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kinetics and poor product selectivity. Therefore, the development of efficient catalysts with high electrochemical catalytic ability 

and selectivity is in high demand. To this regard, this thesis aims to develop a novel embedded Fe-Nx structure in porous carbon 

nanospheres as catalysts for efficient CO2ER, and to disclose the relationship between enhanced for efficiency and structural 

regulation. 

 In Chapter 1, current catalysts for electrochemical reduction CO2 have been systematically reviewed including metallic-

based materials, metal oxides, transition-metal dichalcogenides, single-atom confined materials, and metal-free carbon-based 

materials. The conversions from CO2 into diversities of products were also discussed according to the relevant catalytic process.  

 Chapter 2 gives the experimental details for this research project, including the chemicals, devices, fabrications of the 

catalysts and the testing protocols for physical characterizations and electrochemical performance of the as-prepared materials.  

 Chapter 3 develops a novel catalyst for CO2 conversion into CO. 5,10,15,20-Tetraphenyl-21H,23H-porphine iron (III) 

chloride (Fe-TPP precursor) was embedded into zeolitic imidazolate framework-8 (ZIF-8) and finally obtained a Fe-Nx structure 

onto porous carbon nanosphere. The porous carbon nanospheres were prepared by a silica-protected strategy. The content of active 

sites Fe-Nx exposed for efficient catalysis is quite limited, which hinder the performance of catalysts. The hierarchical porous 

structures expose more Fe-Nx sites, which would enhance the properties of Fe-Nx-C catalysts. The local pH change near the catalyst 

surface and the influence of mesoporosity are also investigated. The results indicate that the mesoporosity can boost CO2 and 

proton diffusion and improve CO current density for CO2ER. 

 Chapter 4 summarises the research findings and also offers several perspectives for enhancing CO2ER in the future. 

 

  



 

 

Declaration relating to disposition of project thesis/dissertation 

I hereby grant to the University of New South Wales or its agents the right to archive and to make available my thesis or dissertation 

in whole or in part in the University libraries in all forms of media, now or here after known, subject to the provisions of the 

Copyright Act 1968. I retain all property rights, such as patent rights. I also retain the right to use in future works (such as articles 

or books) all or part of this thesis or dissertation. 

I also authorise University Microfilms to use the 350-word abstract of my thesis in Dissertation Abstracts International (this is 

applicable to doctoral theses only). 

 

                                                                                  

Signature   Witness Signature   Date 

The University recognises that there may be exceptional circumstances requiring restrictions on copying or conditions on use.  

Requests for restriction for a period of up to 2 years must be made in writing.  Requests for a longer period of restriction may be 

considered in exceptional circumstances and require the approval of the Dean of Graduate Research. 

 

 

 

Date of completion of requirements for Award: 

FOR OFFICE USE ONLY 

 

  



 

COPYRIGHT STATEMENT 

‘I hereby grant the University of New South Wales or its agents the right 

to archive and to make available my thesis or dissertation in whole or part 

in the University libraries in all forms of media, now or here after known, 

subject to the provisions of the Copyright Act 1968. I retain all 

proprietary rights, such as patent rights. I also retain the right to use in 

future works (such as articles or books) all or part of this thesis or 

dissertation. I also authorise University Microfilms to use the 350-words 

abstract of my thesis in Dissertation Abstract International (this is 

applicable to master's theses only). I have either used no substantial 

portions of copyright material in my thesis or I have obtained permission 

to use copyright material; where permission has not been granted I have 

applied/will apply for a partial restriction of the digital copy of my thesis 

or dissertation.’ 

 

Signed.................................... 

 

 

Date.................................... 

 

 

AUTHENTICITY STATEMENT 

‘I certify that the library deposit digital copy is a direct equivalent of the 

final officially approved version of my thesis. No emendation of content 

has occurred and if there are any minor variations in formatting, they are 

the result of the conversion to digital format.’ 

 

 

Signed.................................... 

 

 

Date....................................  



 

ORIGINALITY STATEMENT 

‘I hereby declare that this submission is my own work and to the best of 

my knowledge it contains no materials previously published or written 

by another person, or substantial proportions of material which have been 

accepted for the award of any other degree or diploma at UNSW or any 

other educational institution, except where due acknowledgement is 

made in the thesis. Any contribution made to the research by others, with 

whom I have worked at UNSW or elsewhere, is explicitly acknowledged 

in the thesis. I also declare that the intellectual content of this thesis is the 

product of my own work, except to the extent that assistance from others 

in the project's design and conception or in style, presentation and 

linguistic expression is acknowledged.’ 

 

 

 

Signed.................................... 

 

 

Date.................................... 

  



 

INCLUSION OF PUBLICATIONS STATEMENT 

UNSW is supportive of candidates publishing their research results during their candidature as 

detailed in the UNSW Thesis Examination Procedure.  

Publications can be used in their thesis in lieu of a Chapter if:  

• The candidate contributed greater than 50% of the content in the publication and is the “primary 

author”, ie. the candidate was responsible primarily for the planning, execution and preparation 

of the work for publication. 

• The candidate has approval to include the publication in their thesis in lieu of a Chapter from 

their supervisor and Postgraduate Coordinator. 

• The publication is not subject to any obligations or contractual agreements with a third party that 

would constrain its inclusion in the thesis. 

Please indicate whether this thesis contains published material or not: 

☒ This thesis contains no publications, either published or submitted for publication. 

☐ 

Some of the work described in this thesis has been published and it has been documented in 

the relevant Chapters with acknowledgement. 

☐ 

This thesis has publications (either published or submitted for publication) incorporated into 

it in lieu of a chapter and the details are presented below. 

 

CANDIDATE’S DECLARATION  

I declare that: 

• I have complied with the UNSW Thesis Examination Procedure 

• where I have used a publication in lieu of a Chapter, the listed publication(s) below 

meet(s) the requirements to be included in the thesis. 

Candidate’s Name  

 

Zhen Shi 

Signature 

 

Date (dd/mm/yy) 

 

 



 

I 
 

ACKNOWLEDGEMENTS 

 First of all, I would like to express my sincere gratitude to my supervisor, Prof. 

Chuan Zhao, for his strong support on my research project. It is my great pleasure to 

study in his group for investigation on electrochemical carbon dioxide reduction. His 

meticulous and enthusiastic attitude toward academic research has helped me to 

fundamentally understand the intricacies of research work. Prof. Zhao has demonstrated 

his incredible care and commitment to me and guided this project with his proficient 

supervision. Most importantly, I would like to thank him for his patience and support 

in response to the coronavirus (COVID 19) during this challenging time. 

 I would like to express my gratitude to Dr Yong Zhao, for his generous contribution 

to the scope of this project with his knowledge and experience in CO2 electroreduction. 

I have gained valuable details on experiments and theories, which are essential and 

fundamental to the completion of this project. 

 I would also like to thank all the members of Chuan’s group. Dr Sam Chen, Dr 

Quentin Meyer, Dr Yuan Wang and Muhannad Ibrar Ahmed. My tremendous gratitude 

to the group for lab management and tireless assistance. Another special thanks to Dr 

Xin Bo, Dr William Adamson, Dr Mengchen Ge, Dr Wangfeng Yang, Dr Chen Jia, Dr 

Karin Ching, Tim Fang, Zhen Su, Qian Sun, Tingwen Zhao,Xinyi Zhang, Shiyang Liu, 

Chiengli Rong, Sicheng Wu, Xuancheng Peng, Haocheng Guo and Yang Xiao. These 

friendships have become important ‘treasures’ in both my academic and personal life. 



 

II 
 

  I am also very grateful for the support of my old friends, Liangju Chen, Zhenwei 

Peng, Xinjue Chen, Yingyan Tang. Their encouragement and comfort have helped me 

overcome obstacles and challenges during difficult times. 

 Most importantly, I would like to express my utmost gratitude to my parents. Their 

endless love and support to my life and study have been very important and meaningful 

to the completion of my degree. 

 Finally, I want to thank and recognise the support I have received so that I have the 

opportunity to complete this thesis successfully during the pandemic. I also believe the 

panic must turnover, and a much brighter future is always in front of us. May the peace 

and love be with you all. 

Zhen Shi 

14/08/2021 

 

  



 

III 
 

ABSTRACT 

 Electrochemical reduction of carbon dioxide (CO2ER) reaction has become an 

attractive and promising approach to convert CO2 into fuels and high-value-added 

chemicals. However, the electrochemical reduction of CO2 suffers from sluggish 

reaction kinetics and poor product selectivity. Therefore, the development of efficient 

catalysts with high electrochemical catalytic ability and selectivity is in high demand. 

To this regard, this thesis aims to develop a novel embedded Fe-Nx structure in porous 

carbon nanospheres as catalysts for efficient CO2ER, and to disclose the relationship 

between enhanced for efficiency and structural regulation. 

 In Chapter 1, current catalysts for electrochemical reduction CO2 have been 

systematically reviewed including metallic-based materials, metal oxides, transition-

metal dichalcogenides, single-atom confined materials, and metal-free carbon-based 

materials. The conversions from CO2 into diversities of products were also discussed 

according to the relevant catalytic process.  

 Chapter 2 gives the experimental details for this research project, including the 

chemicals, devices, fabrications of the catalysts and the testing protocols for physical 

characterizations and electrochemical performance of the as-prepared materials.  

 Chapter 3 develops a novel catalyst for CO2 conversion into CO. 5,10,15,20-

Tetraphenyl-21H,23H-porphine iron (III) chloride (Fe-TPP precursor) was embedded 

into zeolitic imidazolate framework-8 (ZIF-8) and finally obtained a Fe-Nx structure 

onto porous carbon nanosphere. The porous carbon nanospheres were prepared by a 
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silica-protected strategy. The content of active sites Fe-Nx exposed for efficient 

catalysis is quite limited, which hinder the performance of catalysts. The hierarchical 

porous structures expose more Fe-Nx sites, which would enhance the properties of Fe-

Nx-C catalysts. The local pH change near the catalyst surface and the influence of 

mesoporosity are also investigated. The results indicate that the mesoporosity can boost 

CO2 and proton diffusion and improve CO current density for CO2ER. 

 Chapter 4 summarises the research findings and also offers several perspectives for 

enhancing CO2ER in the future. 
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Chapter 1 Introduction 

 Background  

 The excessive consumption of fossil fuels such as natural gas, oil and coal has been 

contributed to the continuous accumulation of atmospheric CO2, where the 

concentration of CO2 in the atmosphere reached 412 ppm in2020.1-4 CO2 is a kind of 

greenhouse gas that leads to global warming and the deterioration of the environment. 

To solve these problems, many technologies have been developed to capture CO2 from 

emission sources and utilize the CO2 to produce chemical products, for example, urea 

and polycarbonates.5, 6 The quantity of CO2 emitted through fossil fuel utilization is 

considerably more than industrial requirements.7 In recent years, carbon dioxide 

electrochemical reduction (CO2ER) has become an attractive and promising approach 

to convert CO2 into value-add chemicals and fuels (e.g. CO, HCOOH, CH4OH, CH4, 

etc.), driven by renewable energy.8, 9 There are some intrinsic advantages in CO2ER. 

Firstly, the chemicals consumed in this process are water and CO2, and the electrolyte 

can be fully recycled. Secondly, produced high-energy-density fuels from this reaction, 

such as methanol and ethanol, can be directly used in vehicles, providing a promising 

strategy for stable and larger-scale renewable energy storage.10 Thirdly, this conversion 

can be operated under mild conditions such as room temperature and/or ambient 

pressure11, and the reaction system is relatively simple and modular, which can be easily 

scaled up for industrial applications.12, 13 
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 Introduction of CO2ER 

 Due to the strong binding energy of the C=O double bond (806 kJ mol-1), CO2 is 

considered a thermodynamically stable molecule.14, 15 Therefore, the electrochemical 

reduction of CO2 suffers from sluggish reaction kinetics.16 Highly efficient 

electrocatalysts are essential to activate CO2 molecules for further conversion and 

facilitate this reaction to obtain high activity, energy efficiency, and high selectivity for 

the target product. Based on the electrocatalyst used, CO2ER can be generally classified 

as homogeneous catalysis and heterogeneous catalysis.11, 16, 17 

 Homogenous Catalysts  

 Homogeneous CO2ER catalysts usually include transition metal coordination 

complexes with precise molecular structures.14 These metal complex catalysts can be 

dissolved in electrolytes, and the interfacial electron is transferred from the supporting 

electrode to the reduced metal as the active centres, reacting with CO2 and H+ to form 

the intermediate products. With the final products detached from the active sites, the 

catalyst transforms into its original status for the next catalytic cycle (Figure 1.1).11 

Due to their special molecular structure and unique catalytic centres, homogeneous 

electrocatalysts exhibit high activity and selectivity toward CO2ER. However, most of 

these metal complex catalysts have poor solubility, activity and stability in an aqueous 

environment and thus have to be applied in organic environments.7 As a result, the high 

cost, toxicity and complicated post-separation are significant challenges in the 

homogenous CO2ER process, which obstructs their widespread industrial application.16 
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Figure 1.1. Scheme of a CO2ER Homogeneous Electrocatalyst. Reproduced with 

permission.11 Copyright 2018, John Wiley and Sons. 

 Heterogeneous Catalysts  

 On the other hand, the heterogeneous electroreduction of CO2 is more desirable 

due to the facile synthesis of electrocatalysts, excellent performance and environmental 

friendliness. In addition, heterogeneous catalysts can be fabricated into a gas-diffusion 

type of electrolyzer, contributing to a higher current density of CO2ER. It is promising 

for larger-scale applications in the industry.18 In early studies, bulk and post-transition 

metals have been used as heterogeneous CO2ER catalysts, and their intrinsic activities 

for CO2ER also have been revealed. In recent decades, nanoscience and 

nanotechnology have made significant progress, contributing to the emergence of novel 

heterogeneous electrocatalysts, including nanostructured metals catalysts, metal-oxide-

derived catalysts, heteroatom doped carbon materials and metal-organic frameworks. 

Compared to bulky catalysts, these new types of catalysts exhibit higher performance. 

However, the property of catalysts is still far from industrial demand due to the high 

fabrication cost, short lifetime, and low catalytic activity and selectivity.16 Hence, 

robust, cheap, and efficient catalysts need to be developed. 
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 Thermodynamics and Kinetics of Heterogeneous CO2ER  

 The CO2 electrolyzer, which is utilized for heterogenous CO2ER, consists of a 

cathode, an anode, electrolytes, and an ion-exchange membrane. (Figure 1.2). The 

CO2ER occurs at the cathode, while the oxygen evolution reaction (OER) occurs at the 

anode. The electrodes are put into electrolytes, which are usually a CO2 saturated 

aqueous solution. An ion exchange membrane is required to avoid the products formed 

from the CO2 reduction entering into the anode and further being oxidated, and only 

allows the movement of permeable ions.16  

 

Figure 1.2 Schematic illustrates the electrolyzer for CO2ER 

 The CO2ER takes place at the surface or near the surface of heterogeneous 

catalysts.13 This process involves multiple reaction steps and electron-proton transfers. 

Three main steps are involved in the CO2ER process: i) chemical adsorption of CO2 on 

the electrode; ii) electron transfer and/or proton migration to cleave C-O bonds and/or 

form C-H bonds; iii) configuration rearrangement of products for desorption from the 

electrode surface and diffuse into the electrolyte.19 With the different electron-proton 
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transfer processes, CO2ER can generate a variety of products, including CO, HCOOH 

or HCOO-, CH4, C2H4, CH3OH, and C2H5OH. This not only makes the reaction kinetics 

complicated but also leads to poor product selectivity for CO2 conversion.13 

 The thermodynamic electrochemical half-reactions of CO2ER and the associate 

standard equilibrium potentials were listed in Table 1.1.16 The equilibrium potentials 

of hydrogen evolution reaction (HER) (R1) are akin to CO2 reduction. This coincides 

with an observed phenomenon that H2 is a major side-product during the CO2ER 

process. Also, there is only a small difference in the thermodynamic potential for 

different CO2 reduction products (R2-R7). It is complicated to control the product 

selectivity during the reaction. The potential for activating CO2 molecules to form a key 

intermediate species CO2
▪- (R8) is more negative than the other reactions (R2-R7). It 

indicates that a more negative potential compared to the equilibrium is needed to drive 

the CO2 reduction to specific products.20 The difference between these two potentials 

is identified as overpotential, and overpotential requires extra energy input for CO2 

conversion. Therefore, reducing the overpotential is highly desirable to improve energy 

efficiency. An efficient electrocatalyst is required to facilitate the formation of CO2
▪- by 

proton-assistance and multiple-electron transfer to reduce the high overpotential. 

Additionally, the relationship between Gibbs free energy (ΔG) and potential (E0) 

can be explained by the equation: ΔG = -zFE0, where z refers to number of electrons 

transferred, and F is the Faraday constant (96485 C mol-1). According to this equation, 

the CO2 electrochemical reduction with more positive E0 is more favourable. Hence, 

the E0 value in Table 1.1 indicates that electrochemical reduction of CO2 is more likely 
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to form the hydrocarbon or alcohol products rather than CO, HCOO, HCHO, and H2 

production. However, those results are not in accordance with the experimental 

results.21 The reason is that the CO2ER is influenced by the thermodynamic barrier and 

controlled by the kinetics of catalytic sites and accessible protons in the electrolyte. 

This means that the active site switches the electron and proton transfer to form 

preferable intermediates in the catalyst, which change the selectivity of CO2ER. 

Table 1.1 Standard potentials of CO2 reduction reaction in aqueous solutions (V vs. 

SHE) at pH=7, 1.0 atm and 25oC.16  

Half-electrochemical  

thermodynamic reactions 

Equilibrium potentials  

(V vs. SHE) under  

standard conditions 

Reference 

Code 

2H+ + 2e- → H2 -0.42 [R1] 

CO2 + 2H+ + 2e-→HCOOH -0.61 [R2] 

CO2 + 2H+ + 2e- → CO + H2O -0.52 [R3] 

CO2 + 4H+ + 4e- → HCHO + H2O -0.51 [R4] 

CO2 + 6H+ + 6e- → CH3OH + H2O -0.38 [R5] 

CO2 + 8H+ + 8e- → CH4 + 2H2O -0.24 [R6] 

2CO2 + 12H+ + 12e- → C2H4 + 4H2O -0.34 [R7] 

CO2 + e- → CO2
▪- -1.90 [R8] 

 Significant Index to Evaluate Heterogeneous CO2ER 

 To estimate and compare the properties of various electrocatalysts, several essential 

parameters need to be clarified, including Faradic efficiency, current density, 

overpotential and Tafel slope. 

Faradaic efficiency (FE) is an essential parameter for CO2ER. It is the percentage of 

electrons consumed to manufacture a given product during a specific period. The FE 
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value can be calculated as the following equation:εFaradaic= αnF/Q where α is the 

number of electrons transferred (e.g., α = 6 for CO2 reduction to CH3OH ), n is the 

number of moles for the desired product, F refers to Faraday's constant (96485 C mol-

1 ), and Q represents the total quantity of electrochemical charge. The FE of different 

CO2ER production directly reflects the selectivity of electrocatalysts. Therefore, FE is 

the most significant parameter to estimate the property of electrocatalyst for CO2ER. 

Current density (j). The total current density for CO2ER can be calculated by dividing 

the current by the geometric surface area of the working electrodes. The current density 

directly reflects the reaction rate. Because of the complicated CO2ER products and 

competence of HER during the electrocatalytic process, the calculation of the partial 

current density for all CO2ER products is necessary, which can be obtained by the 

equation: jproduct = FEproduct ×jtotal.  

Overpotential(η). The overpotential for the CO2ER indicates the absolute magnitude of 

the difference between the potential required of generation of the product (E) and the 

equilibrium potential (E0), η=|E-E0|. Total energy utilization towards the CO2ER 

products is determined by the overpotential and faradaic efficiency combined. The 

equation can estimate the energy efficiency (ε) of the CO2ER, ε=FE×E0/(E0+η). This 

equation demonstrates that the low overpotential and high efficiency in the CO2ER 

process can achieve high energy efficiency. 

Tafel slope. The Tafel plot describes the relationship between the overpotential and the 

logarithm of the partial current density of the target product. The slope of the Tafel plot 

can be utilized to measure the reaction kinetics of the CO2ER. Usually, when the slope 
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of the Tafel plot is 120 mV dec-1, the reaction determining step (RDS) is a one-electron 

transfer to CO2 to form CO2
▪- intermediate.22 In contrast, when the slope of the Tafel 

plot is 59 mV dec-1, the RDS was controlled by the one-electron transfer step and H+ 

transfer.23 

 Challenges of Heterogeneous Catalysts 

 Many studies have been developed on the heterogeneous CO2ER catalyst in recent 

decades, and significant progress has been achieved. However, there are few reports on 

the industrial applications of these catalysts. The reason is the limited performance of 

the CO2ER, which is still far from industrial requirements (current density 200 

mA/cm2,24 and stability >20,000 h25 ). The main problems and challenges in CO2ER 

areas are summarised as follows. 

Low energy efficiency. The enormous energy barrier for forming the critical 

intermediate CO2
▪- contributes to the requirement of a large overpotential. According 

to the energy efficiency’s equation, a large overpotential results in low energy efficiency. 

The CO2ER process’s proton supply is from the water electrolysis. As the equilibrium 

of potential hydrogen evolution reaction (HER) is also similar to CO2ER, the CO2ER 

competes with the HER during the reduction process, leading to a higher energy 

requirement with lower energy efficiency.  

Poor selectivity. The similar equilibrium potentials of the half-reactions result in poor 

selectivity with the mixed products from CO2ER containing various gaseous and liquid 

species. The high cost for separating multiple products makes developing catalysts with 



 

9 
 

single-selectivity highly desirable. 

Low current density. Due to the sluggish kinetics of CO2 reduction and low solubility 

of CO2 in aqueous electrolytes, the reactant diffusion obviously limited current density 

from exceeding 30 mA/cm2. This is far from the technical requirements for practical 

applications.24 

Short lifetime. The surface composition and structure of electrocatalysts have profound 

impacts on the CO2ER. The surface structures of the catalyst are rearranged, and the 

surface is contaminated during the electrolytic process. This leads to a variety of side 

effects that deactivate the catalysts. In addition, reaction intermediates, by-products 

and/or contaminants in the electrolyte can block the diffusion channels, which also 

slows down the reaction process. All of these factors severely influence the stability of 

the catalysts.26 To date, the reported lifetime of catalysts are less than the 100 hours 

required for industrial application. 

 Therefore, a promising heterogeneous CO2ER electrocatalyst should achieve high 

energy efficiency at the CO2ER process, high current density, high selectivity, and long-

term stability at low overpotentials. 

 Current Heterogeneous Catalysts for CO2ER 

 Heterogeneous CO2ER have been an attractive research area during the last few 

decades, and many electrocatalysts have been developed. Up to now, five types of 

materials demonstrate high performance toward CO2ER; metal, metal oxides, 

transition-metal dichalcogenides, metal-free carbon materials, and single-atom 
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catalysts. In this section, the representative catalysts have been discussed and tabulated 

to give a general overview of catalyst development. The influence of porous structure 

on catalytic performance will be addressed in the next section. 

 Metal Catalyst 

 Bulk Metals Catalyst 

 In the early studies, the bulk transition and post-transition metals were directly 

utilized as the CO2ER catalysts. The properties of bulk metals control the formation of 

CO2 reduction products. For example, the main products of Cu are hydrocarbon 

compounds (CH4 and C2H4).
27-29 Zn metal demonstrates excellent selectivity toward 

CO, while the major reduction product for Sn is HCOOH. 30, 31Hori and his co-workers 

indicate that these bulk metal catalysts can be divided into four groups based on the 

reduction products.31 Group 1 contains Pb, Hg, In, Cd, Bi and Tl, producing the formate 

(HCOO-) or formate acid (HCOOH) as the major product. Au, Ag, Zn, Pd belong to 

Group 2, giving CO as the major product. Group 3 only includes Cu, producing 

hydrocarbons such as CH4, C2H4, C2H6. Ni, Fe, Pt and Ti belong to Group 4, where 

HER occurs dominantly.16  

 The ability of these metals to bind the different intermediates determine the selectivity 

of the reduction products. (shown in Figure 1.3).16 The major CO2ER product of Group 

1 metals is formate or formic acid. These metals can hardly stabilize formed CO2
▪- 

intermediates; thus, formate or formic acid have to be obtained through an outer-sphere 

mechanism.32 The metals in the other group can stabilize the CO2
▪- and convert them to 
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*COOH and *CO intermediates. The metal in group 2 cannot stabilize the *CO 

intermediates. Thus, CO is readily desorbed from the metal surface and emerges as a 

predominant product. For Group 4, the *CO is bound too strongly on the metal surface, 

which results in catalyst poisoning and further hinders the reduction of the *CO 

intermediates. In comparison, The *CO and *COOH intermediate properly adsorbed 

on the surface of Cu and allows further conversion to high-order carbon products such 

as CH4 and CH3OH via *COH or *CHO intermediates.16 

 

Figure 1.3 Possible reaction mechanism of electrochemical CO2 reduction on various 

metal electrodes in aqueous solutions. Redrawn according to reference.16 Copyright 

2018, John Wiley and Sons. 

 However, the observation of the surficial chemistry process on the transition metal 

electrode during the CO2ER is more complicated.16 According to Kuhl et al.33, methane 

and methanol were observed when the heterogenous catalyst was Ag, Zn, Cu, Ni, and 

Pt. Also, only methane was formed on Fe, while the Au surface produced methanol. 

Hence, they reported the selectivity of CO2ER for Fe and Au was controlled by the CO 

binding strength and depended on the different oxophilicites between Au and Fe. Due 
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to the strong Fe binding affinity for O, the second C-O bond of CO2 could be broken, 

which continue the generation of methane. On the other hand, due to the weakly Au 

binding affinity for O, the Au keeps the second C-O bond active to generate methanol. 

Thus, this idea can be utilized to design the catalyst to produce hydrocarbon or alcohol. 

 The bulky metallic catalysts demonstrate attractive properties toward CO2ER. 

However, the performance of bulk metals is still far from meeting industrial 

requirements when considering selectivity, activity and stability.7 Also, due to the 

limitation of characterization techniques and catalyst synthesis methods in the early 

studies, the information on reaction rate and stability is inadequate. Additionally, the 

morphology, structure, and chemical composition of the metallic surface are 

complicated, which hinder the understanding of the mechanism for CO2ER.30  

 Nanostructured Metals 

 The last decade has witnessed considerable progress in nanoscience and 

nanotechnology. The catalyst of CO2ER also focused on nanostructured materials. 

Compared with bulk metals, nanostructured metals have several intrinsic advantages.34 

First, the exposed active sites of the nanostructured metals are more than bulk metals 

due to the large specific surface areas, which enhances the reaction rate and improves 

the tolerance to impurities in the electrolytes. Additionally, from both experiments and 

theoretical aspects, the morphology, crystal facets, roughness, and particle size of the 

nanostructure metal catalyst significantly influence the activity and selectivity toward 

CO2ER.35, 36 At present, the nanostructured Au, Ag, Cu, Zn, Pd, Co, In, Bi, and Sn have 
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been widely investigated as electrocatalysts for CO2ER, and exhibit better performance 

than their bulk counterparts.7 

 Metal Alloys Catalysts 

 As mentioned above, the binding strength of the key intermediate (e.g. *COOH, 

*CO) on the surface of metals determine the activity and product selectivity of the 

CO2ER. The binding strength of the key intermediate can be regulated by introducing 

other metals into the metallic catalyst, which can improve the properties of CO2ER 

significantly.37 Only Cu has been reported to properly connect the key *CO 

intermediate for further conversion to high-value products such as ethylene, methanol, 

ethanol, etc.30 However, it will result in multiple products. Therefore, Cu alloying with 

other metals were developed to optimize the selectivity procedure by tailoring *CO and 

* COOH's binding strength on the Cu surface, e.g. Ni, Sn, Pb, Cd, Au, and In. Apart 

from Cu based alloys, the non-copper alloys (e.g. Pd-Au, Pd-Sn, Au-Fe) also exhibit 

good activity and selectivity for the CO2ER. Table 1.3 summarises some representative 

alloy catalysts for the CO2ER, providing insights into designing this kind of catalysts. 
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Table 1.2 Performance for alloy catalysts toward CO2ER. Modified according to 

referenc7  

Alloys Electrolyte product Evs.RHE jpartial (mA/cm2) 

CuAu3 
0.1M 

NaHCO3 
CO (65) -0.73 230A g-1 

Cu11In9 
0.1M 

NaHCO3 
CO (95) -0.6 0.6 

Cu2Cd 
0.1M 

KHCO3 
CO (84) -0.1 8.0  

Cu-Sn  
0.1M 

KHCO3 
CO (90) -0.6 1.0  

Cu3Pd7 
0.1M 

KHCO3 
CO (80) -0.8 0.5 

Cu3Pt 
0.5M 

NaHCO3 
Methane (21) -0.93 NA 

Cu64Au36 
0.5M 

NaHCO3 

Ethanol (12) 

Methanol (15.9) 
-0.41 NA 

Cu-Pd 1M KOH  
Ethylene (47) 

Ethanol (15) 
-0.74 

NA 

Cu-Ag 1M KOH  
Ethylene (60) 

Ethanol (25) 
-0.7 

NA 

Cu-Ag 
0.5M 

KHCO3 
acetic acid (21.2) -1.33 NA 

Cu4Zn 
0.1M 

KHCO3 
Ethanol (29.1) -1.05 8.2  

Cu0.2Sn0.8 
0.5M 

KHCO3 
HCOO- (85) -0.35 3  

Au-Fe 
0.5M 

KHCO 
CO (97.6) -0.4 11.1 

Au55Pd45 
0.1M 

KHCO3 
HCOO- (10) -1.0 0.3  

Ag76Sn24 
0.5M 

NaHCO3 
CO (80) -0.8 16.0  

In90Sn10 
0.1M 

KHCO3 
HCOO- (92) -1.2 13.8  

Pd-Sn 
0.5  

KHCO3 
HCOO- (99) -0.43 1.8  

Mo-Bi 
0.5M 

[EMIM]BF4 

MeCN  

Ethanol (71.2) 
-0.7vs 

SHE 
12.1  
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 Metal Oxides 

 Compared with metallic catalysts, the fully or partially oxidized compounds can 

impact the binding strength of *CO and *COOH intermediate on the active site. Hence, 

the presence of oxidized metals can improve the selectivity and activity at the CO2ER 

process. However, only a few metal oxides such as TiO2, FeOx and Cu2O exhibit the 

electrocatalytic activity toward CO2ER.38-41 The reason is that most metal oxide (e.g. 

CuxO, SnOx and ZnO) may be rapidly reduced to metals under negative potentials in 

neutral or near-neutral electrolytes. Ma et al.42 synthesized a TiO2 supported Ag NPs 

catalyst for CO2ER, demonstrating remarkable performance (FECO > 90% and jCO> 

100mA cm-2) in aqueous solutions. Furthermore, the author indicated that the key 

reaction intermediate CO2
•- was stabilized by the Ti4+/Ti3+ redox couple, enhancing the 

performance of TiO2 supported Ag NPs catalyst (Figure 1.4).  

 

Figure 1.4 Schematic illustration for the proposed pathway of the CO2 reduction to 

CO on the TiO2 supported Ag NPs. Reproduced with permission.42 Copyright 2014, 

John Wiley and Sons. 

 Additionally, some metal oxides also demonstrate good electrocatalytic 
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performance toward CO2 in organic solution or ionic liquids. For instance, Ramesha 

and Kamat et al.43 reported that the nanostructured TiO2 converted CO2 into methanol 

with high faradic efficiency of ~ 90% in 0.1 M TEAP /acetonitrile (0.33 M H2O). 

Furthermore, Chu et al.44 found that the CO2 can be converted into low-density 

polyethylene (LDPE) by nanostructured TiO2 film in the 1-enthyl-3-methylimidazolium 

tetrafluoroborate ([EMIM]BF4) aqueous solution.  

 Transition-Metal Dichalcogenide Catalysts  

 Compared with the nanostructured metal and metal oxide catalysts, the 

nanostructured transition metals dichalcogenides (TMDs) have obtained significant 

attention in electrocatalysis due to their low cost, 2D layered structure, prominent active 

sites and defect-rich surface.45-48 However, there are only a few reports about the usage 

of TMDs for CO2ER. In 2014, Yamaguchi and co-workers49 first synthesized FeS and 

Ni-containing FeS by a hydrothermal method and the obtained catalysts were estimated 

for CO2ER in a diluted acidic solution. They pointed out that the bared FeS demonstrate 

a relatively weak capacity to reduce CO2 so that the NH3 and Ni were used to regulate 

FeS to achieve CO2 into CO, CH4 and formate.  

 Asadi et al.47 indicated that layer-stacked bulk molybdenum disulphide (MoS2) 

with Mo-terminated edges was utilized as an efficient electrocatalyst to convert CO2 

into CO in ionic liquid [EMIM]BF4-H2O electrolyte, which demonstrated remarkable 

electrocatalytic activity and product selectivity (65 mA cm-2, FECO~98% at -0.764V 

vs. RHE), as shown in (Figure 1.5 a-d) According to the Density functional theory 
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(DFT) calculation, the high d-electron density on the MoS2 and metal-like low work 

function contributed to the excellent properties of MoS2 catalyst. Hence, the vertically 

aligned MoS2 with additional Mo atoms on the edges as active sites (Figure 1.5 e) were 

obtained to prove the DFT results. As expected, the vertically aligned (VA) MoS2 

reaction rate increased (130 mA cm-2 at -0.764 V vs. RHE), corresponding with DFT 

results. Additionally, the author proposed that ionic liquid [EMIM]BF4-H2O electrolyte 

enhanced the CO2 transfer to the catalyst surface by the complexation under the acidic 

condition to enrich local CO2 concentration. Also, the reaction barrier of electrons 

passing into CO2 can be lowered. 

 

Figure 1.5 (a)HAADF image and LAADF image (inset) for MoS2 edges (scale bar, 5 

nm) (b) The line scans for MoS2 to prove the Mo atom as ending ; (c) LSV curves of 

bulk Ag (green line), Ag NPs (blue line ), and bulk MoS2 (green line) (d) FECO and 

FEH2 for bulk MoS2; (e) Annual bright-field STEM (VA MoS2 scale bar,20nm), and 

inset image is STEM for VA MoS2 (scale bar 50nm); (f) bulk MoS2 and VA MoS2 

nanosheets CO2ER performance. Adapted with permission.47 Copyright 2014, Nature 
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Publishing Group. 

 Metal-Free Carbon Catalysts  

 In recent times, metal-free carbon-based catalysts have received a lot of attention 

as CO2 electrocatalysts due to their intrinsic advantages, such as high surface area, high 

conductivity, excellent chemical stability, and remarkable mechanical strength, which 

may enhance the CO2 electroreduction. Moreover, carbon materials are cheap and 

environmentally friendly and abundant in the environment. Furthermore, carbon atoms 

can form different dimensions and structures,50 such as zero-dimensional (0D) carbon 

nanodots, one-dimensional (1D) carbon nanofibers(CNFs), two-dimensional (2D) 

graphene and three dimensional (3D) diamond.51 Amongst bulky or nanostructured 

carbon materials do not have enough catalytic activity to CO2ER since the essential 

CO2
▪- intermediate is weakly absorbed on electroneutral carbon atoms.15 However, one 

of the critical highlights of carbon materials is that doped heteroatoms (e.g. B, N, P, and 

S) can simply alter their crystallizations and electronic structures, which would enhance 

the CO2ER properties.16 

 The crystalline structure of carbon impacts the electrocatalytic activity and product 

selectivity. Relevant reaction mechanisms indicate that the carbon’s binding ability to 

key intermediates was determined by the carbon allotropes, contributing to product 

selectivity. Also, the porosity of the carbon-based catalyst would enhance the CO2 

diffusion and ion transfer. The different pore sizes of carbon-based catalysts 

demonstrate different properties. For example, the micropores increase the 
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electrochemical surface areas and the active sites, and the mesopores enhance ion 

transfer.52 

 In 2013, Kumar et al.53 firstly utilized the synthesized polyacrylonitrile-derived N-

doped carbon nanofibers (CNFs) as an effective electrocatalyst to convert CO2 into CO 

in [EMIM]BF4-H2O electrolyte. This catalyst demonstrated excellent catalytic activity. 

For example, under identical testing circumstances, the current density of the catalyst 

was approximately 13 times and 4 times higher than bulk Ag film and 5 nm Ag NPs 

(Figure 1.6 (a)-(d)). The XPS results indicated that the position of the pyridinic N atom 

remained the same after the reaction. Hence, the catalytic activity of CNFs was 

attributed to the positively charged carbon atoms adjacent to the pyridinic N. The 

reaction mechanism was explained in Figure 1.6 (e). In the first step, the naturally 

oxidized carbon atoms captured electrons and were reduced by the redox cycling 

process. Secondly, the reduced carbon attracted [EMIM-CO2] complex intermediates 

and transferred electrons to the intermediates. Then the reduced carbon atoms returned 

to their original state. Finally, the produced CO was released from [EMIM]- complex 

 

Figure 1.6 (a), (b) SEM images for N-CNFs; (c) CVs curves for carbon electrode and 
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CNTs electrode in pure EMIM-BF4 electrolyte with Ar and CO2 saturated. (d) The 

current density for CO2ER at different electrodes in CO2 saturated pure EMIM-BF4 

electrolyte. (e) Schematic illustration of the CO2ER mechanism for N-CNFs. 

Reproduced with permission.53 Copyright 2013, Nature Publishing Group. 

 Apart from N-doping, B dopant for carbon-based is also an efficient method to 

modify carbon electronic structure and to improve the electrocatalytic activity of caron 

materials. Sreekanth and co-workers54 reported that B-doped graphene (B-GO) was 

employed as an electrocatalyst for CO2ER. The B-GO was prepared by the uniform 

mixture of the GO and boric acid powder placed in the tube furnace and heat 900 oC at 

Ar atmosphere. LSV curve of B-GO and graphene in CO2-saturated 0.1 M KHCO3 

solution indicated that B-GO’s current density increases dramatically, proving the 

electrocatalytic activity of B-GO. The FE of formate for B-GO was 66% at -1.4 V vs 

SER, which was better than bismuth (Bi) catalyst at the same experimental condition. 

XPS spectrum indicated that B atoms from three species in the hexagonal graphene, 

including BC3 at 189.4 eV, BC2O at 190.5 eV, BCO2 at 191.9 eV, respectively. 

According to DFT calculation, the presence of B atoms contributed to the asymmetric 

spin density in the graphene framework as the possible pathway for CO2-to-formate 

conversion. 

 The performances for several metal-free carbon catalysts are summarized in Table 

1.3. According to this table and the previous discussion, the carbon structures and 

doped-heteroatom determine the performance of the metal-free carbon catalysts. 

However, these metal-free carbon catalysts have low activity. Doping single transition 
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metals in the N-doped carbon is an efficient way to boot the CO2ER performance 

Table 1.3 Summary of the properties for metal-free carbon catalysts toward CO2ER 

from recently reports. 

Heteroatoms Carbon material  Electrolyte Product (FE%) Evs.RHE 
jpartial  

mA cm -2 

N CNT55 
0.5M 

NaHCO3 
CO (90) -0.9 ~5.5 

N 
Porous C56 0.5M 

NaHCO3 
CO (83.7) -0.82 ~8 

N 
Graphene like 

carbon57 
BMMI-BF4 CH4 (91.8) 

-1.4 vs. 

SHE 
~1.4 

N CNFs53 [EMIM]BF4 CO (98) -0.573 3.5 

N CNT58 
0.1M 

NaHCO3 
HCOO- (81) -0.9 ~3.8 

N MWCNT59 
0.1M 

KHCO3 
CO (80) -0.39 0.75 

N Graphene foam60 
0.1M 

KHCO3 
CO (85) -0.58 1.9 

N GQDs61 1M KOH  
Ethylene (31) 

Ethanol (14) 
-0.75 ~40 

N diamond62  
0.5M 

NaHCO3 
Acetate (71) -0.8 ~6.2 

N graphene63 
0.5M 

KHCO3 
HCOOH (73) -0.84 7.5 

B dimond64 1M CH3OH  HCHO (74) 
-1.7 vs  

Ag/Ag+ 
NA 

B graphene54  
0.1M 

KHCO3 
HCOO- (66) -0.14 NA 

B, N diamond65 
0.1M 

KHCO3 
Ethanol (93.2) -1.0 NA 

F Carbon66 
0.1M 

NaClO4 
CO (89.6) -0.62 0.24 

 Single-Atom Catalysts  

 Single-atom catalysts indicate that active metal sites are atomically dispersed on or 

embedded in supporting materials. Recently, single-atom catalysts have become more 
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attractive due to its impressive catalytic activity for CO2ER. The single-atom sites were 

considered as a curial role in CO2 molecules adsorption and activation. The single-atom 

catalysts could be synthesized by various approaches, such as pyrolysis, wet chemistry 

synthesis, physical and chemical vapour deposition, electrochemical deposition, etc.11, 

67-71 Compared with other catalysts, the single-atom catalyst would enhance the 

exposure of the active sites to the CO2 and proton, which improve the catalytic property. 

Specifically, single-atom metal-nitrogen carbon (M-N-C) catalyst is promising for the 

CO2ER due to its high selectivity and low cost. It contains the transition metal-nitrogen 

structure (M-N, such as Fe-N, Co-N and Ni-N), which are active sites for converting 

CO2 into CO. Here, some representative M-N-C single-atom catalysts will be 

introduced in this section. 

 In 2015, Strasser et al.72 firstly synthesized the atomical transition metal dispersed 

on Nitrogen-doped carbon catalysts for CO2ER. The Fe-N-C, Mn-N-C, Fe Mn-N-C 

were synthesized by processing the Fe and Mn chloride salts, polyaniline and 

commercial carbon blacks using pyrolysis and acid leaching. These catalysts exhibited 

excellent catalytical activity and high selectivity toward CO2ER. They indicated that 

the CO was produced on the M-Nx moieties, unrelated to the type of metal dopants. The 

binding strength of CO on metal centres was relatively strong, which facilitated the 

protonation of CO and the generation of CH4 

 Ju and co-workers73 explored a series of transition metals (Mn, Fe, Co, Ni and Cu) 

on nitrogen-doped carbon for CO2ER, and the result was shown in Figure1.7. The Fe-

N-C catalyst exhibited high CO faradic efficiency at a low potential. The Ni-N-C 
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catalyst was very active and highly selective for CO2 to CO conversion at high 

potentials. In contrast, the catalytic activity of the Co-N-C catalyst was the worst 

compared to the other catalysts. Additionally, small amounts of CH4 were observed in 

the Fe and Mn catalyst. Although the number of surface-active sites was low, the CO 

partial currents (product rate) of Ni-N-C were comparable to that of Au-based catalysts. 

They proposed that this family of transition metal nitrogen-doped carbon catalysts can 

be utilized in the electrochemical production of CO from CO2  

 

Figure 1.7 a-c) Faradic Efficient (FE) for H2, CO, and CH4 at the different applied 

potential with IR-corrected. d) Catalyst mass-normalized CO partial current for five 

types of M-N-C catalysts, which were compared with the Au catalysts (properties 

ranges for Au-nanoparticles and Au-nanowires are represented by filled regions) 

reproduced with permission.73 Copyright 2017, Nature Publishing Group. 

 Different N-C precursors and synthesis pathways can be utilized to obtain the Fe-

N-C, Ni-N-C and Co-N-C single-atom catalysts. All of these catalysts demonstrate 

outstanding properties for CO2 to CO conversion, and the performance of some 
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representative metal-nitrogen doped carbon catalysts are shown in Table 1.4. Zhao and 

co-workers74 obtained atomic nickel atoms and nitrogen-doped porous carbon catalysts 

by the pyrolysis of the precursor Ni-ZIF-8 at 1000 ℃ in Ar. The Ni-ZIF-8 was produced 

by adding the Ni2+ ion solution into ZIF-8 homogenous n-hexane solution, and the Ni2+ 

ions were absorbed and fixed in the ZIF-8 pores. The extended X-ray absorption fine 

structure (EXAFS) and X-ray absorption near-edge structure (XANES) demonstrated 

that Ni atoms connect with three N atoms, which proved the formation of the Ni-N3 

structure. This catalyst exhibited good performance for the CO2 to CO conversion. The 

catalyst achieved the 71.9 %FE of CO at -0.9 V vs. RHE with the CO current density 

of 7.37 mA cm -2. 

 As mentioned above, the Fe-N-C achieved superior activity and selectivity for 

CO2ER at a lower potential. Huan and CO-workers75 produced Fe-N-C single-atom 

catalysts via pyrolysis of Fe-ZIF-8 precursor. Their EXAFS and Mössbauer absorption 

spectroscopy results revealed that the Fe atom connected with four N atoms without the 

Fe-Fe bond, proving the successful formation of the Fe-N4 structure. This catalyst 

demonstrated remarkable CO2ER properties, which reached the high selectivity with a 

maximum CO FE of 91% at -0.6 V vs. RHE. However, the current density of this 

catalyst was only 7.5 mA cm-2 in 0.1 NaHCO3.  

 In addition, the GO would be utilized as the carbon precursors for Fe-N-C single-

atom catalyst. Zhang et al.76 selected GO with the various oxygen-containing functional 

groups (e.g. epoxy, hydroxyl, carboxyl and carbonyl groups) as the carbon precursors 

to synthesize the Fe-N-C. The GO absorbed the optimized level of 0.52 wt% Fe3+ ions 
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by electrostatic interactions. Then the Fe-GO was heated in a high-temperature range 

(650-800 ℃) under an Ar/NH3 atmosphere for one hour. After these steps, a Fe-N bond 

was formed in the graphene framework. Their EXAFS spectra results indicated that the 

Fe atoms bonded with four nitrogen to form the Fe-N4 sites. However, the Fe-Fe bonds 

were detected in the catalyst due to the limitations of their synthesis procedures. Despite 

the presence of Fe-Fe, a large number of the Fe-N4 sites (active sites) contributed to the 

excellent CO2ER properties. The DFT results indicated the presence of a synergetic 

impact between Fe-N4 species and N doping contributed to the decrease in the energy 

barrier for the generation of COOH*. Hence, Fe-N4 boosted the CO2ER performance.  

 Additionally, the active state and structure of Fe and N species in the Fe-N-C 

catalyst would impact the performance of CO2ER. Gu77 used the Fe(II)-ZIF-8 and 

Fe(III)-ZIF-8 to synthesize the Fe-N-C catalyst. They examined the active state of iron 

and nitrogen species in the Fe-N-C single-atom catalysts by an operando XAS 

technique. Their Fe K-edge XANES spectra revealed an energy shift in the Fe K-edge 

from -0.4 to -0.5V vs. RHE, which was related to the Fe element’s 2+/3+ redox 

transition. They suggested the activity of Fe3+-N-C is higher than Fe2+-N-C due to the 

improvement of CO2 adsorption and CO desorption on the Fe3+ ion. They also proposed 

that the pyrrolic N species were the optimum N state for stabilizing Fe3+ ions in carbon 

substrate. They also applied the Fe3+N-C catalyst into the flow cell, and the catalyst 

achieved excellent CO2ER performance (CO FE of 90% and jco of 94 mA cm-2 at a low 

potential -0.45 V vs. RHE). Their work proved CO2ER is a promising technology for 

industrial application, and the Fe3+-N-C was a potential electrocatalyst for a scale-up 
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commercial utilization. 

 At present, high-temperature pyrolysis is a fundamental method to acquire M-N-C 

single-atom catalysts. Sintering of the precursor occurs uncontrollably, resulting in 

mixed M-Nx species and metallic aggregates.78 This results in the decrease of the 

density for M-Nx and deteriorates the performance of the catalyst toward CO2ER due 

to the exitance of HER-active sites (e.g. metal clusters or nanoparticles). To avoid the 

generation of HER-active metal nanoparticles, the metal loading in M-N-C materials is 

normally low, which negatively impacts the productivity of CO2 conversion. Therefore, 

increasing the density of M-N sites on carbon materials is highly desirable to promote 

the catalytic performance for CO2ER. Additionally, the M-Nx sites exposed for proton 

and CO2 is quite limited. The precursors inevitably undergo partial fusion and 

aggregation. As a result, a number of the active sites are non-uniformly dispersed and 

sealed within the internal carbon matrix, which hinders the mass transfer to the M-N-

sites.79  

Table 1.4 Summary of the properties of single-atoms catalysts for CO2ER toward CO 

Single-atom 
N-C 

precursor   
Electrolyte FE/% Evs.RHE jpartial (mAcm-2) 

Fe-N-C72  PANI 
0.1M 

KHCO3 
80 -0.5 ~3 A g-1 

Fe-N-C73 4,4’-Dipyridyl  
0.1M 

KHCO3 
65 -0.55 ~3.8A g-1 

Fe-N-C80 ZIF-7, NH3 
0.1M 

KHCO3 
85 -0.43 ~ 8 

FeNx-CNT81  Melamine, CB  
0.1M  

Na2SO4 
85 -0.6 NA 

FeN4-C
75 ZIF-8 

0.5M 

NaHCO3 
90 -0.6 5.4 
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 Importance of Porous Structure  

 The mass transfer and kinetics of CO2ER are dependent on the morphology and 

porosity of the catalyst. Therefore, the activity and selectivity of the electrocatalyst for 

the CO2ER may be influenced by the catalyst morphology.92, 93 Hossain et al.94 

employed the nanoporous Au as the electrocatalyst for CO2ER. The nanoporous Au was 

obtained by alloying/dealloying and acid washing. They investigated three types of 

catalysts: simple polycrystalline Au, Au alloyed with zinc (NP-Au-Zn), and nanoporous 

Fe-N-

CNT/CNS82  
FePc, CNT 

0.1M 

KHCO3 
69 -0.59 0.82 

Fe-N-C 

nanofibers 80 
PAN, NH3 

0.1M 

KHCO3 
95 -0.53 4.71 

Fe3+-N-C77 ZIF-8 
0.5M 

KHCO3 
90 -0.45 94 (flow cell) 

Ni single  

atom74 
ZIF-8 

0.1M 

KHCO3 
70 -1.0 7.37 

Ni-N-C73 4,4’-Dipyridly 
0.1M 

KHCO3 
85 -0.78 ~12.5 A g-1 

Ni-N4-C
83 

g-C3N4, 

glucose  

0.5M 

KHCO3  
99 -0.81 28.6 

Ni atoms on  

graphene84  
GO, NH3 

0.5M 

KHCO3 
95 -0.73 11 

Ni-single 

atoms85  

Amino acid 

melamine, GO 

0.5M 

KHCO3 
95 -0.72 22 

Ni-N-

graphene86 

Pentaethylene-

hexamine, GO  

0.1M 

KHCO3 
90 -0.7 NA 

C-Zn1Ni4 

ZIF-887 
ZIF-8 

0.5M 

KHCO3 
92 -0.53 ~15 

Ni2+@N-G88 
g-C3N4 

glucose 

0.5M 

KHCO3 
92 -0.68 9.38 

Co-N2-C
89 ZIF-8 

0.5M 

KHCO3 
94 -0.63 18.1 

Co-N5-C
90 

Melamine-

polymer, CoPc 

0.2M 

NaHCO3 
99 -0.73 6.2 

Co-N-C91 CTF 
0.1M 

KHCO3 
85 -0.7 ~1 
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Au. They pointed out that NP-Au-Zn and nanoporous Au both possess an 

interconnected network of porosity. The pore sizes of NP-Au-Zn was ranging from 250 

to 500 nm, while the nanoporous Au was 750 to 1000 nm. The test results indicated that 

the primary product of polycrystalline Au was H2 because of few active sites on the 

plane surface. The NP-Au-Zn and nanoporous Au both achieved high FE of CO with 

NP-Au-Zn ~ 90% and nanoporous Au ~ 95%. However, the nanoporous Au 

demonstrated excellent catalytic activity; the production rate of the nanoporous Au was 

~300 μmole cm-2 h-1, which was 3 times higher than NP-Au-Zn and 65 times higher 

than that of polycrystalline Au. ECSA of the NP-Au-Zn was calculated as 1.59 cm2, and 

nanoporous Au was calculated as 2.54 cm2, and they proposed that the increase of the 

catalytic activity was dependent on the extent of surfaces area. The pore size of 

nanoporous Au was too large (> 750 nm), which cannot provide the information of the 

pore size influence for catalytic selectivity. But it was noted the existence of porosity 

enhances the catalytic activity toward CO2ER. 

 In addition, the pore size of the catalyst impacts the reduction condition of the 

CO2ER. The mesoporosity affects the transfer of CO2 and proton, which contributes to 

the pH gradient generation in the local surrounding area. Daiyan et al.95 reported that 

the mesoporous tin oxide catalyst achieved superior selectivity for converting CO2 into 

formate at a low overpotential. The mesoporous SnO2 was synthesized via the nano-

coating method utilizing the KIT-6 as the hard template, as shown in Figure 1.8 A. The 

TEM image revealed that the m-SnO2 possessed an ordered structure that was the same 

as the three-dimensional structure of the KIT-6 template (Figure 1.8 B). Also, the TEM 
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showed the pore size of the m-SnO2 was 4 nm, proven by the Barre-Joyner-Halenda 

method (Figure 1.8 C). They investigated the performance of the m-SnO2 toward 

CO2ER in 0.1 M KHCO3, and the SnO2 nanoparticles (SnO2 NPs) and Sn nanoparticles 

supported on carbon black (SnO2/C NPs) were employed as controls. The m-SnO2 

demonstrated the better selectivity toward HCOO- generation, achieving the maximum 

FEHCOO- of 75% at an applied potential of -1.15 V. Additionally, the m-SnO2 catalysts 

can convert CO2 into formate within wide potential windows (from -0.75 to -1.25V) 

where the FECOOH- of m-SnO2 was consistently above 50%. In contrast, the SnO2 NPs 

suffered from sluggish reaction kinetics and attained a mere FEHCOO- of 20% at -1.05V. 

The FEHCOO- for SnO2 NPs also increased at a higher overpotential but the FEHCOO- was 

still lower (~52%) (Figure 1.8 D). Compared with SnO2, the SnO2/C NPs exhibited 

higher catalytic activity and better selectivity for the formation of formate. They also 

proposed that the carbon black enhanced the conductivity of the catalyst, improving the 

activity toward CO2ER, and the formation of Sn-C carbon boosted the selectivity of the 

catalyst (Figure 1.8 E). Hence, the mesoporous structure can boost the selectivity and 

activity of SnO2 catalyst, compared to the original SnO2, and the carbon supports Sn. 
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Figure 1.8 A) fabrication of m-SnO2 catalyst B) TEM images for m-SnO2 C) high-

magnification for m-SnO2 D) FE of HCOO- for m-SnO2, SnO2 NPs and SnO2/C NPs E) 

partial current density for HCOO- for m-SnO2 SnO2 NPs and SnO2/C NPs. Reproduced 

with permission.95 Copyright 2018, American Chemical Society. 
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 Synthesis Method for Porosity in carbon-based Materials  

 Several synthesis methods, such as the template-assisted method, chemical vapour 

deposition (CVD), thermal treatment, can construct the porous structure in carbon-

based materials. The template-assisted is a classical method to obtain the porous 

structure. It utilizes the different soft or hard templates to form micro-, meso- and 

hierarchical pores in carbon-based materials. The chemical vapours deposition (CVD) 

method is utilized to prepare hollow carbon spheres. The precursors continuously 

evaporate and deposit on silica or another template. After etching the silica or another 

template by acid treatment, hollow carbon spheres are obtained. The thermal treatment 

of metal-organic frameworks (MOF) contributes to the formation of nanoporous carbon 

due to the evaporation of the metal and partial fusion. These methods could be used to 

prepare porous carbon-based materials.96 However, some of the strategies could not be 

used in the synthesis of porous carbon-based catalysts.  

 Thesis Objective 

 Fe-N-C single-atom catalysts have been revealed to be comparable with the best 

CO-production noble metal catalysts such as Au at low overpotentials (< 500 mV), 

surpassing Co and Ni-based single-atom catalysts.15,77 Also, the Fe element is more 

abundant on Earth with lower costs in comparison to Co. The development of single-

atom Fe-N-C catalysts is thus very promising in terms of these two aspects for CO2ER. 

However, the current density of Fe-N-C single-atom is relatively low at low 

overpotential. To avoid the formation of HER-active Fe nanoparticles, the Fe loading 
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is normally at a low level which negatively impacts the performance of Fe-N-C. The 

porous structures expose more Fe-N sites, which would enhance the performance of 

Fe-N-C catalysts. 

 This thesis aims to develop an effective method to synthesize a porous the Fe-N-C 

single-atom catalyst to enhance the performance of the conventional Fe-N-C single-

atom catalyst. ZIF-8 was employed as the organic precursor to synthesize the Fe-N-C 

structure by pyrolysis in a tube furnace. The template method and amorphous SiO2 

coating on ZIF-8 were utilized to create a porous structure. In this context, the Fe-N-C 

catalyst with mesoporosity was synthesized successfully by an amorphous SiO2-

protected strategy, and a more profound understanding of the influence of mesoporosity 

for CO2ER was gained. This thesis will provide useful insights into the development of 

low-cost and efficient electrocatalysts for CO2ER. 
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Chapter 2 Experimental Methods  

 This chapter introduces the experimental details of chemical reagents, materials 

characterizations, electrochemical performance, as well as the detection and 

quantification of CO2ER products in this study. 

 Materials 

 The materials were directly used as received without special treatment and listed 

in Table 2.1 according to their applications. 

Table 2.1 Materials Details 

Materials Purity/ average 

Mw 

Company Application  

Tetraethyl orthosilicate (TEOS) 99% Sigma-Aldrich 
 

 

Synthesis of 

nano SiO2 
Ammonia 30% 

Chem-Supply 
Australia 

Polyvinylpyrrolidone 29000 Sigma-Aldrich 

Ethanol 95% 
Chem-Supply 

Australia  

Zinc acetate dihydrate 98% Sigma-Aldrich 
 

Synthesis of 

nano ZnO 
Diethylene glycol (DEG) 99% Sigma-Aldrich 

2-methylimidazole  99% Sigma-Aldrich  

Zinc nitrate hexahydrate 99% Sigma-Aldrich 
Synthesis of 

s-Fe-Nx-C 

and p-Fe-

Nx-C  
CTAB 98% Sigma-Aldrich  

Potassium hydroxide  90% Sigma-Aldrich 

Methanol  95% 
Chem-Supply 

Australia  
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Fe(TPP)Cl >= 94% Sigma-Aldrich  

Nafion® 117 solution 5 wt% Sigma-Aldrich  
 

Gas 

diffusion 

electrode 

preparation  

isopropyl alcohol 99% 
Chem-Supply  

Australia 

Carbon paper (GDL 38AA) 225± 30 μm 

thick 

SGL Carbon  

 Materials Characterizations Technique 

 Material characterizations are significant for comprehending the catalysts and 

electrodes. The structure analysis and electrochemical analysis would reveal the 

relationship between the mesoporous structure and the electrocatalytic performance, 

facilitating the rational design of the electrocatalyst for CO2ER. Here, the physical 

characterizations and electrochemical measurements in this thesis are introduced in 

detail. 

 Physical Characterizations 

 Scanning electron microscopy (SEM) was used to obtain the micro-morphology of 

the catalysts. Transmission electron microscopy (TEM) and scanning transmission 

electron microscope (STEM) were also carried out to obtain the highly magnified image. 

High-angle annular-dark-field (HAADF-STEM) and energy-dispersive X-ray 

spectroscopy (EDS) were employed to detect single atom confinement and elemental 

contribution, respectively. The X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), and Raman spectroscopy were used to investigate the catalyst 

surface, composition, and structure information. 
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 Scanning Electron Microscopy 

 SEM is a fundamental microscopy technique that can be used to investigate the 

morphology of the catalysts.97 The principle of the SEM is that a high-energy beam of 

electrons was used to scan the surface of the samples. And the scan electrons directly 

strike with atoms of the specimen, generating a variety of signals that form the image 

of the catalyst surface and composition. In most situations, the SEM model collects the 

secondary electrons, which is excited by the high-energy electron beams. However, the 

SEM image cannot provide enough information due to the low magnified image.  

 In this work, ZIF-8 was coated 10 nm Pt under plasma sputtering as it is not 

electrically conductive. After thermal treatment, the Fe-N-C single-atom catalysts were 

electrically conductive. In this work, all the samples are directly attached to an 

aluminum sample holder using carbon tape and put in the vacuum chamber for SEM 

observation. All the SEM images were collected in NanoSEM 450. 

 TEM, STEM, HAADF-STEM, EDS 

 TEM was utilized to obtain the highly magnified image of the sample to a deeper 

understanding of the morphology.98 The principle of TEM is that a beam of electrons 

transmits across a thin specimen (less than 100 nm thickness) to generate a highly 

magnified image. STEM is an important model in TEM system for single-atom 

catalysts because it provides an atomic resolution image. Under the STEM model, the 

electron beam is focused into a spot on the specimen and gradually scan each atom row, 

finally simulating into an atomic-level resolution image. The energy-dispersive X-ray 
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spectroscopy (EDS) detector attached on the TEM can also identify the elemental 

contribution on the samples. The high-angle annular-dark-field (HAADF), reflecting 

the Z number of the particular element, can also be collected at the same time to cross-

confirm the existence of single atom status under different shades. The aberration-

corrected STEM can clearly identify the single atomic columns in the catalysts, which 

prove the single atom status. The aberration corrector is incorporated in the probe-

forming lens system and provides a nominal beam diameter of 0.07 nm at an aperture 

semi-angle of 26.5 mrad and probe current of 23 pA.99 

 Particularly, the Philips CM200 field emission transmission electron microscope 

was used to collect the HR-TEM images. The atomic resolution images were observed 

by JEOL JEM-ARM200F. The samples were well-dispersed in ethanol, and 15 μL 

diluted suspension was dropped on copper gird. 

 X-ray Photoelectron Spectroscopy 

 XPS is an outstanding technique for investigating the surface composition and the 

electronic state.100 the detector records the kinetic energy of the photoelectron and The 

number of electrons that escape from samples. Normally, the XPS analyses the depth 

of the 10 nm for materials. 

 A Thermo ESCALAB250Xi X-ray photoelectron spectrometer was used to obtain 

the XPS spectra with Al Kα (1486.6 eV). The specimen powders were attached to the 

Al holder by carbon conductive tape and immediately tested without special treatment. 
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 Electrochemical Characterization  

 To estimate the properties of the electrocatalysts to CO2ER, linear sweep 

voltammetry (LSV) and constant potentials amperometry (CPA) were generally used 

to the electrochemical performance. 

 LSV 

 LSV is an electrochemical technique to evaluate the performance of the catalyst. 

LSV can reveal the relationship between the total currents and applied potentials, which 

can be used to a general estimate of the catalytic activity. LSV also indicates the onset 

potential. The principle of the LSV is that the responding current at the working 

electrode is measured while a linearly changing voltage is applied between the working 

electrode and the reference electrode. (As shown in Figure 2.1) 

 

Figure 2.1 Applied linearly changing voltage and corresponding varying current. 

 CPA 

 CPA is an essential technique to estimate the catalyst’s performance of CO2ER. 

The principle of CPA is that constant voltages were applied between work and reference 

electrodes while the corresponding current was recorded. According to the CPA results, 

the faraday efficiency and current density can be calculated. It is also used to evaluate 
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the stability of the catalysts. These parameters are significant to estimate the CO2ER 

performance of the electrocatalysts. 

 Experiment Measurements  

 In this thesis, the electrochemical measurements were carried out on the 

Electrochemical (Workstation CHI760D) with a standard H-cell with three-electrode 

system. The Pt plate was used as the counter electrode. The saturated calomel electrode 

(SCE) was used as the reference electrode. In the chapter 3, the fabrication of the 

working electrode is as the following procedure:12 mg of catalyst and 30 μl 5% Nafion 

solution were introduced into 970 μl of ethanol solution and sonicated for 30 mins; 60 

μl catalyst ink was dropped onto a 1cm × 1cm commercial gas-diffusion layer (GDL) 

attached carbon paper substrate and dried in the air, giving a catalyst loading of 0.72 

mg cm-2. 0.5M CO2-saturated KHCO3 was used as the electrolyte. Electrochemical data 

was corrected with 90% IR compensation. According to the Nernst equation, all 

potentials were calculated with respect to the reversible hydrogen electrode (RHE) as 

the following equation (ERHE = ESCE + 0.0591 × pH + 0.241 V, at 25 °C). 

 Identification of CO2 Product 

 Products detection and analysis are the key factors to investigate the performance of 

the CO2 reduction. Various gas products may be generated during the electrolysis at 

different potentials. The gas chromatography (GC) technique was used to analyze and 

quantify the aimed gas-product of CO2ER in this project. 
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 Gaseous Products Analysis  

 In this thesis, as shown in Figure 2.2, gas chromatography (SRI 8610C 3#), 

flowmeters were employed to establish for the on-line gas analysis system. A moisture 

trap and a hydrocarbon trap were used to purify the H2 carrier gas for the flame 

ionization detector (FID). While a moisture trap and an oxygen trap purify the Ar carrier 

gas for the thermal conductivity detector (TCD). Therefore, the sensitivity of the two 

detectors is enhanced by gas purification systems. The flow rate of Ar and CO2 depends 

on the low-pressure needle valve and a mass flower, respectively. The gas flow rate at 

the outlet of the GC was calibrated by a bubble flowmeter. The low-temperature chiller 

was employed to remove the moisture in the gas mixture and vented to the GC, which 

minimizes the negative influence on the molecular sieve column. 

 

Figure 2.2 The image of on-line analysis system for CO2ER. 
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 The SRI GC contains a packed MolSieve 5A column and a pack Haysep D column. 

With the carrier gas of argon, the concentrations of target CO and/or hydrocarbons (CH4, 

C2H4 and C2H6) can be detected and quantified by the FID, while the TCD is associated 

to measure the H2 product. The FID detector was able to detect hydrocarbons at 

concentrations 1 ppm level. The type of calibration curves for the hydrogen, carbon 

monoxide, methane, ethylene, and ethane are shown in Figure 2.3.  
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Figure 2.3 Peak areas and the corresponding concentration curves for GC, a) H2, b) 

CO, c), CH4, d) C2H4, e) C2H6. 

 The experiments were performed in a gas-tight H-cell with two compartments 

separated by a proton exchange membrane (PEM, Nafion®117), shown in Figure 

2.4. The Nafion membrane was used to prevent the reduction products from being 
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oxidized on the anode. 30 mL electrolyte (0.5 M KHCO3) was added into each 

compartment. To avoid the negative influence of O2 in the electrolyte, the 

electrolyte in the work compartment was purged by the CO2 (99.99%) for 30 mins. 

To improve the mass transfer of CO2 to the working electrodes, a 1 cm magnetic 

stirring bar stirred the electrolyte at 500 rpm. In the whole electrolysis process, the 

flow rate of the CO2 in the work compartment was 20.0 mL/min, which was 

controlled by a flowmeter. The flow-rate was calibrated with a manual soap-film 

flowmeter at the outlet of the GC. 1 mL gas sample in a gas-sampling loop was 

injected into the system by rotating a six-way valve, and then GC started to run 

was for 20 min (14 min for GC running and 6 min for cooling down). An average 

of three or four measurements was used in data analysis. 

 

Figure 2.4 Photo of the standard three-electrode system in PEM H-Cell  
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Chapter 3 Atomically dispersed Fe-Nx sites on 

Mesoporous Carbon with Enhance Mass 

Transport for Selective CO2 Electroreduction. 

 Introduction 

Atomically dispersed metal (e.g. Fe, Ni, Co, Mn) anchored nitrogen-doped carbons 

substrates (M-N-C) have exhibited excellent electrocatalytic performance of CO2 

conversion to CO.85, 89, 101 The metal-nitrogen moieties (M-Nx) are considered as active 

sites in M-N-C catalysts. The performance of these active sites is highly affected by the 

local chemical environment around the central metal sites.102-105 Increasing the metal 

loading in the structure is an effective method to enhance the performance. However, 

the synthesis of M-N-C catalyst via thermal treatment pyrolysis method inevitably 

suffer from partial fusion and aggregation, which contribute to the formation of mixed 

the M-Nx species and metallic aggregates on M-N-C catalysts.73, 75, 106, 107 As a result, 

the density of M-Nx sites is reduced, and the CO2ER performance is deteriorated due to 

the presence of HER-active metal clusters or nanoparticles. To avoid the generation of 

these transition metal nanoparticles, the metal loading in M-N-C materials is generally 

at a low level.75, 108  

 To further enhance the performance of this kind of catalyst, it is favourable to build 

a hierarchical porous structure for anchoring the atomically dispersed metal atoms. 

Compared with the conventional M-N-C catalysts, the M-N-C catalysts with 

hierarchical porous structures has two advantages. First, the mesoporosity improves the 
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specific surface area, thus achieving more exposed of M-Nx active sites. Second, the 

morphology and porosity of catalysts can facilitate the mass transfer and CO2ER 

kinetics.92, 93 Hence, the catalytic activity and product selectivity of the CO2ER can be 

further enhanced.79 At present, most studies of porous M-N-C catalysts have only 

investigated the influence of a large specific surface.79 95 However, the role of porous 

structures in the mass transfer is still unclear. 

 To investigate the effect of porous structure for mass transfer in CO2ER, zeolitic 

imidazolate framework-8 (ZIF-8) was prepared as precursors to synthesize highly 

porous carbon nanoparticles. Additionally, various templates and amorphous SiO2 

coating were investigated to obtain mesoporous structures on carbon nanoparticles. The 

synthetic process involves the ZIF-8 amorphous SiO2 coating and thermal treatment. 

The morphology of the carbon nanoparticles is controlled by the thickness of the SiO2 

shell. After forming the porous structure, the porous carbon absorbs the 5,10,15,20-

tetraphenyl-21H,23H-porphine iron (III) chloride (Fe-TPP) molecular, followed by 

600 ℃ thermal treatment. Finally, the Fe-Nx-C catalysts with the hierarchical porous 

structure were obtained. Compared with the Fe-Nx-C, the obtained Fe-Nx-C catalysts 

with the hierarchical porous exhibit excellent activity toward the CO2 conversion CO. 

 Experiment Section 

 Materials 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O 99%), 2-methylimidazole (99%), 

methanol (95%), ethanol absolute (95%), potassium hydroxide (KOH, 90%), Zinc 
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acetate dihydrate (98%) diethylene glycol (DEG, 99%) cetyltrimethylammonium 

bromide (98%), tetraethyl orthosilicate solution (99%), Potassium bicarbonate 

(99.95%), 5,10,15,20-tetraphenyl-21H,23H-porphine iron(III) chloride (>= 94%). All 

reagents and solvents were used as received. Carbon paper (Sigracet GDL 38AA, 

225±30 μm) purchase from SGL Carbon GmbH. Nafion membrane (117) was from 

Alfa-Aesar. The water used was ultrapure Milli-Q water (18.2 MΩ cm). 

 Catalyst preparation  

 Synthesis of Nano-SiO2@ZIF-8 Core-shell Material 

 The nano-SiO2 sphere was used as the template. It was synthesized by adopting a 

Stöber method.109 Typically, 4.5 ml of TEOS was added into 45.5ml ethanol solution, 

followed by adding the mixture 16.3 ml of ethanol, 9.0 ml of ammonia and 24.8 ml of 

water. Then, the mixed solution was stirred for 1 hour at room temperature. Finally, the 

nano-SiO2 sphere was collected by centrifuging and washing three times with water 

and dried at vacuum at 60 ℃ overnight. The 100 mg of the as-prepared nano-SiO2 was 

added into 200 mL methanol solution containing 1.695g Zinc nitrate hexahydrate, 1.97g 

2-methylimidazole and 100 mg PVP. After that, the mixture was stirred at room 

temperature for 24 hours. Nano-SiO2@ZIF-8 core-shell material was collected by 

centrifuging and washing three times by methanol.  

 Synthesis of Nano-ZnO@ZIF-8 Core-shell Materials 

 The nano-ZnO sphere was prepared by a previously reported method.110, 111 5.49 g 
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zinc acetate dihydrate dissolved into 250 ml DEG, and the mixture was heated at 160 ℃ 

for 1 hour under reflux conditions. After cooling down to room temperature, the product 

was centrifugated and washed 3 times by ethanol and dried in a vacuum at 60 ℃. 

 The were nano-ZnO@ZIF-8 core-shell synthesized by a report work.112 100 mg of 

nano-ZnO was added into10 mL methanol solution and sonicated for 30 mins, which 

was subsequently added into 27 mL 2-methylimidazole methanol solution (3.66 mol/L). 

Then the ZIF-8 was grown on the surface of nano-ZnO by stirring 1 hour at room 

temperature. The nano-ZnO@ZIF-8 core-shell was collected by centrifuging and 

washing 3 times by ethanol and dried in a vacuum at 60 ℃. 

 Synthesis of Zeolitic Imidazolate Framework-8 (ZIF-8) 

ZIF-8 was synthesized by a modified reported method.101, 108 3.39g 

Zn(NO3)2·6H2O was added into 180 mL methanol, followed by adding 180 mL 

methanol solution containing 3.94g 2-methylimidazole (MeIM). The ZIF-8 was 

obtained by stirring for 24 h at 60 ℃ temperature. The ZIF-8 powder was collected by 

centrifuging, washing with methanol three times, and dried overnight in a vacuum oven 

at 60 ℃ overnight. 

 Synthesis of SiO2 Coated ZIF-8 Nanoparticles (SiO2@ZIF-8) 

 SiO2 coated ZIF-8 was prepared by modified with report method.79 The prepared 

ZIF-8 (300 mg) was dissolved in 120mL of water, followed by adding 3 mL of aqueous 

cetyltrimethylammonium bromide (CTAB) solution (25mg mL-1) and 5 mL of aqueous 

KOH solution (6mg mL-1). Tetraethyl orthosilicate (600 μL) was dissolved in 3 mL of 



 

47 
 

methanol and then added into the above solution under stirring for 0.5 h. The 

precipitated solid (SiO2 @ ZIF-8) was collected by centrifuging, washing three times 

with ethanol, and dried at 60 °C overnight. 

 Synthesis of Fe-Nx-C with Porosity (p-Fe-Nx-C) 

 The obtained SiO2 @ ZIF-8 powder was put into a tube furnace and heated to 1000℃ 

for 3 hours in the N2 atmosphere with 5 ℃/min. Then SiO2 coated N-C powder was 

obtained and further added into 25mL KOH aqueous solution (2 mol/L) and stirred 24 

hours at 80 ℃ to remove the SiO2 shell. Then, the porous carbon was centrifuged and 

washed with methanol four times and dried in a vacuum oven at 60 oC overnight. Then 

60 mg N doped porous carbon was dispersed into 20 mL ethanol containing 13.4mg Fe-

TPP molecules and sonicated for 30 mins. After that, the solution was heated to 80 ℃ 

for 12 hours to volatilize the ethanol solution. When the solution is dried out, the black 

powders are placed into the tube furnace and heat 600℃ for 2 hours in N2 atmospheres. 

 Synthesis of Fe-Nx-C without Porosity (s-Fe-Nx-C) 

The prepared ZIF-8 (300 mg) was placed into the tube furnace and heated to 1000℃ 

for 3 hours in the N2 atmosphere. After that, the 60 mg N doped carbon was added into 

20 mL ethanol containing 13.4 mg Fe-TPP molecules and sonicated for 30 mins. Then 

the solution was heated to 80 ℃ for 12 hours to volatilize the ethanol solution. When 

the solution dries out, the black powders are put into the tube furnace and heat 600 ℃ 

for two hours in N2 atmospheres. 
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 Results and Discussion 

 Using a hard template is a comment method to synthesize nanomaterials with 

porous structures. The nano-SiO2 and nano-ZnO was investigated as the template. As 

shown in Figure 3.1 a, the size of nano-SiO2 is 400 to 500 nm. The ZIF-8 could not 

cover the surface of the nano-SiO2 completely. Hence the template methods are not 

suitable for the synthesis of the carbon nanoparticles with mesoporosity. The SEM of 

nano-ZnO (Figure 3.1 b) indicates that the size of the nano-ZnO sphere is 200 to 300 

nm which is accordant with the report. The SEM of Nano-ZnO@ZIF-8 Core-shell 

materials was displayed in Figure 3.1 c. It is clear that the ZIF-8 coat Materials the 

surface of nano-ZnO thoroughly. Finally, the nano-ZnO@ZIF-8 core-shell materials 

was pyrolyzed at 600 ℃ in the N2 atmosphere for 2 hours. Then, the N carbon cover 

nano-ZnO was heated at 800 ℃ in the N2 atmosphere for 1 hour. Finally, the sample 

was put into 50ml 3M HCl for ZnO template removal. The image of the sample reveals 

that the N doped carbon without porous structure (Figure 3.1 d). Hence, we change the 

synthetic strategies. 
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Figure 3.1 a) SEM image for the Nano-SiO2@ZIF-8 core-shell. b) SEM image for the 

nano-ZnO sphere. c) SEM image for nano-ZnO@ZIF-8 core-shell. d) SEM image for 

N-doped carbon with the template removal. 

 The silica-protected strategy was used to synthesise the porous Fe-Nx-C catalyst, 

which was schematically described in Figure 3.2 a.113 The ZIF-8 was fabricated by a 

reported method that the zinc nitrate and 2-methylimidazole were mixed in the 

methanol solution. The ZIF-8 precipitates were centrifuged and washed by methanol. 

Next, the ZIF-8 nanoparticles were covered by a layer of amorphous SiO2 through alkali 

catalyzed hydrolysis of tetraethyl orthosilicate in the presence of 

cetyltrimethylammonium bromide. Then, pyrolysis of SiO2 @ ZIF-8 1000 ℃ results in 

the formation N doped carbon due to the volatilization of the Zn node (b.p. = 907 ℃). 

During the high-temperature treatment, normally ZIF-8 crystal would be shrunk due to 

the mass loss. However, the ZIF-8 could maintain due to an external SiO2 coating layer 
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while the planar faces collapsed, contributing to the formation of the mesoporosity.114 

The N-doped carbon nanoparticles with the porous structure were obtained by etching 

the SiO2 shell in a KOH aqueous solution. Finally, the N-doped carbon porous 

adsorption of the Fe-TPP molecules and Fe and N co-doped porous carbon (p-Fe-Nx-C) 

nanoparticles was formed after a thermal treatment.  

 As revealed by SEM (Figure 3.2 c), the p-Fe-Nx-C nanoparticles are uniform in 

size of 60-70 nm, and different from the initial ZIF-8 shape. Additionally, the HAADF-

STEM provides more details of the catalyst. The average diameter of mesopores is 5 

nm to 20 nm. No Fe nanoparticle was observed in the structure (Figure 3.2 b). Many 

homogeneously distributed bright spots were observed on the carbon surface in 

aberration-corrected HAADF-STEM image (Figure 3.2 f), which is ascribed to the 

single Fe atoms due to the different Z contrasts of Fe, N and C elements. The elemental 

distribution for N and Fe is described by the energy-dispersive spectroscopy mapping 

(Figure 3.2 g), which demonstrates that Fe and N are homogeneously dispersed on the 

surface of the carbon matrix.  
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Figure 3.2 a) Scheme illustration for synthesis pathway for p-Fe-Nx-C and s-Fe-Nx-C. 

b) HAAF-STEM image of p-Fe-Nx-C, c) SEM image of p-Fe-Nx-C. d) HAADF-STEM 

image of s-Fe-Nx-C, e) SEM image for s-Fe-Nx-C. f) High-resolution HAAF-STEM 

image for p-Fe-Nx-C. g) EDS mapping for p-Fe-Nx-C. h) pore size distribution for p-

Fe-Nx-C and s-Fe-Nx-C. 

 The synthetic route for control sample s-Fe-Nx-C was also described in Figure 3.2 

a. In simple terms, the obtained ZIF-8 was directly carbonized into N-doped carbon at 

the1000 ℃ in N2 atmosphere. Then the N doped carbon absorbed the Fe-TPP molecules 

to form the s-Fe-Nx-C catalyst. The SEM image (Figure 3.2 e) reveals that after high-

temperature treatment and adsorption of Fe-TPP molecules, s-Fe-Nx-C nanoparticles 

maintain the origin rhombic dodecahedron shape with distinct edges. The HAADF-

STEM image (Figure 3.2 d) indicates that s-Fe-Nx-C nanoparticles are uniform in size 
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(70-80nm), and no Fe particle is formed. The isolate Fe atoms were observed in the 

Aberration-Corrected high-resolution HAADF-STEM image (Figure 3.3 a). The EDS 

mapping demonstrates the uniform distribution of N and Fe atoms on the surface of s-

Fe-Nx-C (Figure 3.3 b). 

 

Figure 3.3 a) aberration-corrected HAADF-STEM image for s-Fe-Nx-C. b) EDS 

spectrum for s-Fe-Nx-C. 

 The BET measurements were utilized to investigate the pore distribution and the 

specific surface area of p-Fe-Nx-C and s-Fe-Nx-C. As shown in Figure 3.2 h, s-Fe-Nx-

C demonstrated one distinct micropore with a diameter of 2 nm, which were generated 

by the evaporation of Zn species during the high-temperature process.74, 115, 116 

Compared with the s-Fe-Nx-C, the p-Fe-Nx-C had a mesopore with diameters of 5 nm, 

which was corresponding with the HAADF-STEM results. The BET surface area of p-

Fe-Nx-C is 526.09 m2/g. However, the BET surface area of s-Fe-Nx-C (901.5 m2/g) is 

larger than p-Fe-Nx-C. (Table 3.1) These results are different from others studies.79, 114 

The reason may be that after etch by aqueous KOH solution, some SiO2 particles not 

be removed completely, which could occupy the micropores in the p-Fe-Nx-C structure. 
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Table 3.1 BET results of catalysts. 

Sample name  BET area 

(m²/g) 

Pore volume 

(cm
3
/g) 

Average pore size 

(nm) 

s-N-C 1499.21 1.10 3.30 

s-Fe-N
x
-C 

901.51 0.70 3.29 

p-N-C 1139.41 1.60 6.99 

p-Fe-N
x
-C 

526.09 1.03 9.30 

FeTPP/p-N-C 376.03 0.96 10.84 

 XPS was employed to characterize the catalyst surface and composition (Figure 

3.4 a). The high-resolution N 1s spectra of both samples indicate the presence of 

pyridinic-N (398.4 eV), pyrrolic-N (400.0 eV), graphitic-N (401.2 eV), and N-oxide 

(403.2 eV), respectively. Fe 2p3/2 spectrum reveals that the Fe atoms were oxidized 

from +2 to +3, indicating the atomically dispersed Fe atoms on the carbon matrix 

without Fe nanoparticles (Figure 3.4 b). This result was also proved by the X-ray 

diffraction patterns (Figure 3.4 c), where no diffraction peaks related to Fe aggregation 

was observed in both catalysts. Two broad and weak diffraction peaks at around 25o 

and 44o correspond to (002) and (100) planes of graphitic carbon, respectively, 

indicating both samples are highly amorphous. The Raman spectra were used to analyse 

carbon structures of the p-Fe-Nx-C and s-Fe-Nx-C. As displayed in Figure 3.4 d, two 

main peaks were observed at 1352 and 1580 cm-1 corresponding to D-band and G-band, 

respectively, indicating disordered carbon and graphitic sp2 carbon in both catalysts. 

The D-band to G-band ratios of the two catalysts are almost similar (1.04), 
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demonstrating a similar defective degree of both carbon substrates. Inductively coupled 

plasma optical emission spectrometry results (Table 3.2) exhibit the similar Fe content 

of both catalysts, in which p-Fe-Nx-C is 1.27% and s-Fe-Nx-C/ is 1.38%. ICP-OES 

results also indicate p-Fe-Nx-C and s-Fe-Nx-C contain Zn elements, which correspond 

with the previous report.77 Normally, Zn-N-C can convert the CO2 into CH4.
117 

However, the GC results here reveal H2 and CO are the only two products. Therefore, 

Zn sites in catalysts do not contribute any catalytic activity on CO2ER. 

Table 3.2 ICP-OES-results for the p-Fe-Nx-C and s-Fe-Nx-C 

Sample name  Fe (w%) Zn(w%) 

s-Fe-Nx-C 1.38 4.37 

p-Fe-Nx-c  1.27 3.08 
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Figure 3.4 a) High-resolution XPS N 1s spectra, b) High-resolution Fe 2p, c) XRD 

patterns, d) Raman spectra of s-Fe-Nx-C and p-Fe-Nx-C. 

 The electrocatalytic performance of p-Fe-Nx-C, s-Fe-Nx-C for CO2ER was 

measured in a three-electrode H-cell system with the CO2-saturated 0.5M KHCO3 

aqueous electrolytes. From the line sweep voltammetry (LSV) results in Figure 3.5 a, 

s-Fe-Nx-C and p-Fe-Nx-C demonstrate the catalytic activity to CO2ER. The total current 

density of p-Fe-Nx-C is higher than s-Fe-Nx-C from -0.4 V to -1.0 V, indicating a higher 

performance can be achieved on the porous structure. The constant potentials 

amperometry was utilized to investigate the detailed performance of both catalysts. On-
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line gas chromatography (GC) and NMR measurements were performed to detect the 

gas and liquid products, respectively. The results of the GC and NMR indicate that H2 

and CO are the only two products during the reaction at all applied potentials. Figure 

3.5 b presents the Faradaic efficiency (FE) of CO for the p-Fe-Nx-C and s-Fe-Nx-C. 

Both catalysts reveal similar CO at -0.4 V and -0.5 V, reaching a maximum FE(CO) of 

100%. With higher applied overpotentials, the FE(CO) for both catalysts present the 

same downward trend due to the low intrinsic activity of isolated Fe atoms at high 

potential. The CO partial current densities for p-Fe-Nx-C are higher than s-Fe-Nx-C at 

the whole potential window., demonstrating the significantly increased CO2ER 

performance on the porous structure. The p-Fe-Nx-C can reach a maximum of 10.58 

mA cm-2 at -0.7V, approximately two times higher than the s-Fe-Nx-C (Figure 3.5 c). 

The calculation of the turnover frequency (TOF) further discloses the intrinsic activity 

of the catalyst based on the number of metal atoms involved in the reaction. The TOFs 

of both samples were calculated from -0.4V to -0.9V (as shown in Figure 3.5 f). The s-

Fe-Nx-C/ and p-Fe-Nx-C reach their maximum TOF of 532.4 h-1 and 1206.5 h-1 at -0.7V, 

respectively. 
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Figure 3.5 a) LSV curves of the carbon paper, s-Fe-Nx-C and p-Fe-Nx-C. b) Faradaic 

efficiency for CO, c) jco of s-Fe-Nx-C and p-Fe-Nx-C. d) ECSA of s-Fe-Nx-C and p-Fe-

Nx-C e) ECSA-normalized jco of s-Fe-Nx-C and p-Fe-Nx-C. f) TOFs of s-Fe-Nx-C and 

p-Fe-Nx-C 

 To reveal the intrinsic electrocatalytic activity of CO2ER, the CO partial current 

densities of CO p-Fe-Nx-C and s-Fe-Nx-C were normalized by electrochemical active 

surface area (ECSA). ECSA was evaluated by the double-layer capacitance (DLC) 

method. The DLC of examples was collected in the polished glassy carbon disk whose 

capacitance was 0.081 mF cm-2. According to Figure 3.5 d, the s-Fe-Nx-C reveals a 

larger electrochemical active surface area with 134.6 cm2 which is about two times 

larger than p-Fe-Nx-C (65.4 cm2). The ECSA-normalized CO current density for p-Fe-

Nx-C is about four times higher than that of s-Fe-Nx-C at -0.7 V (Figure 3.5 e), 

indicating the higher activity of Fe atoms in p-Fe-Nx-C than s-Fe-Nx-C. Therefore, the 
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above results clearly demonstrate the advantages of the porous structure that can 

significantly increase the CO2ER performance. 

 To deeply understand the role of the mesopores in CO2ER, electrochemical 

impedance spectroscopy (EIS) was performed on two catalysts. The impedance arc of 

p-Fe-Nx-C is remarkably smaller than that s-Fe-Nx-C at low frequency, where the arc 

diameter implies the diffusion behaviour of reactants (Figure 3.6 a). This indicates that 

the p-Fe-Nx-C possesses a much smaller diffusion resistance for the reactant CO2 gas 

at the interface during the CO2ER in comparison to the control s-Fe-Nx-C. To 

investigate the influence of the mesoporous structure on the CO2 transfer, the 

electrocatalytic performance of p-Fe-Nx-C and s-Fe-Nx-C were further tested at the 

different CO2 partial pressures (PCO2). According to Anna’s study,118 the relationship 

between the jCO and PCO2 reveals the CO2 transfer capacity of the catalyst, which further 

affect the activity. Therefore, relevant experiments were designed to expose this 

relationship in the Fe-N-C catalysts. Different CO2 concentrations (40% to 100%) were 

obtained by introducing different contents of Ar gas. The performance of p-Fe-Nx-C 

and s-Fe-Nx-C/s were tested at -0.5V with diluted CO2. The results reveal that the CO 

FEs of both catalysts decrease with the decline of CO2 concentrations (Figure 3.6 b). 

The relationship between the jCO and PCO2 was described in Figure 3.6 c. With the 

concentration of CO2, the increase of jCO for p-Fe-Nx-C was higher than s-Fe-Nx-C. The 

slope of the p-Fe-Nx-C is 0.054, while that of s-Fe-Nx-C is 0.029. These results indicate 

the porous Fe-N-C single-atom catalyst (p-FeNx-C) is more significantly affected by 

the decreasing CO2 transport at the reaction interface than the catalyst without abundant 



 

59 
 

mesopores (s-Fe-Nx-C). This difference demonstrates the benefits of mesopores in CO2 

gas transport again. 

 

Figure 3.6 a) Nquist plots tested in CO2-saturated 0.5M KHCO3 aqueous solutions at 

0V vs. RHE, b) CO Faradaic efficiencies on the different PCO2 at -0.5V vs. RHE, c) PCO2 

dependence of the CO partial current densities at-0.5V vs RHE for p-Fe-Nx-C, s-Fe-Nx-

C, d) Scheme illustration for RRDE, e) Cyclic voltammograms (CVs) of CO oxidation 

collected by the Pt ring electrode, f) Observed peak potential Epeak. 

 Besides, studies have indicated that local pH near the surface is a key factor 

affecting the CO2ER119-123. The CO2 electrochemical reduction consumes protons that 

can contribute to the accumulation of OH- ions. The accumulated OH- ions have been 

ascribed to inhibit the CO2ER due to its reaction with the reactant CO2, decreasing local 

CO2 concentration near the active site.124 Although the local pH near the surface of the 

electrode can be easily higher than the circumstance, measuring the pH changes around 
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the Nesrnest diffusion layer (thickness of 10-3 to 10-5m) of the catalyst is a challenge. 

We deployed the rotating-ringing disc electrode (RRDE) technique to investigate the 

variation of local pH on two different catalysts. The principle of the RRDE assembly 

was described in Figure 3.6 d. The catalyst was dropped on the glass carbon disk, and 

a constant potential was applied on the disk to convert CO2 into CO. Under the 

centrifugal force conditions, cathodic product CO was transported to the anodic Pt ring 

and redox to CO2 on the Pt ring. The CO oxidation is a pH-sensitive reaction. Thus, the 

variation of local pH of CO2ER on the disk could be reflected by the CO oxidation 

reaction on the ring Pt electrode. It should be noted that the Pt easily oxidises H2. To 

avoid the oxidation of H2 at the Pt ring, the FE of CO must be near to 100%. Additionally, 

under the rotating condition, the force diffusion would boost the proton and CO2 mass 

transfer, thus enhancing the overall CO2 reduction performance. The CO2ER process 

consumes protons. The excessive proton would not necessarily be converted into H2. 

Therefore, the FE of CO changes little.125 

 To fabricate the RRDE assembly, 4 mg catalyst and 15 μL Nafion solution were 

introduced into 493.5μL ethanol and sonicated for at least 30 min. the 15μL well-

dispersed ink was dropped onto glassy carbon disc (0.1256 cm2) and dried in air. The 

experiment was performed in CO2-saturated 0.5M KHCO3 aqueous solutions. Under 

rotating conditions (2500 rpm), a constant potential (-0.4V to -0.6V) was applied on the 

catalyst disc to reduce CO2, while a 0 to 1.567 V potential was applied on the Pt ring to 

oxide CO that was convectively transported from disc to the ring. The CVs on the Pt 

ring of p-Fe-Nx-C were shown in Figure 3.6 e. The obvious oxidation peak for CO and 
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peak shift were observed. The potential of oxidation peak (Ep) on the Pt ring was 

determined by the concentration of formed CO and concurrent change in the local pH 

simultaneously. The Ep shifted positively with the increasing CO concentration, while 

Ep shifted negatively with the increase of local pH.125 The relationships between Ep and 

the disc current density were illustrated in Figure 3.6 f. The jCO2RR of both catalysts 

were almost similar at -0.4V to -0.6V, which indicated the influence of CO 

concentration on the Ep shift for both catalysts were nearly the same. With the increase 

of current density on disk, the Ep of p-Fe-Nx-C shifted from 0.32V to 0.36 V, while that 

of s-Fe-Nx-C negatively shifted from 0.3V to 0.26V. This result indicated that the 

change of local pH for the p-Fe-Nx-C catalyst was not as remarkable as that for the s-

Fe-Nx-C. The increase of local pH in the latter without abundant mesopores 

demonstrated the accumulation of OH- ions at the catalyst/electrolyte interface, which 

might result in a relatively low CO2 concentration and thus a low CO2-to-CO 

conversion. These results were consistent with the EIS, and the CO2 partial pressure 

related results discussed above. All of them revealed the importance of mesopores on 

Fe-single atoms catalysts for improved CO2 reduction. 

 Conclusion 

 Pyrolysis of amorphous SiO2 coated ZIF-8 is developed to synthesize N-doped 

carbon with a mesoporous structure. The absorption of the Fe-TPP molecules on N-

doped carbon is an innovative method to obtain the Fe single-atom catalyst with 

mesopore, which is easy to control the numbers of Fe-Nx active sites. The p-Fe-Nx-C 
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and s-Fe-Nx-C exhibits excellent selectivity toward the CO2-to-CO, with a Faradaic 

efficiency as high as 100% at -0.4V and -0.5V. Specifically, the current density of p-Fe-

Nx-C is two times higher than the s-Fe-Nx-C. The results of RRDE experiments indicate 

the stable local pH on the p-Fe-Nx-C. The fast protons transfer contributes to the 

increased activity of the active sites in p-Fe-Nx-C. In addition, the electrochemical 

results of both catalysts in different CO2 partial pressure (PCO2) indicate that the 

mesopores can enhance the CO2 transfer to achieve high catalytic activity. This work 

provides new evidence to explain the influence of the mesopore for CO2ER and provide 

a rational idea to design cheap, efficient single-atom catalysts. In the future, the long-

term stability of these samples will be investigated using a well-designed zero-gap 

MEA system. 
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Chapter 4 Conclusion and Outlook 

 Conclusion  

 This thesis has investigated several methods to synthesize Fe-N-C single-atom 

catalysts with porous structures for CO2ER. Compared with the template method, the 

pyrolysis of amorphous SiO2 coated ZIF-8 precursors is a simple and effective method 

to obtain the porous Fe-N-C catalyst (p-Fe-Nx-C). Enhanced electrocatalytic 

performance of the Fe-N-C catalyst was achieved by constructing the porous structure. 

A rotating ring-disk electrode was utilized to investigate the change of local pH near 

the catalysts’ surface. The stable local pH was observed around the p-Fe-Nx-C catalyst 

during the CO2ER, indicating the significantly facilitated proton transfer on the porous 

configuration. Furthermore, different CO2 partial pressures were employed in the 

CO2ER process, the results reveal the increased CO2 transfer on the porous structure as 

well. Therefore, the porous structure can boost the CO2 and proton transfer which 

further improve the CO2ER performance of the Fe-N-C single-atom catalyst. This thesis 

offers a deeper understanding of the relationship between porosity and catalytic activity 

and provides an effective strategy to develop cheap and efficient electrocatalysts for 

CO2ER. 
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 Outlook  

 It is promising to develop efficient and cheap electrocatalysts to realize the 

conversion of CO2 into a high-value product. Although Fe-N-C catalysts with porous 

structures achieve excellent CO2ER performance, it is still challenging to achieve an 

industrial-scale performance. Future studies could be the focus on four directions.  

 First, it is still required to develop advanced single-atom electrocatalysts with a 

higher metal loading and/or enhanced intrinsic activity of metal sites. More active sites 

can be exposed in single-atom catalysts by constituting unique pores, shapes, and 

defects. Additionally, the development of advantageous coordination structures of M-

N moieties is promising to enhance the intrinsic activity of metal sites 

 Second, the direct conversion of CO2 into multi-carbon products suffers from CO2 

loss to carbonate in the alkaline electrolyte, contributing to the decrease of energy 

efficiency. Development of tandem system by coupling CO2-to-CO conversion with 

CO-to-C2+ conversion product is a promising method to eliminate CO2 loss to 

carbonate.126 Compared with other catalysts, the single-atom catalysts exhibit superior 

advantages in the conversion of CO2 into CO. Therefore, this cascade method using the 

single-atom catalysts for CO production is promising for industrial applications. The 

CO electroreduction to hydrocarbon process would become an attractive research area. 

 Third, it is highly desired to deepen the understanding of the mechanism of CO2ER 

process, which will be beneficial to design electrocatalysts in the future. In the recent 

decade, in situ techniques have been significantly developed to investigate the CO2ER 

mechanisms. For instance, in situ attenuated total reflection infrared spectroscopy 
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(ATR-IR) measurement has achieved extensive attention because it can directly offer 

structural information on the molecular-level of the electrode.127, In situ Raman 

spectroscopy can be used to detect surface intermediates during CO2 electrolysis, which 

can help researchers better understand the mechanism of CO2ER.128 Meanwhile, with 

the fast improvement of computer science and associated computational theories, the 

computational analysis of the CO2ER process has also made tremendous progress. The 

density functional theory (DFT) has become a powerful tool to explain experimental 

results and predict potential catalysts.16 The theoretical calculation combined with the 

results of advanced in situ techniques will facilitate understanding the relationships 

between the structure and performance of the catalyst, realizing the theory-guided 

design of electrocatalysts. 

 Finally, the catalysts of CO2ER were estimated in the static H-cell where the 

performance is limited by the low solubility of CO2 in aqueous solution and low CO2 

diffusion rate to the catalyst surface. To boost the catalytic performance of the CO2ER, 

a gas diffusion electrode with a three-phase interface should be integrated into a flow 

cell. Currently, the flow cell has been applied in commercial-scale fuel cells and water 

electrolysis reactors. By addressing the challenges of mass transport in the H-Cell, a 

gaseous CO2 input to the cathodic catalysts with considerably greater current density 

can be achieved in the flow cell. 
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