxide catalysts, as well as gas 

adsorption/desorption of reactant gases, are necessary and should be linked to 

the operando characterizations. 

◆ Given that LLTO is applicable in EPOC studies, which means Li+ is a 

promoter, using it in more reactions, like CO2 methanation, Fischer–Tropsch 

process, ethylene oxidation, and ammonium synthesis, is essential to broaden 
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its application and understand the functions of this material in energy 

conversions. 

◆ Knowing that the ECSA is correlated with the EPOC effect, where the oxygen 

vacancy plays an important role, more experiments on this using reducible 

oxides like CeO2 and TiO2 and irreducible oxides like Al2O3 and SiO2 as 

supports for Cu NPs should be done. Typically, the ECSAs and O2- diffusion 

coefficients of these Cu-based catalysts should be determined from CVs and 

compared to give a more general result. 

◆ Modify the experimental set-up, making it suitable for EPOC at high pressures 

(10-20 bars) for methanol synthesis using Cu/ZnO catalysts. The feeding gases 

should contain CO2, CO, H2, and Ar. The negative influence of produced H2O 

should also be studied, which might be removed in-situ by using zeolite as 

support or removed ex-situ by installing a condensing system. 

◆ EPOC for RWGS reaction has been widely studied using metal catalysts, 

including Pt, Pd, Ru, Rh, Co, Ni, Fe, and Cu, as well as supported-metal 

catalysts like Ru/Co3O4, Ru/YSZ, Pd/ZnO, Ni/Al2O3, Fe/Co3O4, and 

Cu/Co3O4, which are deposited on various solid electrolytes like YSZ, BZY, 

β’’-Al2O3, and LLTO. Therefore, a comprehensive analysis of the catalyst 

selection, reaction conditions, electrochemical behaviors, and EPOC effects 

can be done with the assistance of machine learning to give insights into the 

‘hidden rules’ and to direct futural developments of novel materials and 

systems in the EPOC field. Typically, the machine learning models with the 

best-performance algorithms for classification and regression should be 

proposed and validated by new data points collected from systems using new 

catalysts.  
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