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Abstract 

Electrocatalytic CO2 reduction to formate/formic acid represents a 

practical and economically viable route for CO2 conversion, among 

which Sn- and Bi-based materials are regarded as promising 

electrocatalysts. This thesis explores the structure–performance 

relationship of Sn- and Bi-based catalysts for electrochemical CO2 

reduction reaction (CO2RR) to formate, focusing on two effective 

optimization strategies: mesostructural engineering and heterometal 

doping. Sn- and Bi-based catalysts are attractive candidates due to 

their high selectivity for formate, low cost, and environmental 

compatibility.  

In the first study, mesoporous SnO2 enriched with oxygen vacancies 

shows enhanced CO2RR performance compared with bulk SnO2 and 

improved durability. Mechanistic studies reveal that the mesostructure 

enhances CO2 adsorption, facilitates charge transfer, stabilizes the 

*OCHO intermediate, and lowers the reaction energy barrier. 

Moreover, the mesoporous framework promotes the formation and 

stabilization of oxygen vacancies, maintaining the Sn oxidation state 

and catalyst stability.  

In the second study, Sn-doped BiOCl (the ratio of Sn is 2-10 at. %) 

nanoplates synthesized via a sol–gel method act as precatalysts that 

rapidly reconstruct into Sn-modified metallic Bi during the CO2RR. 

Among the samples investigated, the catalyst with a Sn doping ratio 

of ~5% achieves a Faradaic efficiency of 87.7% at −1.0 V vs. RHE, 

considerably outperforming pristine BiOCl. Structural and 

spectroscopic analyses show that Sn incorporation stabilizes the 

*OCHO intermediate, facilitates interfacial water dissociation, and 

promotes the formation of active Bi 003 planes, clarifying the dynamic 

evolution of active sites.  
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Overall, this thesis demonstrates that rational control of mesostructure, 

defect chemistry, and dopant-induced reconstruction can 

synergistically enhance both activity and stability in Sn- and Bi-based 

CO2RR catalysts. These insights provide practical guidelines for 

designing efficient and durable formate-selective electrocatalysts. 

 

Keywords: CO2 electroreduction, electrocatalysts, formate 

production, performance-structure relationships 
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Populärvetenskaplig sammanfattning 

Koldioxidutsläpp är en av de främsta orsakerna till dagens 

klimatförändringar. Att omvandla koldioxid (CO2) till användbara 

kemikalier i stället för att släppa ut den i atmosfären är ett attraktivt 

angreppssätt för att minska dessa utsläpp. Elektrokemisk reduktion av 

CO2 (CO2RR) till värdefulla kemikalier och bränslen med hjälp av 

förnybar energi är en möjlig väg framåt. Bland de olika produkter som 

bildas är formiat särskilt attraktivt då den kan fungera som en kemisk 

råvara och en potentiell vätebärare. Formiat kan produceras 

elektrokemiskt från CO2 med relativt hög hastighet och selektivitet, 

vilket gör metoden lämplig för storskaliga tillämpningar.  

En stor utmaning inom CO2RR är utvecklingen av effektiva 

elektrokatalysatorer. Katalysatorerna påskyndar reaktionen och styr 

vilka produkter som bildas. Idealt bör en katalysator omvandla CO2 till 

formiat effektivt och samtidigt vara stabil under långvarig drift. 

Tidigare studier har visat att katalysatorer baserade på tenn (Sn) och 

vismut (Bi) är lovande kandidater för detta. De kan främja bildande av 

formiat samtidigt som de hämmar konkurrerande reaktioner, såsom 

väteutvecklingsreaktionen, som annars sänker effektiviteten i 

CO2-omvandlingen.  

Mot denna bakgrund undersöker denna avhandling två 

katalysatorsystem baserade på Sn och Bi. För tennoxid (SnO2) 

konstruerades katalysatorn med en mesoporös struktur. Detta innebär 

att materialet innehåller ett nätverk av mycket små porer, några 

nanometer breda. Dessa porer ökar materialets yta och ger fler aktiva 

platser där reaktionen kan ske. Materialet tillverkades med 

syrevakanser, det vill säga avsaknad av några syreatomer i 

kristallstrukturen. Dessa vakanser gör ytan mer katalytiskt aktiv, 

förbättrar adsorptionen av CO2 och hjälper till att stabilisera viktiga 
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reaktionsintermediärer under den katalytiska processen. Denna 

katalysator uppvisar högre aktivitet och bättre långtidsstabilitet än 

konventionell SnO2.  

Det andra systemet är baserat på vismutoxyklorid (BiOCl). När små 

mängder Sn införs i detta material genomgår katalysatorn en 

strukturell omvandling, rekonstruktion, under reaktionen och bildar en 

Sn-modifierad metallisk Bi-yta. Den rekonstruerade yta exponerar 

särskilt aktiva kristallplan och underlättar viktiga reaktionssteg, såsom 

bildningen av centrala intermediärer och aktiveringen av 

vattenmolekyler. Som ett resultat producerar katalysatorn formiat 

mycket mer selektivt än ren BiOCl utan Sn.  

Sammantaget visar resultaten i den här avhandlingen att kontroll av 

porstruktur, atomära vakanser och dopnings-inducerad rekonstruktion 

effektivt kan styra aktivitet och selektivitet hos 

CO2-reduktionskatalysatorer. Dessa insikter ger värdefull vägledning 

för utformningen av effektiva och hållbara katalysatorer för hållbar 

CO2-omvandling. 
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Chapter 1: Introduction  

1.1 Significance 

Since the industrial revolution, fossil resources, such as coal, oil, and 

natural gas, have been extensively exploited to sustain 

industrialization and economic growth. Their high energy density and 

versatility as fuels and chemical feedstocks have supported rapid 

global industrial and economic development for more than a century. 

However, this growth has been accompanied by the progressive 

depletion of finite natural resources and the large-scale emission of 

greenhouse gases. In 2023, atmospheric CO2 concentrations reached 

approximately 151% of pre-industrial levels,1 posing severe risks to 

the environment and global climate. The transition toward renewable 

energy sources such as wind, solar, and hydropower has become 

essential for sustainable development. Over the past decade, the cost 

of renewable electricity has declined significantly. In many regions, it 

is now competitive with or even lower than that of fossil-based 

energy.2 The intermittent nature of solar and wind energy necessitates 

the development of efficient energy storage strategies. Converting 

green electricity into chemical energy provides a route for storing 

intermittent renewable power in the form of chemical fuels, offering 

higher energy density, long-term storage capability, and ease of 

transportation. 

Beyond its role in energy systems, carbon remains an indispensable 

element in modern society, serving as a fundamental building block 

for fuels, chemicals, and materials. Currently, approximately 85% of 

carbon feedstocks are derived from fossil resources, about 10% from 

biomass, and only 5% from recycled carbon.3 The demand for carbon 

embedded-chemical products is projected to increase to 1 Gt annually 

by 2050.4 Meeting this growing demand while minimizing CO2 
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emissions requires the establishment of a circular carbon economy. 

Electrochemical CO2 reduction (CO2RR) to value-added chemicals 

and fuels represents a promising route toward this goal. As illustrated 

in Figure 1.1, the electrochemical CO2 conversion process utilizes 

renewable electricity and water as the proton source to convert CO2 

into chemical products suitable for storage and distribution. CO2RR 

can also be conducted under mild and controllable conditions, such as 

ambient temperature and pressure, suggesting its potential feasibility 

for practical implementation. 

 

Figure 1.1 Concept of electrochemical CO2 conversion using 

renewable energy and waste CO2 emissions as carbon sources. 

1.2 Scope of this thesis 

The general objective of this thesis is to advance efficient formate 

production via electrochemical CO2RR. Formate is widely regarded as 

a valuable chemical feedstock and a potential hydrogen energy carrier. 

Achieving high selectivity and stability in CO2RR critically depends 

on the rational design of electrocatalysts. Therefore, this work focuses 

on elucidating structure–performance relationships of Sn- and Bi-
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based catalysts to guide the development of efficient electrocatalysts 

for CO2-to-formate conversion.  

Specifically, this thesis aims to:  

• understand the effects of pore structure and oxygen vacancies 

on the CO2 electroreduction performance of metal oxide 

catalysts, and  

• gain insight into how heterometal doping influences the 

catalytic behaviour of metal oxide catalysts toward CO2 

reduction.  

In summary, the goal is to establish a clearer link between 

structural/compositional modification and improvements in the 

catalyst activity and selectivity. The findings could provide design 

guidelines for developing more efficient oxide-based electrocatalysts 
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Chapter 2: Motivations and background 

2.1 Fundamentals of CO2RR 

The electrochemical CO2RR process is influenced by several factors, 

including the type of electrochemical cell, electrocatalyst, and 

operating conditions such as pressure and temperature.5-7 This section 

discusses these key factors from the perspectives of electrochemical 

cell design, reaction pathways, and catalyst design and optimization 

strategies. 

2.1.1 Electrochemical cells  

Three main types of electrochemical cells are used for CO₂RR. Most 

fundamental studies have been conducted in an H-type cell (Figure 

2.1(a)). This configuration typically uses a three-electrode setup, in 

which the working electrode (cathode) and reference electrode are 

placed in the cathodic compartment, while the counter electrode 

(anode) is in a separate anodic compartment. The two chambers are 

separated by an ion-exchange membrane to prevent product crossover 

while maintaining ionic conductivity. The H-cell provides a well-

controlled platform that is widely used for mechanistic investigations.8 

However, the low solubility and diffusivity of CO2 in aqueous 

electrolytes impose intrinsic mass transport limitations, resulting in 

low current densities.9 The relatively large inter-electrode distance 

leads to increased ohmic resistance, further constraining overall cell 

performance.9, 10 These limitations restrict H-cell configurations to 

laboratory-scale catalyst evaluation, making it difficult to achieve the 

high current densities required for practical applications. 

To address these limitations, flow-cell configurations have been 

developed. In a typical flow cell (Figure 2.1(b)), porous hydrophobic 

gas diffusion electrodes (GDEs) are used together with an ion-
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exchange membrane that separates the cathodic and anodic 

compartments. CO2 is supplied directly to the GDE, where CO2RR 

occurs at a gas–liquid–solid three-phase interface. This configuration 

substantially improves mass transport.11 The reduced distance 

between the anode and cathode also reduces internal resistance, 

allowing operation at higher current densities.10 Nevertheless, flow 

cells are prone to electrolyte flooding, where loss of GDE 

hydrophobicity permits electrolyte penetration into the gas diffusion 

layer, blocking CO2 transport pathways and suppressing the three-

phase interface, leading to performance decay.12  

Membrane electrode assembly (MEA) systems were developed to 

overcome the mass transport limitations and flooding issues associated 

with the conventional flow cell configurations (Figure 2.1(c)). In an 

MEA configuration, no liquid catholyte flows through the cathodic 

chamber; instead, humidified CO2 is delivered through the GDE, and 

the reaction proceeds predominantly at the gas–solid interface, thereby 

minimizing flooding and enabling stable operation at industrially 

relevant current densities.7 
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Figure 2.1 Schematic configurations of electrochemical cells 

employed for CO2RR: (a) H-cell, (b) flow cell, and (c) membrane 

electrode assembly (MEA). 

2.1.2 Reaction pathways 

In a typical electrochemical CO₂RR system (Figure 2.2), water 

oxidation takes place at the anode, while CO2 reduction occurs at the 

cathode, accompanied by the competing hydrogen evolution reaction 

(HER). Depending on the electrocatalyst employed, CO2 can be 

converted into a variety of products. These include C1 products, such 

as carbon monoxide (CO) and formic acid (HCOOH), as well as C2+ 
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products, including ethanol (C2H5OH) and ethylene (C2H4). Some 

CO2 reduction pathways involve the transfer of up to 18 electrons per 

molecule. The half-reactions for CO2 reduction and the competing 

HER, together with their standard potentials (vs. SHE at pH 7.0), are 

summarized in Table 2.1.13 

 

Figure 2.2 Schematic illustration of a CO2RR electrolyzer: CO2 is 

reduced to value-added products in the cathodic chamber, while the 

oxygen evolution reaction (OER) takes place in the anodic chamber. 
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Table 2.1 Standard potentials of possible CO2RR process and 

competing HER. 

Products Possible half reactions at the cathodic side E0 

CO CO2 + H2O +  2e− → CO + 2OH− -0.52 

HCOO− CO2 + H2O +  2e− → HCOO− + 2OH− -0.43 

CH3OH CO2 + 5H2O +  6e− → CH3OH + 6OH− -0.39 

CH4 CO2 + 6H2O +  8e− → CH4 + 8OH− -0.25 

C2H4 2CO2 + 8H2O +  12e− → C2H4 + 12OH− -0.34 

C2H5OH 2CO2 + 9H2O +  12e− → C2H5OH + 12OH− -0.33 

C3H7OH 3CO2 + 13H2O +  18e− → C3H7OH + 18OH− -0.32 

H2 2H2O +  2e− → H2 + 2OH− -0.41 

Focusing on the reaction mechanism, CO2RR occurs through a 

series of proton-coupled electron transfer (PCET) steps that form 

various carbon-containing intermediates (Figure 2.3). Under cathodic 

polarization, CO2 first absorbs on the catalyst surface. It then 

undergoes successive electron and proton transfers, generating 

intermediates such as *COOH, *OCHO, *CO, and CHO.14, 15 These 

species subsequently evolve into different products depending on how 

they are stabilized on the catalyst surface. For instance, *COOH is 

generally associated with the formation of CO, whereas *OCHO is 

favorable for formic acid production.16 The formation and further 

transformation of these intermediates are affected by factors like 

catalyst composition and structure, electrolyte pH, and the types of 

cations and anions.17 As a result, achieving high selectivity toward a 

specific product remains challenging. According to the Sabatier 

principle, selectivity depends on the adsorption strength of key 

intermediates. Only intermediates with optimal binding energies can 

efficiently convert to desired products.18 

CO2RR involves three main stages: (i) adsorption and activation of 

CO2 on the catalyst surface; (ii) sequential PCET steps accompanied 
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by C–O bond cleavage and/or C–H bond formation; and (iii) 

desorption of the final products.19 The formation of C1 products (e.g., 

CO, HCOOH, CH4, and CH3OH) typically requires fewer PCET steps 

and proceeds via relatively simpler pathways. In contrast, the 

production of C2+ products (e.g., C2H4, C2H5OH, CH3COOH, C3H6, 

and n-C3H7OH) involves more complex reaction networks, including 

C–C coupling steps with high energy barriers and sluggish kinetics, 

which significantly limit their efficiency. Among the possible 

products, formic acid or formate exhibits a relatively favorable 

thermodynamic profile and can be produced with high selectivity on 

suitable catalysts. Formate or formic acid also have wide industrial 

applications in pharmaceuticals, metallurgy, and leather processing. 

Recent techno-economic analyses further suggest that targeting formic 

acid or CO is more practical for large-scale implementation compared 

to C2+ products, due to their higher selectivity and production rates. 

For these reasons, this thesis focuses on the electrocatalytic CO2 

reduction to formate. 
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Figure 2.3 Overview of the proposed reaction pathways for CO2RR 

toward various products. Reproduced from Ref. 20. 

2.2 Selection and optimization of catalysts 

As discussed above, the product distribution in the CO2RR process is 

influenced by multiple factors. Among them, the intrinsic properties 

of the catalyst are particularly important. The electronic structure, 

surface composition, and morphology of a catalyst determine the 

adsorption strength of key intermediates, thereby influencing the 

reaction pathways and product selectivity.21 For this reason, 

establishing clear structure–performance relationship is essential for 

the rational design and optimization of CO2RR catalysts.  

At present, CO2RR catalysts can generally be divided into three 

categories: metallic catalysts, non-metallic catalysts, and molecular 
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catalysts.22 Each category exhibits distinct advantages and limitations 

with respect to activity, selectivity, and stability. This thesis focuses 

on the metallic catalysts to comprehensively investigate their 

structure–performance correlations. 

From a thermodynamic standpoint, the standard reduction 

potentials of CO2RR are close to those of the HER, as summarized in 

Table 2.1. In practice, CO2RR typically proceeds at overpotentials 

much higher than the corresponding standard potential due to kinetic 

limitations associated with multi-electron and PCET steps. Under 

these conditions, HER competes with CO2RR. Thus, developing 

catalysts with high selectivity toward CO2RR, especially at large 

overpotentials, is important for efficient and controlled product 

formation. 

2.2.1 Selection of catalysts  

P-block metals, also known as post-transition metals, are characterized 

by valence electrons occupying the outermost p orbitals (ns2np1–

ns2np3, Figure 2.4(a)). Compared to early transition metals, they 

generally possess relatively high electronegativity and moderate 

ionization energies, enabling them to adopt multiple oxidation states 

and form compounds with diverse valence configurations.23 These 

electronic characteristics provide flexibility in activity and are 

advantageous for electrocatalytic applications. 

For electrochemical CO2RR to formate, post-transition metals have 

shown distinct advantages. As presented in Figure 2.4(b), Sn, In, Bi, 

and Pb have been widely reported to exhibit high selectivity toward 

formate or formic acid.24 This behavior is commonly attributed to their 

favorable interaction with the *OCHO intermediate, which promotes 

the two-electron reduction pathway toward formate while suppressing 

the competing hydrogen evolution reaction (HER).25 
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Among these metals, Sn and Bi have attracted particular attention. 

In comparison with Pb, they are less toxic and more environmentally 

acceptable,26 and they are more abundant and cheaper than In.24 

Meanwhile, Sn and Bi oxide phases are considered to be highly active 

for CO2RR to formate.27 Theoretical studies have shown that the oxide 

surfaces with oxygen vacancies or hydroxyls provides lower kinetic 

barriers for CO2 adsorption and conversion.28, 29 Taking these 

considerations together with their established catalytic performance of 

CO2RR, Sn- and Bi-based materials are promising candidates for 

selective formate production. Based on this rationale, this thesis 

focuses on the design and investigation of Sn- and Bi-based catalysts 

for CO2RR toward formate production.  

 

Figure 2.4 (a) Characteristics of p-block metals for CO2RR to formate. 

(b) P-block elements and classification. Reproduced from Ref. 23. 

2.2.2 Catalyst optimization  

In the case of conventional catalysts such as pure SnO2 and Bi2O3, they 

are usually suffering from limited CO2RR activity and relatively poor 

stability.30, 31 This limitation necessitates the optimization of their 

electronic and structural properties. 

Based on this context, several strategies have been developed. One 

representative approach is heterometallic doping. Compared to 
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monometallic catalysts, bimetallic catalysts exhibit distinct properties 

due to their altered electronic structures.26 Sun et al.32 reported a Cu1–

SnO2 catalyst that outperformed pure SnO2 in formate production. The 

results showed that the incorporation of Cu enhanced CO2 adsorption 

and activation while stabilizing the key *OCHO intermediate. 

Additionally, Cu doping helped preserve the Sn–O species, thereby 

improving the durability of the catalyst. Similar conclusions were 

reported by Zhang et al.33, who prepared La-doped SnO2 and observed 

enhanced catalytic performance. 

Beyond compositional modifications, tuning the intrinsic structural 

properties of catalysts has also proven effective. Facet engineering is 

a typical example. Luo et al.34 showed that SnO2 nanocubes with a 

high 001/110 facet ratio outperformed nanorods with lower exposure 

of the 001 facet. Dynamic facet evolution during electrochemical 

reconstruction has also been studied, particularly for Bi-based 

catalysts. Van der Stam et al.35 demonstrated that halide species can 

regulate selective facet exposure in activated Bi-based electrocatalysts 

under CO2RR conditions, leading to changes in CO2RR selectivity. 

Introducing mesoporosity has also attracted increasing attention.36, 

37 Although mesoporous structures are commonly associated with 

improved mass transport, growing evidence suggests that their 

influence extends beyond diffusion enhancement and can markedly 

affect product selectivity.38, 39 Moreover, mesostructure formation is 

often accompanied by changes in surface defect chemistry, as 

evidenced by Al-Mayouf et al.39 Various methods have been 

developed to construct mesoporous metal oxides, including soft-

templating40, 41, hard-templating42, 43, and anodization44, 45. Among 

these, soft-templating methods are widely explored due to their 

versatility in controlling pore size, morphology, and framework 

composition through cooperative assembly between inorganic 

precursors and structure-directing agents.41 Mesoporous materials can 
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possess either intraparticle or interparticle porosity. In interparticle 

systems, small primary particles assemble into interconnected 

networks or chain-like structures. Accumulating evidence suggests 

that the role of pore architecture extends beyond mass transport. 

Porosity-associated characteristics, including surface defects, 

variations in metal oxidation states, and changes in the local geometric 

and electronic environment, can also strongly influence catalytic 

activity and selectivity.39, 46 

Defect engineering, such as the introduction of oxygen vacancies 

(VO), has been shown to regulate catalyst selectivity and stability. Qiao 

et al.47 reported that atomic Cu doping in SnO2 induced the formation 

of VO, which played a vital role in stabilizing the key *OCHO 

intermediate and preserving the oxidation state of Sn, thereby 

improving catalyst stability. Hu et al.48 further confirmed this effect 

using a VO-enriched InOOH catalyst. 

Inspired by the discussion above, this thesis investigates the 

synergistic effects of mesoporous structure and defect chemistry on 

the activity and stability of SnO2 for CO2RR. Additional to the 

structural and defect modifications, the influence of Sn doping in 

BiOCl on catalytic performance will be also comprehensively studied, 

extending the scope to the compositional tuning of Bi-based catalysts.
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Chapter 3: Methodology 

In this chapter, I introduce the experimental methods and the 

fundamental principles for characterization of both catalysts and 

catalytic reactions, and essential techniques used to track dynamic 

changes and reaction intermediates. The underlying physical 

principles necessary for interpreting the results are also discussed.  

3.1 Materials synthesis and electrode preparation 

In this thesis, the catalysts were synthesized using a soft-templating 

approach. As discussed in Section 2.2.2, this method offers several 

advantages, including improved structural control and tunable 

porosity, making it suitable for the preparation of the materials studied 

here. The electrodes were then prepared by a drop-casting method. 

3.1.1 Materials synthesis 

 

Figure 3.1 Schematic illustration of synthesis of mesoporous SnO2 (a) 

and Sn-doped BiOCl samples (b). 

Figure 3.1 shows the general synthesis protocols for mesoporous 

SnO2 and Sn-doped BiOCl materials. In the first work, mesoporous 
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SnO2 was prepared using a surfactant-assisted hydrothermal method. 

First, cetyltrimethylammonium bromide (CTAB) was dissolved in 

deionized water, followed by the addition of NaOH. An aqueous 

solution of SnCl4·5H2O was then added dropwise under stirring to 

form a homogeneous mixture. The color of the mixture turned white. 

Then the solution was transferred to a Teflon bottle and treated 

hydrothermally at 100 °C for 48 h. The obtained precipitate (white 

powder) was collected, washed, dried, and finally calcined at 500 °C 

to remove the template and crystallize the SnO2 framework, yielding 

a light-yellow powder. More details can be found in Paper I. 

In the second work, layered Sn-doped BiOCl samples were prepared 

by a sol–gel method. Pluronic P123 was first dissolved in ethanol, 

followed by the addition of HCl, citric acid, and Bi(NO3)3·5H2O under 

stirring. A SnCl4·5H2O solution, prepared separately in HCl and water, 

was then added dropwise to the Bi precursor solution. After stirring to 

obtain a homogeneous sol, the mixture was aged at 60 °C for 3 days 

to form a gel. The obtained gel was subsequently calcined at 400 °C 

for 4 h to get the final product as a gray powder. More details can be 

found in Paper II. 

3.1.2 Electrode preparation 

For electrochemical measurements, electrodes were prepared using 

a drop-casting method (Figure 3.2). The catalyst ink was prepared by 

mixing 7 mg catalyst, 500 μL isopropanol, 450 μL deionized water, 

and 50 μL Nafion solution (as the binder). The suspension was 

sonicated for 2 h to obtain a homogeneous dispersion. Subsequently, 

200 μL of the ink was drop-cast onto carbon paper and dried at room 

temperature. 
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Figure 3.2 Schematic illustration of electrode preparation. 

3.2 Electrochemical measurements  

All electrochemical measurements in this thesis were carried out in an 

H-type cell separated by a Nafion 115 membrane (Figure 3.3). A 

standard three-electrode configuration was employed, consisting of a 

Pt plate as the counter electrode, an Ag/AgCl (saturated KCl) electrode 

as the reference electrode, and a catalyst-coated carbon paper as the 

working electrode. 

 

Figure 3.3 Setup for electrochemical measurements. 

Various electrochemical techniques were applied to evaluate the 

catalytic properties from different perspectives. For consistency and 

ease of comparison, all potentials were initially measured versus the 

Ag/AgCl reference electrode and subsequently converted to the 

reversible hydrogen electrode (RHE) using the Nernst equation (Eq. 

1). A potential drop (iR drop) arises from the internal resistance of the 
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electrolyte and the cell, causing the measured potential to deviate from 

the true electrode potential. However, no iR compensation was applied 

in this thesis to avoid possible overcorrection and to present the raw 

data. 

𝐸(𝑣𝑠.  𝑅𝐻𝐸) =  𝐸(𝑣𝑠.  𝐴𝑔/𝐴𝑔𝐶𝑙) + 0.059pH + 0.197                         (𝐸𝑞. 1) 

3.2.1 Voltammetry  

 

Figure 3.4 LSV curves recorded under CO2- and N2-saturated 

conditions. 

Voltammetry is an electrochemical technique in which a time-

dependent potential is applied to the working electrode and the 

resulting current is measured to probe redox processes at the 

electrode–electrolyte interface. The experiments are typically carried 

out in a three-electrode configuration (Figure 3.3). Linear sweep 

voltammetry (LSV) and cyclic voltammetry (CV) were the two 

primary techniques used in this thesis. LSV was conducted to compare 

the current densities measured in CO2- and N2-saturated 0.5 M KHCO3 

electrolytes. As shown in Figure 3.4, LSV curves were recorded in 

both CO2 and N2 atmospheres. Beyond −0.6 V vs. RHE, the current 

density measured in the CO2-saturated electrolyte is pronouncedly 

more negative than that obtained in the N2-saturated solution. This 
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difference suggests that the catalyst exhibits intrinsic catalytic activity 

toward the CO2RR. 

The electrochemically active surface area of the electrodes was 

estimated from the double-layer capacitance (Cdl). The Cdl values were 

determined by cyclic voltammetry (CV) performed at various scan 

rates within a non-Faradaic potential window in an H-type cell (Figure 

3.5a). From the recorded CV curves, the difference between the anodic 

and cathodic current densities (ja – jc) at a selected potential was 

extracted. The capacitive current (Δj/2) was then plotted as a function 

of the scan rate (Figure 3.5(b)). According to Eq. 2, the slope of the 

linear fit corresponds to the double-layer capacitance of the 

electrode.49 

𝐶𝑑𝑙 =
1

2
×

𝜕(𝑗𝑎 − 𝑗𝑐)

𝜕(𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒)
                                                                   (𝐸𝑞. 2) 

 

Figure 3.5 (a) CV curves recorded at different scan rates within the 

non-Faradaic potential window. (b) Plot of Δj/2 as a function of scan 

rate and the solid line is the linear fitting to the data. 

3.2.2 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a powerful tool for 

analyzing reaction kinetics, the properties of the electric double layer, 

and mass transport processes. EIS is performed by applying a small 
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sinusoidal voltage perturbation at a fixed potential over a wide 

frequency range (typically from 100 kHz to 10 mHz). The resulting 

current response is analyzed in terms of its amplitude and phase shift, 

allowing the impedance of the system to be determined. 

Electrical equivalent circuits can be used to model the obtained data 

to represent the working electrode interfacial region and processes. For 

example, the dashed line (a perfect semicircle) represents the response 

of an ideal RC circuit (Figure 3.6(a)). It can be described by a circuit 

including three components: Rs, the solution resistance; Cdl, the double 

layer capacitance; and Rct, the charge transfer resistance. However, in 

most cases the complex-plane plot (Nyquist plot) does not provide a 

perfect semicircle and is often suppressed, as shown by the solid line 

in Figure 3.6(a). This behavior is attributed to surface non-uniformity, 

roughness, and even porosity, where each local submicroscopic region 

gives rise to its own RC combination. In such cases, Cdl is commonly 

replaced by a constant phase element (CPE) to describe the non-ideal 

capacitive behavior, which can be expressed by Eq. 3.50 

𝐶𝑃𝐸 = −
1

(𝑖𝜔𝐶)𝛼                                                                                    (𝐸𝑞. 3)  

where α is the CPE exponent, ranging from 1.0 for an ideal capacitor 

to 0.5 for an infinite Warburg impedance.51 ω is the radial frequency 

(ω = 2πf). 
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Figure 3.6 (a) Nyquist plots for selected equivalent circuits: an ideal 

capacitor (dashed line) and a non-ideal capacitor described by a 

constant phase element (CPE). Adapted from Ref. 50. (b) Impedance 

plot and fitted by an R-CPE (non-ideal capacitor) equivalent circuit. 

Figure 3.6(b) shows an example of a non-perfect semicircle 

obtained from the measurements and it can be associated with an R-

CPE circuit. The impedance data can be fitted by ZView software to 

obtain the value of each circuit component. Generally, a small Rct 

indicates a fast charge transfer process. 

3.2.3 Chronoamperometry 

Chronoamperometry (CA) is a potentiostatic method in which 

constant potential is applied to the working electrode, and the resulting 

current is recorded as a function of time. The catalysts were tested at 

different potentials, and the liquid products were collected for NMR 
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analysis. The potential that yielded to the highest Faradaic efficiency 

(FE, calculated according to Eq. 4) was selected for long-term stability 

tests. FE represents the fraction of the total charge consumed in an 

electrochemical process that contributes to the formation of a specific 

product (e.g., formate) and is widely used as a key metric for 

evaluating the selectivity of electrocatalysts. 

𝐹𝐸(𝑓𝑜𝑟𝑚𝑎𝑡𝑒) =
 𝑛×𝑁×𝐹

𝐼×𝑡
× 100%                                                        (𝐸𝑞. 4)  

where n is the number of moles of formate produced in the cathodic 

electrolyte, N is the number of electrons transferred to form the liquid 

product (e.g., 2 for formate), F is Faraday constant (96485 C mol−1), t 

is the reaction time, and I is the average total current during 

electrolysis. 

3.2.4 CO2RR product analysis 

1H nuclear magnetic resonance (1H NMR) is a technique that studies 

the magnetic properties of hydrogen nuclei in a magnetic field to 

determine the structure, environment, and interactions of hydrogen 

atoms in a molecule. It provides detailed information about molecular 

connectivity and chemical surroundings. The liquid products were 

analyzed by 1H NMR using water suppression mode. Briefly, the 

collected electrolyte was mixed with deuterium oxide (D2O) and 

dimethyl sulfoxide (DMSO) was added as the internal standard. The 

NMR spectrum was shown in Figure 3.7. The characteristic peak of 

formate (HCOO⁻) appears at approximately 8.4 ppm, while the signal 

of DMSO is observed at around 2.6 ppm. 



 

23 

 

Figure 3.7 1H NMR spectrum of collected electrolyte after electrolysis. 

3.3 Physical characterization 

In this section, I will introduce various physical characterization 

methods applied in this thesis. A general overview of the 

characterization techniques is provided, covering the principles of 

instrumentation and data interpretation. 

3.3.1 X-ray diffraction  

X-ray diffraction (XRD) is widely used to identify the crystal structure, 

phases, and phase composition of crystalline materials. The principle 

of XRD is commonly described by Bragg diffraction (Figure 3.8), 

which follows Bragg’s law (Eq. 5). This equation describes the 

relationship between the X-ray wavelength, the diffraction angle, and 

the lattice spacing. 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃)                                                                                    (𝐸𝑞. 5) 

where n is an integer representing the order of reflection, λ is the X-

ray wavelength, d is the interplanar spacing, and θ is the diffraction 

angle. 
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Figure 3.8 Schematic illustration of Bragg's law. 

XRD results are typically presented as diffraction intensity as a 

function of the diffraction angle (2θ). Unit cell parameters can be 

determined from the 2θ peak positions, which are widely used for 

phase identification and assessing sample purity. Peak shape can also 

provide information about crystallinity, structural disorder, and 

defects, such as crystallite size and strain. In this thesis, the crystallite 

size (D) was estimated using the Scherrer equation (Eq. 6): 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                           (𝐸𝑞. 6) 

where K is the dimensionless shape factor and β is the full width at 

half maximum (FWHM) of the diffraction peaks in the XRD pattern. 

3.3.2 Electron microscopy  

Electron microscopy allows us to see the features of the materials in a 

high magnification even to atomic level, bringing us the direct view of 

the material from morphology to atomic crystal structure. 

3.3.2.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) is widely used to investigate the 

morphology and surface structure of materials. In SEM, a focused 

electron beam generated by an electron gun is accelerated by an 

applied voltage (0.5 to 30 kV) and scanned across the surface of the 

sample. The interaction between electrons and matter produces 

various signals, including secondary electrons, backscattered electrons, 
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and characteristic X-rays (Figure 3.9(a)). These signals carry different 

types of information. In general, two types of electrons are commonly 

used for imaging: backscattered electrons and secondary electrons. 

backscattered electrons originate from deeper regions of the sample, 

whereas secondary electrons are emitted mainly from the surface. 

backscattered electron images provide atomic number contrast, where 

regions with higher atomic numbers appear brighter. In contrast, 

secondary electron imaging reveals more detailed surface morphology. 

 

Figure 3.9 (a) Electron—matter interactions: different types of signals 

are generated. (b) SEM image of SnO2 nanoflower. 

In this thesis, SEM was mainly used to observe the overall 

morphology of the synthesized catalysts. For instance, the SnO2 

material shown in Figure 3.9(b) was imaged using an InLens detector 

at an accelerating voltage of 10 kV. 

3.3.2.2 Transmission electron microscopy 

Transmission electron microscopy (TEM) forms images by 

transmitting a high-energy electron beam through a thin specimen.52 

TEM is typically operated at an accelerating voltage of 30-300 kV, 
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which allows much higher magnification and spatial resolution than 

SEM. For TEM imaging, the specimen should be sufficiently thin 

(~100 nm) to allow electrons to pass through the material and it needs 

to be operated under high-vacuum conditions to maximize the mean 

free path of electrons. 

Scanning transmission electron microscopy (STEM) integrates 

imaging concepts from both TEM and SEM. In STEM, a finely 

focused electron beam is scanned across the sample in a raster pattern. 

Different imaging modes arise from variations in the detector 

collection angle. Among these modes, high-angle annular dark-field 

(HAADF) imaging is widely used, as illustrated in Figure 3.10(a). A 

key component of HAADF-STEM is an annular detector, which 

selectively collects electrons scattered to high angles. The intensity of 

high-angle scattering is approximately proportional to the square of 

the atomic number (Z2), a phenomenon commonly referred to as Z-

contrast. As a result, in HAADF images, elements with higher atomic 

numbers appear brighter, while elements with lower atomic numbers 

appear darker. This contrast mechanism enables intuitive 

differentiation and localization of elements within a sample. For 

example, HAADF-STEM imaging was performed on the BiOCl 

sample used in this thesis, confirming its layered structure (Figure 

3.10(b)). 
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Figure 3.10 (a) Schematic illustration of HAADF-STEM. Adopted 

from Ref. 53. (b) HAADF-STEM image of layered BiOCl used in this 

thesis. 

3.3.3 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is used to analyze the surface 

chemical composition and electronic states of materials under ultra-

high vacuum conditions.54 As illustrated in Figure 3.11, the sample is 

irradiated with X-rays of known photon energy, which induces the 

photoelectric effect and results in the emission of photoelectrons from 

atoms near the surface. The kinetic energy of the emitted electrons is 

measured by an electron energy analyzer, and the electron binding 

energy (EB) can be calculated according to Eq. 7. 

𝐸𝐵 = 𝐸𝑃 − 𝐸𝐾                                                                                      (𝐸𝑞. 7) 

where EP is the energy of the incident photon (e.g., a monochromatic 

Al Kα X‐ray source with energy of 1486.6 eV, operating at 15 kV and 

25 W) and EK is the kinetic energy of the emitted electron. 
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Figure 3.11 Schematic of XPS process. 

3.3.4 Physisorption 

Physisorption is a technique used to determine the specific surface area 

(SSA), pore volume, and pore size distribution of porous materials. 

The results are typically represented by adsorption isotherms, which 

plot the amount of gas adsorbed on the solid surface as a function of 

the relative pressure. According to the International Union of Pure and 

Applied Chemistry (IUPAC), adsorption isotherms can be divided into 

six types, with four types of hysteresis loops (Figure 3.12).55 

To analyze these isotherms, the most commonly used method for 

estimating SSA is the Brunauer–Emmett–Teller (BET) method,56 

which can be expressed by Eq. 8. 

𝑃

𝑉(𝑃0 − 𝑃)
=

1

𝑉𝑚𝐶
+

𝐶 − 1

𝑉𝑚𝐶
×

𝑃

𝑃0
                                                     (𝐸𝑞. 8) 

Where V is the adsorbed gas volume, P is the equilibrium pressure, P0 

is the saturation vapor pressure of the adsorbate at the measurement 

temperature, Vm is the monolayer adsorption capacity, and C is the 

BET constant related to the adsorption energy. This equation is 

typically applied over the relative pressure range of 0.05＜P/P0＜0.30. 

Then the SSA determined by BET can be calculated using Eq. 9.57 

𝑆𝑆𝐴 =
𝐴𝑆

𝑚
=

𝑛𝑚𝑁𝐴𝜎

𝑚
                                                                          (𝐸𝑞. 9) 
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where AS is the total surface area, m is the mass of the sample, NA is 

the Avogadro constant, and σ is the cross-sectional area of the 

adsorbate molecule. 

According to IUPAC classifications, mesoporous materials mainly 

produce type IV isotherms. At low relative pressures, gas molecules 

first form a single layer on the pore walls and then build up additional 

layers. As the pressure rises further, the gas condenses inside the 

mesopores, a process known as capillary condensation, and the 

adsorbed amount increases sharply. Once all the pores are filled, the 

curve flattens into a plateau. During desorption the gas does not escape 

the same pressures at which it entered, so the adsorption and 

desorption curves trace out different paths and form a hysteresis loop. 

Point B, which appears in both type II and type IV isotherms, marks 

the stage at which the first complete monolayer has formed, and 

multilayer adsorption begins (Figure 3.12(a)).  

The shape of the hysteresis loop varies with pore geometry, and four 

main types are distinguished (Figure 3.12(b)). H1 loops have two steep, 

nearly parallel branches and are seen in materials with regular, 

cylindrical pores that are open at both ends. H2 loops rise slowly on 

adsorption but drop steeply on desorption, which is typical of ink-

bottle-shaped pores or tangled pore networks where the narrow 

openings delay gas escape. H3 loops do not level off at high pressures 

and occur when flat, plate-like particles stack together to create slit-

shaped gaps. H4 loops look similar to H3 but stay relatively flat over a 

broader pressure range and close earlier, suggesting narrow slits in 

solids that contain both very small micropores and larger mesopores. 

In this thesis, N2 physisorption was used to determine the specific 

surface area and pore size distribution of the mesoporous SnO2 studied 

in Paper I. Meanwhile, the results indicate that mesoporous SnO2 

exhibited type IV isotherms with an H2 hysteresis loop. 
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Figure 3.12 (a) The six types of physisorption isotherms. (b) The four 

types of hysteresis loops. Both are classified according to the 

IUPAC.55 Reproduced from Ref. 58. 

3.4 In situ characterization of CO2RR 

In this section, I will introduce various in situ characterization methods 

that are crucial for understanding the reaction mechanism and catalysts 

evolution under reaction conditions. These techniques play a key role 

in the rational design of catalysts. 

3.4.1 Vibrational spectroscopy 

Vibrational spectroscopy can provide vast information regarding both 

the reactants and catalysts’ surface, which are the two important 

components of the electrocatalytic reaction. Light is divided into 

different ranges depending on the photon frequency. Ultraviolet and 

visible light is used in Raman spectroscopy, while infrared light is used 

in IR spectroscopy.59 In this thesis, Raman and IR spectroscopy are 
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used to understand the dynamic changes of catalysts and the evolution 

of reaction intermediates. 

3.4.1.1 Raman spectroscopy 

 

Figure 3.13 Scheme and Jablonski diagram of Raman scattering and 

Rayleigh scattering. Reproduced from Ref. 60. 

Raman spectroscopy arises from the inelastic scattering of light when 

incident photons interact with molecules and differentiate from elastic 

(Rayleigh) scattering (Figure 3.13). In Raman scattering, the scattered 

photons exhibit a frequency shift relative to the incident light (ω). 

When an incident photon interacts with a molecule in its vibrational 

ground state, part of the photon energy is transferred to the molecule, 

promoting it to an excited vibrational level. The scattered photon 

emerges with a lower frequency (ω − ωv), this process is referred to as 

the Stokes shift. Conversely, if the molecule already resides in an 

excited vibrational state before the collision, it can relax to the ground 

state during scattering and transfer its vibrational energy to the photon, 

which is then emitted at a higher frequency (ω + ωv), this is known as 

the anti-Stokes shift. In most cases, the Stokes signal is much stronger 

than the anti-Stokes signal because most molecules at room 
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temperature occupy the vibrational ground state according to the 

Boltzmann distribution.60 Consequently, Raman spectroscopy 

typically measures Stokes signals. 

An in situ Raman measurement typically includes an in situ cell, a 

peristaltic pump, a potentiostat, and a Raman spectrometer. As shown 

in Figure 3.14, the cell employs a three-electrode configuration 

consisting of a counter electrode (CE, Pt wire), a reference electrode 

(RE, Ag/AgCl), and a working electrode (WE, the catalyst). These 

electrodes are connected to a potentiostat to apply an electrochemical 

bias, either at a constant potential (chronoamperometry) or under a 

constant current (chronopotentiometry) depending on the purpose of 

the measurement. A peristaltic pump is used to circulate the CO2-

saturated 0.5 M KHCO3 electrolyte. During the measurement, the laser 

is focused on the catalyst surface, and the Raman signals are collected 

by the spectrometer. In this thesis, in situ Raman spectroscopy was 

used to investigate the dynamic structural changes of the catalysts 

during the CO2RR process. 

 

Figure 3.14 Schematic illustration of in situ Raman measurements. 
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3.4.1.2 Infrared spectroscopy 

IR spectroscopy measures the absorption and emission of infrared 

radiation by molecules. It provides fingerprint information about 

molecular structures and chemical compositions. The IR signal arises 

from the interaction between infrared radiation and molecular 

vibrations associated with chemical bonds in a sample. IR 

spectroscopy can be used to analyze various types of samples, 

including solids, liquids, gases, and polymers. The resulting IR 

spectrum is typically presented as absorbance or transmittance as a 

function of the frequency or wavenumber of the infrared radiation. 

 

Figure 3.15 Illustration of in situ ATR-SEIRAS measurements. 

Based on IR spectroscopy and combined with electrochemical 

techniques, attenuated total reflection surface-enhanced infrared 

absorption spectroscopy (ATR-SEIRAS) has emerged as a powerful 

and highly surface-sensitive tool for analyzing molecules present at 

electrode surfaces (Figure 3.15). To perform in situ ATR-SEIRAS 

measurements, an ATR accessory is used to direct the infrared beam, 

together with an ATR crystal coated with a thin Au film, on which the 

catalysts are deposited. In addition, a spectroelectrochemical cell with 

a three-electrode configuration and a CO2 bubbler is employed, along 
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with a potentiostat to control the electrochemical reaction, following a 

procedure like that used for the in situ Raman measurements discussed 

above. During the CO2RR process, the IR signals are recorded using a 

MCT detector, which offers high sensitivity and a fast response time 

suitable for capturing the weak and transient spectral features of 

reaction intermediates under in situ conditions. 

3.4.2 X-ray based techniques 

X-ray techniques are complementary to vibrational spectroscopy and 

help overcome the limitations in probing catalyst structure and 

composition. In this section, two typical and widely used X-ray-based 

techniques are presented. 

3.4.2.1 X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS) has become one of the most 

important techniques for providing valuable information about the 

dynamic changes in catalysts under reaction conditions. It is applicable 

to a wide range of materials, including ordered, disordered, 

nanostructured, and liquid systems. 

An XAS spectrum can be divided into two regions: X-ray 

absorption near-edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS), which provide information about 

the electronic structure and the coordination environment (Figure 

3.16).61 The XANES region typically spans approximately 50–200 eV 

above the absorption edge and reflects electronic transitions from core 

levels to unoccupied states, providing information about the oxidation 

state of the catalyst.62 The EXAFS signal originates from interference 

effects caused by the backscattering of photoelectrons from 

neighboring atoms. It appears as an oscillatory component in the 

absorption spectrum above the absorption edge and is mainly 

dominated by single-scattering events. Analysis of EXAFS can reveal 
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the local coordination environment around the absorbing atom, 

including the type of neighboring atoms, coordination number, and 

interatomic distances.63, 64 

 

Figure 3.16 A typical XAS spectrum consisting of XANES and 

EXAFS regions, with the inset showing the quantitative analysis of 

EXAFS spectra. Reproduced from Ref. 64. 

To perform in situ XAS measurements at a beamline, one of the key 

factors is the design of an in situ cell that is compatible with the 

experimental configuration of the beamline. Here, I designed and 

customized an in situ cell (Figure 3.17) suitable for our measurements, 

which can operate in both fluorescence and transmission modes. 
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Figure 3.17 Schematic illustration of a customized in situ XAS cell. 

3.4.2.2 X-ray diffraction 

The principle of XRD has been discussed in Section 3.3.3. Here, I 

mainly discuss the application of XRD in in situ measurements. 

Depending on the X-ray source, in situ XRD measurements can 

generally be divided into two types: those based on conventional 

laboratory X-ray sources and those performed at synchrotron radiation 

facilities. Compared with laboratory instruments, synchrotron XRD is 

carried out under substantially higher photon flux, with superior 

angular resolution and excellent time resolution (at the millisecond 

level), enabling the detection of rapid structural changes during 

CO2RR. Analysis of in situ XRD patterns yields information on the 

crystal structure, phase transformations, and crystallite size of the 

working catalysts. At certain synchrotron beamlines, XRD and XAS 

data can be collected simultaneously, so that changes in valence state 

and local coordination environment are captured together with the 

long-range structural evolution. This combination of techniques is 

particularly valuable for linking catalytic performance to structural 

features and for guiding catalyst design. 
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Chapter 4: Summary of included papers 

In this thesis, two main catalyst systems were explored. The first study 

investigates how mesopores and oxygen vacancies in SnO2 jointly 

enhance CO2 electroreduction, while the second focuses on the 

influence of Sn doping on the structural evolution of Bi-based 

electrocatalysts. The two studies provide mechanistic insights that can 

guide the rational design of efficient and stable catalysts for CO2RR. 

4.1 Paper I 

To elucidate the effect of mesostructure and defect chemistry on 

catalytic performance, mesoporous SnO2 was synthesized as a model 

catalyst and compared with nonporous counterparts. The mesoporous 

SnO2 exhibited enhanced formate selectivity, showing a 45.4% 

relative increase compared with bulk SnO2, together with improved 

stability, as indicated by a lower Faradaic efficiency loss after 12 h of 

electrolysis. Electrochemical analysis, in situ spectroscopic 

characterization, and density functional theory calculations revealed 

that the mesoporous structure facilitates CO2 adsorption and interfacial 

charge transfer, while oxygen vacancies stabilize key *OCHO 

intermediates and lower the reaction energy barrier. Moreover, the 

mesostructure promoted the formation of oxygen vacancies, which 

helped maintain the oxidation state of Sn under reaction conditions 

and contributed to improved catalyst durability. These findings 

demonstrate the synergistic roles of mesoporosity and oxygen 

vacancies in regulating CO2RR activity and stability, providing 

insights into the design of efficient Sn-based electrocatalysts for 

CO2RR. 
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4.2 Paper II 

The role of Sn doping in regulating the structural evolution and 

catalytic performance of layered BiOCl during CO2RR was 

investigated. Sn-doped BiOCl nanoplates were synthesized via a sol–

gel method and used as electrocatalysts for CO2 conversion to formate. 

Structural characterization combining in situ Raman spectroscopy, 

time-resolved ex situ XRD, and S/TEM analyses revealed that both 

pristine and Sn-doped BiOCl undergo electrochemical reconstruction 

under reaction conditions, yielding metallic Bi with preferentially 

exposed crystal facets. While the reconstructed catalysts 

predominantly expose the Bi 012 facet, Sn doping also promotes 

additional exposure of the Bi 003 facet, suggesting that the dopant 

influences both the reconstruction pathway and the arrangement of 

active sites. Electrochemical measurements indicated that a doping 

level of approximately 5% Sn achieves the highest formate selectivity, 

with a Faradaic efficiency of ~87.7% at −1.0 V vs. RHE, considerably 

higher than that of undoped BiOCl. In situ ATR-SEIRAS further 

showed that Sn facilitates *OCHO adsorption and enhances water 

dissociation, both of which are crucial for formate formation. These 

observations emphasize the role of dopant-regulated surface 

reconstruction and facet exposure in determining catalytic activity and 

provide guidance for designing efficient Bi-based electrocatalysts for 

CO2RR. 
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Chapter 5: Outlook 

For Paper I, although mesoporous SnO2 was obtained, the pores are 

mainly interparticle pores. Further efforts can therefore be devoted to 

tuning the pore structure, which can provide additional opportunities 

for improving CO2RR performance. Materials with intraparticle pore 

structures may provide more accessible active sites for the reaction. 

To achieve this, a range of templates and synthesis conditions, such as 

pH and temperature, can be explored. 

In addition to the results presented in Paper II, I also intend to 

combine the in situ XAS and XRD data to further elucidate the 

dynamic structural evolution of the catalysts in terms of valence states, 

composition, and phase evolution. This combined analysis can provide 

multiscale information about the reaction mechanism. Meanwhile, 

more efforts will be dedicated to uncovering the general principles that 

govern catalysts reconstruction and reaction pathways, such as the 

roles of dopants, effects, and the electrolyte environment, which are 

essential for guiding the rational design of efficient and stable CO2RR 

electrocatalysts. 

This thesis mainly employs the conventional H-cell and focuses on 

fundamental studies of the structure–performance relationships of 

catalysts. Nevertheless, the limitations of the H-cell are also 

recognized, including relatively low current densities and limited CO2 

mass transport. Based on this, it is also important to evaluate catalytic 

performance under more practical configurations, for example using a 

flow cell with a GDE or an MEA cell, as discussed in Section 2.1.1. 

After initial evaluation at the laboratory scale (1 cm2), electrodes 

showing promising performance could be further assessed at a larger 

scale (100 cm2) in collaboration with industrial partners. 
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Inspired by the findings in Paper I and II, I found that catalyst 

reconstruction plays a key role in determining catalyst stability. For 

further optimization of the catalyst, controlling excessive or deep 

reconstruction is essential for improving catalyst durability. This is 

also crucial for enabling reliable scale-up to larger reactor systems. 
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