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Abstract 

The atmospheric concentration of CO2 has been rising progressively from 280 parts per million 

(ppm) in the pre-industrial time to 410 ppm in 2018. The anthropogenic CO2 emissions are 

dominated by fossil fuel sources, which has led to increasing interest in carbon capture and 

storage and CO2 utilization technologies. One approach for CO2 utilization is the 

electrochemical reduction of CO2.  Advantages of electrochemical reduction of CO2 include 

the modular and compact design that allows for easy scale-up, generates low amounts of waste, 

and the process is easily controlled. However, a key challenge for developing viable CO2 

reduction processes is the discovery of affordable, efficient, selective, and stable catalysts.  

Copper is an interesting metal for electrochemical reduction of CO2 because it can produce a 

range of different products such as hydrocarbons, alcohols, formate, and carbon monoxide. The 

challenge is to find suitable modifiers that can improve the selectivity towards the desired 

product. Carbon supported metallic nanoparticles has emerged as a promising candidate for 

electrochemical reduction of CO2. So far, only a few works have investigated the carbon 

supported Cu nanoparticles. These studies have found that the selectivity and the faradaic 

efficiency of Cu can be improved by the carbon support. 

In this thesis, the activities of Cu nanoparticles supported on different multi-walled carbon 

nanotubes (MWCNT1020 and MWCNT2040) and Ketjenblack (KB) toward electrochemical 

reduction of CO2 with emphasis on formic acid and methanol production. The catalysts were 

prepared by the homogeneous deposition precipitation method and characterized by thermal 

gravimetry, X-ray diffraction, scanning electron microscopy, Raman spectroscopy, and X-ray 

photoelectric spectroscopy. The faradaic efficiency was highest for H2, followed by HCOOH. 

The activity of MWCNT supported Cu (Cu = 5, 10, and 20 wt. %) with different loading 

showed that the highest faradaic efficiency was obtained at 20 wt. %. Furthermore, only small 

changes in product selectivity were observed. Comparing two different MWCNTs and KB 

showed that the support could have an impact on the product selectivity. It was found that the 

MWCNT1020 had a higher oxygen content than the other carbon supports and generated a 

significant amount of methanol. Moreover, the MWCNT1020 supported Cu catalyst achieved 

the highest total faradaic efficiency. The results suggest that the carbon support can play a 

significant role in catalytic performance for electrochemical reduction of CO2 to formic acid 

and methanol.  
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1 Introduction 

 Background 

The drastic social changes and technological achievements during the 20th century has 

imposed a great number of challenges that humanity is facing today. Earth’s population have 

increased [38] from approximately 2.5 billion in 1950 to 7.7 billion in 2019 and is expecting 

to reach 9 billion by 2050. In addition to population growth, humankind tends to improve the 

quality of living, demanding higher energy consumption. The resulting increase in fossil fuels 

consumption has led to rising levels of atmospheric carbon dioxide (CO2) ever since the 

Industrial Revolution in the 1850s. Figure 1 shows the atmospheric concentration of CO2 over 

the last 60 years [1]. The CO2 levels has been rising progressively from 280 parts per million 

(ppm) in the pre-industrial level – to the level of 410 ppm in 2018.  

The present atmospheric concentration of carbon dioxide exceeds the threshold safety value of 

350 ppm [36]. The fuel sources contributing to carbon dioxide emissions vary significantly by 

region and industry sector, but coal and petrochemicals significantly dominate on a global scale 

[2]. Climate reports released nowadays state evidence for long-term climate changes due to 

emissions of greenhouse gases (GHGs), which has resulted in a global effort in lowering GHG 

emissions [37].  

 

Figure 1.1. A chart demonstrating the increasing concentrations of carbon dioxide in the 

atmosphere (in parts per million) observed at NOAA's Mauna Loa Observatory  [1] over the 

course of 60 years. 
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The desire to decrease CO2 emissions has driven the research towards finding alternative 

technologies. One favourable strategy introduced in recent years is the adoption of carbon 

capture and storage (CCS) and carbon capture and utilization (CCU) technologies. Carbon 

capture technologies offer routes for direct capture of volumes of CO2 gas from the atmosphere 

or technologies that prevent CO2 emissions to the surroundings from colossal emitters. The 

main advantage of CCU is that it may provide an economic advantage as CO2 is converted into 

valuable products.  

Several catalytic processes have been investigated for CO2 conversion, including 

thermochemical, photochemical, biological, and electrochemical processes. A wide range of 

products can be produced through CO2 hydrogenation in these processes, such as CO, 

hydrocarbons, oxygenates (i.e. alcohols, formic acid, etc.), and other organic compounds. 

Hence, these routes offer an alternative method to fossil sources for producing fuels and 

chemicals. It is likely that a combined effort of several of these processes is needed to meet the 

energy demand and alleviate the impact on climate change.   

The conversion of CO2 using electrocatalysis approaches has recently attracted considerable 

attention due to several advantages [23]. Firstly, the process is easily controllable by electrode 

potentials and reaction temperature. The electricity used to drive the process can be obtained 

from renewable sources (i.e. solar, wind, hydropower, geothermal). The electrochemical 

reaction systems are also compact, modular and easy for scale-up applications. Lastly, the 

supporting electrolytes can be fully recycled so that the overall chemical consumption can be 

minimized to only water or wastewater. However, CO2 reduction reaction (CO2RR) have large 

kinetic barriers that must be overcome. A key challenge for large scale utilization of 

electrochemical processes is, therefore, the development of affordable, efficient, selective, and 

stable catalysts.  

Carbon supported metallic nanoparticles has emerged as a promising candidate for ECR of CO2 

[5; 12; 20; 32; 48] . There has only been a limited amount of studies that have explored these 

catalysts so far for electrochemical CO2RR. The results from these works indicate that higher 

stability as well as enhanced activity can be achieved compared to Cu electrodes and Cu 

nanoparticles. However, there are still many questions that need to be answered due to the 

complexity of CO2RR on Cu-based materials. Cu-based materials can simultaneously produce 

a range of different gas and liquid phase products, such as CO, hydrocarbons, and oxygenates. 

This work focuses on Cu supported on carbon materials for the ECR of CO2.  
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 Scope of present work 

In this study, a series of carbon supported Cu catalysts were prepared by the homogeneous 

deposition precipitation method. The catalysts were characterized by means of thermal 

gravimetry, X-ray diffraction, scanning electron microscopy, Raman spectroscopy, and X-ray 

photoelectron spectroscopy. The catalysts were tested for electrochemical reduction of CO2 by 

cyclic voltammetry and chronoamperometry in aqueous solution of potassium hydrogen 

carbonate.  The emphasis in this work was on promoting the generation of formic acid and 

methanol. The goal of the study was to: 

• Determine the effect of Cu loading on the selectivity of carbon supported Cu catalysts 

• Investigate the effect of different carbon supports and identify their contribution to 

selectivity and faradaic efficiency 
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2 Literature review 

 Electrochemistry and typical electrolytic cell compartments  

Electrochemistry is the branch of physical chemistry that is concerned with the interrelation of 

electrical and chemical effects in the system caused by the passage of an electric current 

through it to drive an otherwise non-spontaneous chemical reaction [4]. Thus, electrochemical 

processes involve oxidation-reduction reactions, where electrons 𝑒− transferred to or from a 

molecule or ion changing its oxidation state. The aforementioned reactions may occur due to 

the application of external voltage to a system or its esoteric release of chemical energy.   

As an example, metallic copper plates, used in architecture for roofing, participate with carbon 

dioxide from milieu in redox reactions leading to the formation of basic carbonates on its 

surface, known as patina: 2𝐶𝑢 +  𝐶𝑂2 +  𝑂2  + 𝐻2𝑂 → 𝐶𝑢2(𝑂𝐻)2𝐶𝑂3. Its colour ranges 

from matte sandstone yellow to deep blue and green. Considering electrochemistry, we usually 

think of reactions in terms of half-cell reactions, representing clearly work done by electrons. 

Electrochemistry happens for electricity production inside alkaline batteries – galvanic cells, 

where zinc (Zn) anode reacts with manganese dioxide (MnO2) cathode, while potassium 

hydroxide serves as a source of water and hydroxide ions or alkaline compound. As a result, 

manganese dioxide cathode is reduced and the zinc anode becomes oxidized. Electrons are 

released during the oxidation of zinc atom and these free electrons are utilized to provide 

devices with power. 

First half reaction:   𝑍𝑛 +  2𝑀𝑛𝑂2  + 𝐻2𝑂 →  𝑍𝑛𝑂 + 2𝑀𝑛𝑂𝑂𝐻 

Second half reaction:   2𝑀𝑛𝑂2 + 2𝐻2𝑂 + 2𝑒− → 2𝑀𝑛𝑂𝑂𝐻 +  2𝑂𝐻−  

Overall reaction:   𝑍𝑛 + 2𝑂𝐻− → 𝑍𝑛𝑂 + 𝐻2𝑂 + 2𝑒− 

Essentially the opposite of a galvanic cell, an electrolytic cell performs electrolysis, which uses 

electricity, electro-, to do the breaking apart, -lysis. Seawater electrolysis is one of the 

electrolysis technologies that uses electrical current to split water into hydrogen and oxygen 

gas. Although it is debatable when it was first discovered, the water electrolysis has been 

intensively studied since the initial breakthroughs during the late 18th century and early 19th 

century. Chemical systems are studied by the means of electrochemical measurements for a 

variety of reasons including a goal of obtaining a thermodynamic data of a specific reaction or 

generation of an unstable intermediate and studying its rate of decay. Understanding of 

fundamental principles of electrode reactions together with electrical properties of electrode-

solution interfaces is crucial for the application of electrochemical methods [4].  



5 

 

A typical H-type electrolytic cell consists of a working electrode (WE), a counter electrode 

(CE) and a reference electrode (RE) attached in a circuit to an electrochemical instrument is 

illustrated on a figure 2.1.   

 
Figure 2.1. A typical three-electrode electrolytic cell [22].  

2.1.1 Working electrode (WE) and overpotential 

The actual electrochemical step can be accompanied by different chemical reactions, either in 

bulk or on the electrode surface. Electron transfer at the electrode surface depends upon the 

electrode potential. The transition in electric potential crossing from one conducting phase to 

another usually occurs almost entirely at the interface. The sharpness of the transition implies 

that an electric field exists at the interface, and one can expect it to exert effects on the 

behaviour of charge carriers (electrons or ions) in the interfacial region. The magnitude of the 

potential difference at an interface affects the relative energies of the carriers in two phases; 

hence, it controls the direction and the rate of charge transfer. Thus, the measurement and 

control of cell potential are one of the most important aspects of experimental electrochemistry. 

The cell potential, measured in volts V, 1 V = one joule/coulomb J/C, is a measure of the energy 

available to drive charge externally between the electrodes. When a potential difference is 

applied to a WE, the goal is to utilise all the applied energy to create a potential energy drop 

between the WE surface and the solution.  

Overpotential is the amount of non-reversible energy required to overcome the energy barrier 

of a reaction, and it reveals how far the electrode is from its equilibrium potential upon a 

passage of Faradaic current [22]. This deviation is termed electrode polarization and 

overpotential determines the extent of polarization, ƞ = E0𝑟𝑒𝑑𝑜𝑥
− E, where E0𝑟𝑒𝑑𝑜𝑥

 is the 
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standard thermodynamic redox potential, and E is the onset potential at which the redox 

reaction is experimentally observed [31]. The overpotential is thus different from the “driving 

force” of the reaction defined as the opposite of the standard free energy of the reaction: ΔG° 

= ±F(E- E°), referred to the standard state of the reactant and product system [41].  

2.1.2 Reference electrode (RE) and counter electrode (CE) 

Counter or auxiliary electrode, usually a Pt surface, provides a circuit over which current is 

either applied. It establishes the electrical potential against which potentials at other electrodes 

may be measured. In electrolytic cell, the auxiliary is isolated from the working electrode. 

Reactions at reference electrodes are half-cell reactions that are isolated in their own chamber 

and utilized to complete the circuit providing a benchmark of voltage in a cell. The ultimate 

RE is Normal Hydrogen Electrode (NHE) – reduction of hydrogen ions to hydrogen gas at the 

electrode. This means that hydrogen gas is bubbled at 1 atm across a Pt plate in an acid solution. 

Since the potential of a single electrode cannot measured, it is merely assigned to zero 0 V by 

definition: 

2𝐻+ + 2𝑒−  →  𝐻2 ↑            𝐸 = 0 𝑉      (2.1) 

 

Bubbling of hydrogen at one standard atmosphere through the solution represents some safety 

issues, therefore, alternative REs used. One of the most experimentally utilised REs is Ag/AgCl 

saturated KCl reference electrode, based on the reduction of silver chlorite to metallic silver: 

𝐴𝑔𝐶𝑙(𝑠)  +  𝑒−  −>  𝐴𝑔(𝑠)  +  𝐶𝑙𝑎𝑞
− .  

Both oxidised and reduced forms are at the wire surface, and since chloride is a product [53], 

it shows up in the Nernst equation for this half-cell, producing a reference potential of 0.197 

V. Employing this and the pH value of an aqueous solution, experimentally obtained voltage 

may be converted to NHE and RHE by following equations [53], respectively.  

E(NHE) = E(Ag/AgCl) + 0.197 V       (2.2) 

E(RHE) = E(NHE) + 0.0591*pH       (2.3) 

In addition, besides minimizing required energy barrier for the activation of carbon dioxide 

molecules, an efficient electrocatalyst should selectively accelerate reduction at feasibly low 

overpotentials with sufficient current densities [31]. Faradaic efficiency (FE) and current 

density are usually utilized in order to compare different catalysts and evaluate their catalytic 

efficiency.Current density, expressed in amperes per square meters (A.m-2), is the amount of 

charge per unit time that travels through unit cross section of a conductor [21], and it is 

calculated by dividing the generated electric current with the geometric surface area of a 
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working electrode or its electrochemical active surface area [31]. FE of a specific product of a 

CO2 electroreduction process defines the charge (electrons) efficiency in an electrochemical 

reduction reaction. Thus, its magnitude calculation involves the number of electrons consumed 

during reaction and it can be affected by chemical composition, morphology of an 

electrocatalyst and reaction conditions during electrolysis process.   

 Review of electrochemical catalysts for the reduction of CO2 

2.2.1 Overview of electrodes for CO2RR 

Synthesis of chemicals/hydrocarbons from carbon dioxide is a complex multistep reaction with 

adsorbed intermediates that can proceed through two-, four-, six-, and eight-electron reduction 

pathways in gaseous, aqueous, and non-aqueous phases at both low and high temperatures, 

resulting in various reduction products. Thus, cathodic reduction of carbon dioxide may 

undergo through several possible pathways, and they are normally accompanied by hydrogen 

evolution reaction (HER).  The reaction pathways and resulting product distributions depend 

on the electrocatalyst property, proton availability, identity of electrolyte, applied cathode 

potential, carbon dioxide concentration, mass transport, pH, and temperature [22]. The 

thermodynamic electrochemical half-reactions of CO2 reduction and their associated standard 

electrode potentials are summarised in a Table 2-1.  

Table 2-1. Standard potentials of CO2 in aqueous solutions (V vs. SHE) at 1.0 atm and 25 °C 

calculated according to the standard Gibbs energies of the reactants in the reactions [22]. 

Electrochemical Thermodynamic Half – Reactions 

Electrode Potentials 

(V vs. SHE) at 

Standard Conditions 

𝐶𝑂2(𝑔)  +  2𝐻+  +  2𝑒− =  𝐻𝐶𝑂𝑂𝐻(𝑙) −0.250 

𝐶𝑂2(𝑔)  +  2𝐻2𝑂(𝑙)  +  2𝑒− =  𝐻𝐶𝑂𝑂−(𝑎𝑞. )  +  𝑂𝐻− −1.078 

𝐶𝑂2(𝑔)  +  2𝐻+  +  2𝑒− =  𝐶𝑂(𝑔)  +  𝐻2𝑂(𝑙) −0.106 

𝐶𝑂2(𝑔)  +  2𝐻2𝑂(𝑙)  +  2𝑒− =  𝐶𝑂(𝑔)  +  2𝑂𝐻− −0.934 

𝐶𝑂2(𝑔) +  6𝐻+  +  6𝑒− =  𝐶𝐻3𝑂𝐻(𝑙) +  𝐻2𝑂(𝑙) +0.016 

𝐶𝑂2(𝑔)  +  5𝐻2𝑂(𝑙)  +  6𝑒− =  𝐶𝐻3𝑂𝐻(𝑙)  +  6𝑂𝐻− −0.812 

𝐶𝑂2(𝑔)  +  8𝐻+  +  8𝑒− =  𝐶𝐻4(𝑔)  +  2𝐻2𝑂 (𝑙) +0.169 

𝐶𝑂2(𝑔)  +  6𝐻2𝑂(𝑙)  +  8𝑒− =  𝐶𝐻4(𝑔)  +  8𝑂𝐻− −0.659 

2𝐶𝑂2(𝑔)  +  2𝑒− =  𝐶2𝑂4
2−  (𝑎𝑞. ) −0.590 

2𝐶𝑂2(𝑔)  +  12𝐻+  +  12𝑒− =  𝐶𝐻2𝐶𝐻2(𝑔)  +  4𝐻2𝑂(𝑙) +0.064 

2𝐶𝑂2(𝑔)  +  8𝐻2𝑂(𝑙)  +  12𝑒− =  𝐶𝐻2𝐶𝐻2(𝑔)  +  12𝑂𝐻− −0.764 

2𝐶𝑂2(𝑔)  +  12𝐻+  +  12𝑒− =  𝐶𝐻3𝐶𝐻2𝑂𝐻(𝑙)  +  3𝐻2𝑂(𝑙) +0.084 

2𝐶𝑂2(𝑔)  +  9𝐻2𝑂(𝑙)  +  12𝑒−  =  𝐶𝐻3𝐶𝐻2𝑂𝐻(𝑙)  +  12𝑂𝐻− +0.744 
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Currently, excess voltage beyond what is thermodynamically required is needed to achieve 

sufficient activity. This excess voltage is referred to as the overpotential and lowering the 

overpotential through the discovery of more active catalysts increases the energy efficiency of 

producing chemicals and fuels electrochemically through CO2 reduction [25]. The CO2RR 

process on a catalyst surface consists of three main steps: (1) the first step of CO2RR is the 

chemical adsorption of CO2 and interaction with atoms on the catalyst surface; (2) CO2 

activation and reduction via catalyst-initiated electron/proton transfers; (3) and product 

desorption and recovery of the catalyst surface for next round of reaction [24]. Generally, 

transferring one electron to CO2 to generate *CO2
•− is believed to be the rate-determining step. 

This is because of the high energy barrier required to initiate this process on most transition 

metal-based catalysts.  It has also been observed that the reactivity of *CO2
•− is a key factor 

that governs the distribution of final products [47]. Hence, the stabilization of the 

aforementioned high-energy intermediate could be key to achieve high reaction rates and an 

efficient CO2 reduction process [27]. It has been reported by several groups that a –1.9 V vs. 

NHE is needed for the one-electron reduction to CO2
-•, while a more positive potential is 

required for multielectron charge transfer. 

The mechanism for the electrochemical reduction (ECR) of CO2 has been studied 

experimentally and theoretically over the past decades to understand the kinetic reaction 

pathways for different products and the factors governing the selectivity of products over 

different metal electrodes. Four groups of metallic electrodes can be distinguished based on 

their primary product during ECR of CO2 in aqueous supporting electrolytes [23], [27]: 

1. In, Sn, Hg, Cd, Bi, Tl, and Pb are mainly selective to produce formic acid and formate, the 

simplest carboxylate anion – product of deprotonation of formic acid.  

2. Zn, Au, Pd, Ga, and Ag produce carbon monoxide as a major product. 

3. Cu exhibits high electrocatalytic activity towards the formation of a wide range of 

hydrocarbons and oxygenates, and aldehydes besides CO and formate.  

4. Ni, Fe, Al, Pt, and Group VIII elements (except Pd) show low electrocatalytic activity 

towards CO2ECR and catalyse mostly the HER under ambient conditions.  

The mechanistic pathway on Group 1 electrodes, where formate is the major product, has been 

speculated to proceed via a weakly adsorbed CO2
•− radical anion that reacts with water to form 

formate.  The intermediate is expected to bind to the catalyst through one of the oxygen atoms, 

thus, making the carbon atom available for hydrogenation. High overpotential is required to 
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achieve reasonable selectivity towards formate, because the redox potential for the formation 

of the CO2
•− intermediate is −1.90 V versus standard hydrogen electrode (SHE) [27].  

Metals of Group 2 and Group 3 bind CO2 via Carbon atom in absorbed carboxyl intermediate 

(*COOH, where * denotes an adsorbed species), which is assumed to be formed through a 

proton–electron transfer to CO2 molecule. The carboxyl intermediate will react with the second 

electron/proton to form the *CO intermediate and water. Both experimental and theoretical 

reports have suggested that the binding energy of *CO on metal surfaces influences the overall 

activity and selectivity of the ECR to produce CO, hydrocarbons, and oxygenates. However, 

experimental literature indicates that the formation of *COOH happens also via the formation 

of a CO2
•− radical anion.  

For production of hydrocarbons and oxygenates, a catalyst should bind CO strongly enough to 

limit the desorption of CO from the surface and, thereby, facilitate further reduction to the 

desired products. Too strongly bound CO may poison the catalyst surface, for example, in the 

case of Pt and Fe in Group 4. Optimum CO binding is required for a catalyst, such as Cu, to 

proceed to further protonation (formation of *HCO or *COH) to form multi-carbon products 

via a series of complicated proton and electron transfer reactions. However, it is a great 

challenge to optimize the binding energy of each intermediate individually. The binding 

energies of *COOH, *CO and *CHO are typically correlated through the “scaling relations”, 

i.e. the binding energy of *CO is positively correlated to that of *COOH and *CHO, making it 

difficult to control them independently [27]. Recently, Kuhl et al. [26] showed that Group 2 

metal electrodes also can produce methane or methanol, but they require a higher potential than 

Group 3 and Group 4 metals. Furthermore, investigations by spectroscopic techniques as well 

as density functional theory (DFT) and theoretical modelling have suggested that the there is a 

higher surface coverage of adsorbed CO on these metal electrodes. This implies that the 

reduction of adsorbed CO is the rate-determining step. 

2.2.2 Cu electrodes for CO2RR 

Cu has been found to be unique among the metal electrodes due to its ability to produce a high 

quantity of hydrocarbons in CO2RR, which makes copper cathodes among the most promising 

options for producing hydrocarbon by electrochemical reduction. The aqueous reduction of 

CO2 to hydrocarbons at copper electrodes was first reported in literature in 1985 by Hori et al. 

[19]. They found that the product distribution over Cu electrodes depended on the applied 

potential. Figure 2.1 shows the current and product distribution determined experimentally 
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over the Cu electrode. At low negative potentials, the Cu electrode produced a mixture of H2, 

HCOOH, and CO. On the other hand, methane and ethylene was the dominant products at high 

negative potentials. A potential of +0.17 V vs. RHE is sufficient for reducing CO2 to methane 

based on thermodynamics. However, potentials of approximately –0.8 V have been determined 

experimentally for the onset of CH4 production from CO2 [35]. It is interesting that methanol 

is not among the products, as Cu-based catalysts are highly efficient methanol synthesis 

catalysts [45].  

 

Figure 2.2. Experimentally [19] determined current and product distribution as a function of 

applied potential vs RHE in CO2RR at a Cu electrode (reaction conditions: 0.1M KHCO3 (PH 

6.8) at 18.5 °C).  

Hydrogenation of carbon dioxide to methanol is slightly exergonic (∆G0 = - 4.1 Kcal.Mol-1), 

and to methane to a greater extent (∆G0 = -1.3 Kcal.Mol-1), because of the favourable 

thermodynamics of water formation [23].  Moreover, potentials required for the formation of 

C=O containing products are larger than those for the production of C–H and C–OH 

compounds [47]. DFT (density functional theory) calculations based on computational 

hydrogen electrode (CHE) model suggest that protonation of CO* to CHO* is the key 

potential-limiting step for the formation of hydrocarbons on Cu surfaces [47]. The proposed 

lowest energy pathways to CH4 is believed to follow the order of CO2 → *COOH → *CO → 

*CHO → *CH2O → *CH3O → CH4 + *O → CH4 + *OH → CH4 + H2O.  

The formation of ethylene requires the controlled coupling between CHO* and CH2O* into 

*OCHCHO*, *OCHCH2O* or *OCH2CH2O*, followed by further hydrogenation/dehydration 
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reactions. Recent advance in computation further reveals that the formation of *COH or *CHO 

intermediate during the hydrogenation of *CO can also be key to determining the preferred 

products (CH4, C2H4, and CH3OH) on a Cu (111) facet [47]. Peterson et al. [35] suggested that 

the formation of CH4 and CH3OH is related to the protonation of methoxy. Protons in the 

solution that directly react with the methyl end of the methoxy would result in methane 

formation. On the other hand, protons transferred from the metal surface to the methoxy would 

result in methanol formation.  

Significant deactivation of Cu electrodes with regard to the hydrocarbons formation occurs 

during CO2RR [18]. The deactivation of Cu electrode typically is quite rapid, and the features 

of the deactivation of Cu electrode depend on the reagent used for the electrolyte solution. 

During long term electrolysis, the deactivation can be suppressed if the electrolyte solution is 

appropriately purified.  

2.2.3 Cu modified catalysts for CO2RR 

Compared to bulk Cu films or powders, nanoparticles possess a higher surface area to volume 

ratio and consequently, may be more active for CO2RR. Zhu et al. [51] investigated continuous 

hydrothermal synthesis production of Cu2O nanomaterials for ECR of CO2 in 0.5 M KHCO3 

solution using a rotating ring-disc electrode (RRDE). They showed that exclusive production 

of formate could be obtained with a maximum Faradaic efficiency of 66% at 0.8 V vs RHE. 

Ohaya et al. [33] studied ECR of CO2 on CuO/Zn and Cu2O/Zn powder-pressed mixtures as 

electrodes in KOH/methanol solution. Only CO and formic acid were detected over the Zn 

powder-pressed electrodes. It was found that Cu2O/Zn was significantly more active than 

CuO/Zn, which achieved methane and ethylene efficiencies of 7.5 and 6.8%, respectively.  

Griffing et al. [15] examined Cu2O nanoparticles supported on glassy carbon electrode for 

CO2RR in a two-compartment electrochemical cell in KHCO3 electrolyte under flowing CO2. 

They found that the main gas phase products were CO, H2, CH4, and C2H4, while C2H5OH and 

C3H5OH were detected in the liquid phase. These results are in agreement with previous reports 

on Cu2O deposited on carbon fiber paper supports as well as Cu2O catalysts prepared by 

electrodeposition or thermal oxidation techniques. The Cu2O phase underwent partial reduction 

during experiments and it was suggested that the Cu+/Cu0 ratio influenced the product 

selectivity. Loiudice et al. [29] prepared Cu nanocrystalline spheres and cubes of different 

sizes. A higher selectivity for ethylene was obtained for Cu cubes. Furthermore, a size-

dependent selectivity was observed where the highest selectivity for C2 products was obtained 
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for 44 nm Cu cubes. Chang et al. [7] investigated Cu2O supported on a carbon cloth in a three-

compartment cell with 0.5 M NaOH electrolyte. The catalyst achieved a mass activity of 0.94 

mA/mg, where the predominant product was methanol.  

2.2.4 Supported Cu-based catalysts 

The interaction between different components in supported catalysts has been shown to result 

in interfacial active sites with synergistic effects that can enhance the catalytic performance. 

These effects are widely recognized in heterogeneous catalysis and have recently also been 

studied for ECR of CO2 [18]. For example, Kenis et al. [30] found that TiO2 could stabilize the 

CO2
•−  intermediate and thereby enhance the reduction of CO2 to CO by Ag NPs.  

Pérez-Cadenas et al. [34] demonstrated that xerogels supported Cu nanoparticles of 50-100 nm 

were able to convert CO2 to C1–C3 paraffins and olefins at –1.65 V versus Ag/AgCl. The 

xerogel supported Cu nanoparticles displayed a broader product distribution compared to 

electropolished Cu foil. Furthermore, carbon supported metal particles have also been shown 

to enhance the performance of ECR [39].  

Carbon nanomaterials are widely recognized as catalyst support materials due to their tunable 

special physiochemical characteristic, controllable textures and microstructures, mechanical 

strength and electrical conductivity. In some cases, carbon-based supports are preferred over 

alumina and silica supports owing to higher thermal stability, higher surface area, resistance to 

corrosion in acidic and basic medium and ease in the recovery of precious metal particles [13]. 

It has been reported that the activity of the catalyst increases during liquid phase hydrogenation 

reactions for carbon supported catalysts compared to alumina supported ones. The potential 

use of nanoporous carbon materials as electrocatalysts for the CO2RR is due to the chemical 

diversity on the surface and porous structures of NPC [10]. When the porous carbon materials 

are reacted with an oxidizing agent, i.e. nitric acid, oxygen-containing groups are formed at the 

surface of the support [44]. HNO3 is commonly utilized as the oxidizing agent, which 

incorporates oxygen containing chemical groups to the surface (CHO, CO, OH, and COOH). 

Furthermore, these oxygen-containing surface groups can also act as anchoring sites for the 

catalyst particles [40]. Other surface species can also be introduced to the carbon materials to 

achieve different effects, such as nitrogen doping [49].  

There have been a few reports of Cu supported on porous carbon materials for ECR of CO2. 

Yamamoto et al. [48] studied different metals supported on activated carbon fiber for CO2ECR 

to syngas. The supported catalysts showed higher current density and selectivity compared to 
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the planar electrodes. Hossain et al. [20] prepared carbon nanotubes (CNTs) supported Cu 

catalysts for ECR of CO2.  The highest activity obtained at 20 wt.% Cu loading for the 

predominant formation of methanol with a faradaic efficiency of approximately 38.5%. This 

was suggested to be a compromise between the amount of metal active sites and the negative 

influence of larger particle size at higher loadings. Malik et al. [32] examined multi-walled 

carbon nanotubes (MWCNTs) as support for Cu2O. The highest current density in the potential 

range of –0.2 to –1.8 V was obtained at 30% Cu2O, where methanol was the major product. 

The superior activity of Cu2O supported on MWCNTs was attributed to an increase in the 

active surface area and improved accessibility to the active sites for reactants. Furthermore, 

MWCNTs offered reaction sites for CO2 and trapped electrons that increased the conversion 

rate of CO2
•− to desired products. An improvement in catalytic stability was also observed, 

which makes it a promising candidate for CO2 reduction to methanol. Genovese et al. [12] 

investigated various electrocatalysts with transition metals supported on CNTs. It was found 

that Cu/CNT performed worse for C1–C3 production compared to CNT supported Pt and Fe, 

which is in contrast to the higher activity obtained for Cu foil. Baturina et al. [5] studied the 

activity of Cu nanoparticles supported on carbon black, single-walled carbon nanotubes 

(SWCNTs) and Ketjenblack (KB) for hydrocarbon production via CO2RR. They found that 

carbon supported Cu nanoparticles were more selective towards C2H4 generation than 

electrodeposited smooth Cu film. Moreover, it was found that the carbon support could activate 

hydrogenation at potentials more negative than –1.2 V, which could promote CH4 formation. 

The ratio of C2H4/CH4 faradaic efficiency decreased with a decrease in Cu particle size. This 

was attributed to an increase in the number of low-coordinated sites. Therefore, based on the 

previous discussion, it can be concluded that CO2RR over Cu-based catalysts is very complex. 

Several factors may determine the performance of the Cu-based materials, such as the 

physicochemical properties of the Cu-based material and support as well as experimental 

aspects. 

 Catalyst preparation by homogeneous deposition precipitation (HDP) 

The active surface area per unit volume of catalyst defines the activity of solid catalysts and 

smaller particles can improve the activity per unit volume. However, such small particles of an 

active species alone do not provide thermostable and highly active catalysts, since they tend to 

sinter during treatment procedures that are usually conducted at relatively high temperatures 

[42]. Sintering is the process of agglomeration of sites resulting in the loss of reactive surface 
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area. Therefore, supports, highly porous and thermostable materials, are utilised in order to 

stabilise the active particles of solid catalysts and improve the thermal stability.  

The procedures of the production of supported catalysts can be divided into two groups [13]: 

(1) simultaneous synthesis of the support and the active component(s) from a mixture of their 

precursors typically called co-precipitation; (2) and deposition of the precursor of the active 

component(s) onto a separately produced support. One of the most successful examples of the 

first procedure is the technical ammonia synthesis catalyst, which is produced from magnetite 

(Fe3O4) containing a small percentage of alumina. Reducing the alumina containing magnetite 

to remove the oxygen leads to a porous material, in which metallic iron particles are separated 

by the alumina particles. Although during co-precipitation the active component and the 

support are usually very well dispersed, it is difficult to control the porous structure and the 

mechanical strength of the resulting catalyst. A waste number of supports are commercially 

available that have diverse size, shape, structure, physicochemical properties, and mechanical 

properties.  

Deposition-precipitation is a technique, developed by Geus et al. [13; 14] where a the active 

precursor is loaded onto a support by precipitation. This results in a uniform distribution of the 

active precursor over the support and is an attractive option for the synthesis of catalysts. 

Sufficiently large interaction between the nuclei of an insoluble active precursor and the surface 

of a suspended support can bring about precipitation of the precursor at the surface of a support. 

Thus, the surface of a support functions as a seed for the nucleation and the introduction of a 

support into a solution causes either a reduction of surface free energy of tiny nuclei or 

stabilisation of the precipitate, decreasing the energy barrier for nucleation.  

Nucleation of the metal species is generally induced by changing the pH of a solution so 

compounds with a low solubility are formed. When this is done by injection of the precipitant, 

great care must be taken to prevent local concentrations exceeding the critical supersaturation 

[13], which would cause bulk precipitation. Therefore, homogeneous deposition precipitation 

(HDP) methods are often preferred, whereby precipitation is induced homogeneously 

throughout the reaction vessel.  

Precipitation by raising the pH level can be used with the preparation of many catalysts. 

Typically, the support is suspended in a solution of the metal nitrate and a compound is added 

that can consume hydrogen ions. Urea can be utilized to increase the pH of the suspension. 

Urea reacts according to the following reactions [13]: 
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𝐶𝑂(𝑁𝐻2)2 ⇌ 𝑁𝐻4
+ + 𝐶𝑁𝑂−        (2.3) 

𝐶𝑁𝑂− + 3𝐻2𝑂 ⇌ 𝑁𝐻4
+  +  2𝑂𝐻− + 𝐶𝑂2      (2.4) 

The reaction in which urea first reacts to produce cyanate and subsequently to ammonium, 

carbon dioxide, and hydroxyl ions, exhibits at temperatures above about 330 K (57 °C). Mixing 

can therefore be carried out at room temperature, while the generation of hydroxyl ions 

proceeds at higher temperatures. The use of urea, however, does not necessarily lead to the 

uniform loading of the support. The interaction of a precursor and a support is essential to the 

method of deposition precipitation [13]. When the interaction is too strong, mixed metal − 

support phases are formed, whereas a too weak interaction, results in large, unsupported 

particles. 
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3 Experimental 

 Materials and equipment 
 

All the materials and chemicals were used as received from the suppliers without any further 

purification treatments, unless specifically mentioned. Deionised water (˃18 MΩ cm 

resistivity), made by Millipak® Express 40 Milli-Q unit, was used throughout the work. The 

details concerning chemicals and gases used during experimental procedures are summarised 

in table 3.1. Standard glassware and other laboratory materials were employed for much of the 

work with the specialised equipment detailed in table 3.2.  

Table 3-1. Summary of chemicals used for catalyst synthesis and catalytic testing. 

Chemical name Chemical formula  Purity and Supplier 

Carbon Dioxide gas CO2 99.999%, Tianjin Co., Ltd 

Carbon paper CP 
TGP-H-060, Toray 

Corporation 

Copper (II) nitrate trihydrate Cu(NO3)2·3H2O ≥99%, Acros Organics 

Deuterium Oxide D2O 
99.9%, Beijing Inoke 

technology Co., Ltd 

Dimethyl sulfoxide (CH3)2SO 
Beijing Inoke technology 

Co., Ltd 

Gas mix 10% H2, 90% Ar Tianjin Co., Ltd 

Ketjenblack EC-600 JD KB >99.9%, AkzoNobel 

Methyl Alcohol CH3OH ≥99.5%, General-Reagent 

Multiwall Carbon nanotubes 

long 1020 
MWCNT1020 

>97%, Shenzhen Nanotech 

Port 

Multiwall Carbon nanotubes 

long 2040 
MWCNT2040 

>97%, Shenzhen Nanotech 

Port 

Nafion membrane Nafion117 DuPont 

Nafion solution C7HF13O5S·C2F4 5 wt.%, DuPont 

Nitric acid HNO3 ≥65%, AnalaR NORMAPUR 

Nitrogen gas N2 99.999%, Yara Praxair 

Potassium hydrogen 

carbonate 
KHCO3 99.7-100.5%, Alfa Aesar 

Standard gas mix 
CO2, CH4, C2H4, C2H6, H2, 

CO 
Tianjin Co., Ltd 

Urea CH4N2O 99%, VWR International 
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Table 3-2. Summary of equipment used for catalyst synthesis and catalytic testing.  

Instrument name Model Manufacturer 

Analytical balance MS104S, ME204 Mettler Toledo 

CNC stirrer MS-H-PRO+ Longxin Smart Equipment Co., Ltd 

Electrochemical 

workstation 
CHI 760D Shanghai equipment Co., Ltd 

Furnace BTF-1200C BEQ Equipment, Ltd 

Gas flowmeter CS200-A Beijing create electronic, Ltd 

GC GC 9790II Zhejiang analysis instruments, Ltd 

NMR ASCEND 400M Bruker Corporation 

pH meter 
SEVEN 

COMPACT S220 
Mettler Toledo 

Raman HORIBA EVOLUTION Horiba Jobin Yvon S.A.S. 

SEM VERIOS 460L US FEI Co. 

Stirring hot plate SUPER-NUOVA™ Thermo Scientific 

Stirring hot plate IKA RCT IKA Laboratory Equipment 

TGA STA6000 Perkin Elmer, Inc. 

Ultrasound cleaner USC-TH VWR International 

Ultrasound cleaner KQ-100 
Kunshan ultrasound instruments Co., 

Ltd 

XPS ESCALAB™ 250XI+ Thermo Fisher Scientific 

XRD AXS D8 ADVANCE Bruker Corporation 

 Electrode fabrication   

3.2.1 Catalyst synthesis   

Three different carbon materials were utilised as support, i.e. Ketjenblack and two types of 

MWCNTs of different outer diameter. Associated characteristics declared by retailors are 

represented in the table 3-3. Industrially manufactured carbon materials may contain traces or 

some levels impurities of metal oxides such as MnO2 and CuOx. Certain authors consider those 

impurities to be catalytically active towards  reduction of carbon dioxide [31], acknowledging 

probable impact for catalytic performance due to reduction of metal oxides to metal forms 

during electrochemical processes. 

Table 3-3. Main characteristics of MWCNTs and Ketjenblack supports [28; 43]. 

Support material 

Main 

diameter 

range, nm 

Length, 

µm 

Primary 

particle radius, 

nm 

BET specific 

surface area, m2g-1 

MWCNT1020 10 – 20 > 5 
 

100 – 160 

MWCNT2040 20 – 40 > 5 80 – 140 

Ketjenblack EC600JD  34.0 1270 



18 

 

In this work, beforehand the deposition procedures, MWCNT supports were refluxed in 

concentrated nitric acid for three hours at 90 °C in order to remove all possible impurities and 

provide with functional groups. Hereafter, the materials were washed with necessary amounts 

of DI water until the neutral pH value of water passing through the materials was achieved. 

Drying was performed at 90 °C overnight. The pre-treatment could not be done for the 

Ketjenblack support due to swelling of the material upon emersion in acid. This could be related 

to the very high surface area.  

In a typical catalyst synthesis procedure, a calculated amount of copper nitrate trihydrate, urea 

and nitric acid were dissolved in the determined volume of deionized water to obtain an 

aqueous precursor solution with a specific blue-green colour. Carbon supports were suspended 

into the desired volume of the precursor solution in a three neck round bottom flask and the 

colloid solution was heated from room temperature up to 90 °C and maintained for 18 hours 

for the metal precipitation to take place under continuous stirring and corked reflux condenser. 

An image of the experimental setup used for catalyst preparation is shown in Figure A1, 

Appendix 1.  

The pH of the suspension increased from the initial value of 2 to approximately neutral value 

after the deposition time. Furthermore, the solution colour changed to transparent, indicating 

the successful precipitation of the precursor metal. Subsequently, the suspension was cooled 

down to the room temperature, thoroughly washed with the deionized water and placed in the 

oven for drying at 90 °C overnight (12 hours).  

Different amounts of copper nitrate trihydrate, correlated by molar weight ratio to the mass of 

support material, was used to achieve different copper loading. The prepared samples were 

denoted according to the associated type of support material and metal loading as summarized 

in Table 3.4.  

Table 3-4. Denotations of the synthesised catalysts. 

Catalyst denotation Cu loading (wt. 

%) 

Support material 

5Cu/MWCNT2040 5 MWCNT2040 

10Cu/MWCNT2040 10 MWCNT2040 

20Cu/MWCNT2040 20 MWCNT2040 

20Cu/MWCNT1020 20 MWCNT1020 

20Cu/KB 20 Ketjenblack EC600JD 
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When the catalytically active component is desired to be in the metallic state, reduction shall 

be carried out after the calcination step. Both calcination and reduction are thermal 

treatment processes applied to solid materials in order to bring about a composition change. 

Looking ahead this work, (𝐶𝑢𝑂𝐻)2𝐶𝑂3 + 𝑁2 →°𝐶 2𝐶𝑢𝑂 + 𝐶𝑂2 ↑ +𝐻2𝑂 happens during 

“calcination” stage and 𝐶𝑢𝑂 + 𝐻2 →°𝐶 𝐶𝑢 + 𝐻2𝑂 during “reduction” phase.  

All the as-prepared samples were exposed to thermal treatment procedures employing a quartz 

reactor with a gas supply and a tubular furnace. First, samples were exposed to nitrogen 

atmosphere for 3 hours at 400 °C, with a 5 degrees per minute temperature increase from room 

temperature. Subsequently, a reduction of the materials was accomplished in a flow of 10% 

hydrogen and 90% argon gas mixture also at 400 °C for 3 hours and 5 degrees per minute 

temperature increase.  In this work, only the reduced catalysts were utilized for electrochemical 

reduction experiments. 

3.2.2 Catalyst ink preparation  

Catalyst coated Toray carbon paper (CP) was used as electrode during cyclic voltammetry and 

chronoamperometry investigations. It is a Teflon treated fiber composite, possessing 

hydrophobic properties and thus suitable as an electrode support material. Toray carbon paper 

of TGP-H-060 type was utilised as a backing material for its surface modification with catalyst 

ink. Prior to modification, the carbon paper was clipped to uniform 1.5 cm2 fragments, stored 

in purified deionised water.  

After a set of investigational tests, an optimal combination of experimental procedures for 

catalyst ink preparation was established. Two milligrams (2 mg) of catalyst powder was 

dispersed in 40 µL of deionised water and 60 µL of 5 wt.% Nafion ethanol-based solution 

inside a centrifuge tube and exposed for 40 min in ultrasonic bath. Later, 1 cm2 area of both 

sides of carbon paper was coated, in sequence assisted by a micropipette, with 50 µL of catalyst 

ink and suspended for drying in air for at least 1 hour. Hereafter, the material was exposed to 

0.5 molar KHCO3 solution for a short time to confirm chemical stability of catalyst surface.  

 Catalyst characterization procedures  

Thermal gravimetric analysis (TGA) is a method of thermal analysis for material 

characterization in which the mass of a sample is measured during a temperature change in an 

atmosphere of desired gas flowing in a system. TGA was conducted using the Perkin Elmer 
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STA 6000 apparatus at a heating rate of 10 °C min-1 from room temperature to 830 °C under 

flowing air atmosphere.  

The morphology of materials was characterized by scanning electron microscopy (SEM). The 

SEM images were obtained on a FEI Verios 460L operated at an acceleration voltage of 20 kV.  

Powder X-ray diffraction (XRD) study of the catalysts was performed by Bruker-AXS Micro-

diffractometer (D8 ADVANCE) using a Cu Kα radiation source (λ = 1.5406 Å, 40 kV and 40 

mA). The XRD patterns were recorded with 2 Theta range from 5 degrees to 90 degrees with 

a step interval of 2 °/min. The characteristic peaks were indexed according to the Joint 

Committee on Powder Diffraction Standards (JCPDS) database. The crystallite size was 

estimated by the Scherrer equation (Eq. 3.1). 

𝑑𝑐 =
𝐾×𝜆

𝛽×𝑐𝑜𝑠𝛳
          (3.1) 

Where dc is average crystalline size, K is a dimensionless shape factor depending on the actual 

shape of the crystallite, λ is the X-ray wavelength, 𝛽 is line width at the half of a maximum 

intensity, and θ is the angle of incidence (Bragg angle).  

The Raman spectra were obtained with the use of Horiba Evolution, Czerny Turner total 

reflection spectrometer equipped with a three-dimensional confocal microscope with a focal 

length of 800 mm and applying aberration correction.  

X-ray photoelectron spectroscopy (XPS) analysis was performed using ESCALAB 250XI 

system applying a monochromatic Al Kα acquisition X-ray source. High resolution spectra 

were obtained via pass energy of 30.0 eV and an energy step size of 0.1 eV. Atomic percentage 

(at%) of each constituent element of materials’ composition was used in order to define weight 

percent (wt. %) of corresponding chemical element with the use of the following formula (Eq. 

3.2):  

𝑤𝑡% =
𝑎𝑡%𝑖×𝐴𝑟𝑖

∑ 𝑃𝑖
× 100% =

𝑃𝑖

∑ 𝑃𝑖
× 100%      (3.2) 

Where 𝐴𝑟𝑖
 is the atomic weight of a chemical element, i.e.: Carbon, Oxygen and Copper, and 

its multiplication with a corresponding value of the atomic percentage results in, so called, P-

value. 
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 Activity tests 

3.4.1 Cyclic voltammetry  

Cyclic voltammetry (CV) has become a popular technique for initial electrochemical studies 

of new systems [22]. During a typical experiment, the working electrode potential is swept in 

both positive and negative directions. The electric current is recorded as a function of applied 

potential to generate cyclic voltammogram, which shows current amplification and peaks when 

electrochemical oxidation and reduction occurs. Prior to the experiments, the cells were purged 

with CO2 or N2 gases for at least 30 min, allowing adequate dissolution to occur. An image of 

three-electrode experimental setup is represented on a figure A2 Appendix A. In a typical CV 

sweep, a scan rate of 50 mV was selected for a potential range from 0.2 V to -1.4 V. 

3.4.2 Chronoamperometry  

Unlike cyclic voltammetry, this research method involves the application of fixed potential at 

the electrodes. The resulting electric current recorded as function of time to produce 

chronoamperograms. Potentiostatic measurements were performed in a H-type electrochemical 

cell represented on a figure A3. Two compartments were separated by a proton conducting 

Nafion117 membrane, modified carbon cloth acted as a working electrode and the Ag/AgCl 

reference electrode was utilised. Submerged for approximately 1 cm2 platinum (Pt) plate 

represented counter electrode. A 30 mL volume of each compartment was employed to occupy 

with a 0.5 molar aqueous solution of potassium hydrogen carbonate and carbon dioxide gas 

was continuously supplied to the system during electrolysis at 5 mL.min-1 flow rates. After 30 

min initial saturation, pH of the electrolyte reached 7.2 and this value was used for correlation 

of voltage to reversible hydrogen electrode. All the electrochemical experiments were 

performed at room temperature and atmospheric pressure. The potentials in this work, unless 

mentioned, are reported with respect to RHE calculated based on (Eq. 2.1).  

 Analytical chemistry techniques  

CO2RR can generate a range of products in both liquid and gas phase. The most common gas 

phase products of CO2RR are hydrogen from competing hydrogen evolution reaction (HER), 

carbon monoxide (CO), and hydrocarbons (CH4, C2H4). Possible liquid phase products 

typically include different oxygenates such as alcohols, formate, and formic acid. 

Consequently, the diversity of products that might be produced simultaneously requires the use 

of multiple product quantification methods.  
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3.5.1 Gas Chromatography  

To analyse the gas phase products, the gas outlet of the cathodic compartment was connected 

to the gas chromatograph (GC) for periodical sampling. The gas products were quantified by a 

Puretek instruments GC9790II. Gas aliquots were collected from the headspace of the cathodic 

compartment with a cycle interval of 20 minutes and injected into a gas chromatograph. 

Volatilization of a gas sample happens in an injector, followed by the separation of mixture’s 

components in a specially prepared column, where the sample is carried by the carrier gas. 

Subsequently, the identification of each gas component is carried out by either a thermal 

conductivity detector (TCD) or flame ionization detector (FID). The gases were analysed by 

the two types of detectors are as follows: 

1. Hydrogen and carbon monoxide gases were detected by a TCD, that measures changes in 

thermal conductivity of the gas phase 

2. FID was utilized to detect traces of hydrocarbons gases, i.e. CH4, C2H4 and C2H6.  

The GC instrument was calibrated using standard gas mixture with the following composition: 

CH4 – 0.51%, C2H4 – 0.49%, C2H6 – 0.53%, H2 – 1%, CO – 1,07% and remaining CO2 (93.4%) 

for product quantification by standard normalisation method. The Faradaic efficiencies of the 

gaseous products were calculated using the equations:  

𝐹𝐸 =  
𝑛𝑖×𝐹×𝑌𝑖×𝐹𝑚

𝐼
          (3.3) 

𝐹𝑚 =
𝑃×𝐹𝑣

𝑅𝑇
          (3.3) 

 

where molar flow rate 𝐹𝑚 is defined by the pressure 𝑃, the volumetric flow 𝐹𝑣, the universal 

gas constant 𝑅 and temperature 𝑇. Faradaic efficiency (FE) of a product is defined by the 

electron transfer coefficient of the product  𝑛𝑖, the Faraday’s constant 𝐹, the fraction of the 

product 𝑌𝑖, the molar flow 𝐹𝑚, and the average magnitude of current 𝐼 at a sampling time.  

3.5.2 Nuclear Magnetic Resonance (NMR) 

The liquid phase products were analysed by Nuclear Magnetic Resonance (Ascend 400M, 

Bruker) spectroscopy, by withdrawing 10 mL of the electrolyte solution after CA measurents. 

This is a useful technique for detection of electrochemical products since it could be performed 

directly on the electrolyte solution without a need for removing the electrolyte ions. The 

operating principle [3] is based on absorbing and reemitting of electromagnetic radiation by a 

nuclei in a magnetic field. NMR spectroscopy provides the identification of the protons 
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appearing in different chemical species, present in an experiment sample. The resulting 

characteristic peaks are unique for each compound and their magnitude, related to an internal 

standard, can be utilized to determine their concentrations.  

Dimethyl sulfoxide (DMSO) was employed as an internal standard for products identification 

and quantification. Typical experimental procedure was conducted as follows: 0.8 mL of the 

electrolyte containing CO2 reduction products after several hours long electrolysis, 0.2 mL of 

DMSO and 0.2 mL of deuterium oxide (D2O) were transferred into a centrifuge tube, well 

intermixed and thereafter half of the mixture, i.e. 0.6 mL, was separated into a NMR sample 

tube. During the spectroscopy experiment, solvent suppression was utilized to decrease the 

intensity of the water peak.   
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4 Results and discussion 

 Catalyst characterization 

4.1.1 Thermal gravimetric analysis 

Figure 4.1 displays the thermogravimetric analysis curves of calcined materials in a flow of 

air, and Table 4.1 summarizes the weight loss detected during TGA experiment. TGA analysis 

confirms the graphitic order of the materials, as well as their high purity, since all the materials 

lost their weight over a narrow temperature range [16]. The decomposition of materials started 

at the temperatures above 400 °C. Therefore, 400 °C was chosen for calcination and reduction 

of the catalysts. It can be seen from Table 4.1. that the materials containing 10 wt.% and 5 wt.% 

Cu exhibited greater weight loss during TGA than the materials with 20 wt.% Cu loading. This 

is expected as there will be a higher amount of Cu residue after TGA experiment.  

 

Figure 4.1. TGA curves of calcined materials in a flow of air. 

Table 4-1. TGA curves in a flow of air of calcined samples. 

Catalyst Weight loss (%) dCu (nm)a 

20Cu/KB 75.12 30 

20Cu/CNT1020 76.03 27 

20Cu/CNT2040 73.34 28 

10Cu/CNT2040 85.99 22 

  5Cu/CNT2040 94.36 14 
a Calculated from the Cu(111) peak. 
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4.1.2 SEM analysis 

The SEM images of the calcined and reduced 20Cu/MWCNT1020 catalyst is presented in 

Figure 4.2 (a) and (b), respectively. It is evident that the Cu particles are coated on the surface 

of the MWCNTs. Furthermore, the Cu particles are highly dispersed on the MWCNT support 

after calcination.  Hossain et al. [20] also found that the HDP method resulted homogeneous 

coating of Cu on the surface of MWCNT. Agglomerations of copper particles of micrometre 

dimensions could be also seen from Figure 4.2. Compared to the calcined catalyst, a decrease 

in porosity is also seen after reduction. 

 

Figure 4.2. SEM images of the calcined (a) and reduced (b) 20Cu/MWCNT1020 catalyst. 

4.1.3 X-ray diffraction 

The carbon supported Cu catalysts was investigated by XRD after preparation by HDP, after 

calcination, and after reduction, and the corresponding XRD patterns are presented in Figure 

4,3 (a)-(c). The diffraction present at 2 thetas of 26.2°, 42.2°, and 44.4° for the MWCNT 

supported catalysts are attributed to carbon (PDF 75-1621). No clear peaks are observed for 

carbon for the 20Cu/KB catalyst, because of the amorphous nature of the KB material. For all 

catalyst, peaks corresponding to Cu2(OH)2CO3 (PDF 41-1390) is present after HDP 

procedures. These peaks increase in intensity for the MWCNT2040 supported catalysts for 

higher Cu loading as expected. The peaks are much less intense for the 20Cu/MWCNT1020 

catalyst, which indicates higher dispersion or lower degree of crystallization. Similarly, the 

peaks of CuO is also present for all catalysts (PDF 44-0706). It can also be seen that the peak 

intensity of CuO and Cu2(OH)2CO3 are connected. The CuO phase could have been formed by 

the oxolation reaction in which Cu hydroxide species are transformed into CuO [9].  
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Figure 4.3. XRD patterns of Cu supported on different carbon materials after HDP (a), calcined 

(b) and reduced (c).   

The peaks of CuO are still present after calcination for all catalysts (Figure 4.3. b). A slight 

increase in peak intensity is observed compared to the spectra after HDP. In addition, peaks 

corresponding to Cu2O (PDF 05-0667) are also observed. This means that there is a mixture of 

CuO and Cu2O phases present after calcination. As can be seen from Figure 4 (c), the Cu oxide 

phases are completely reduced after reduction to metallic Cu (PDF 04-0836). Interestingly, the 

peak intensity of 20Cu/MWCNT2040 is lower compared to that of 20Cu/KB and 

20Cu/MWCNT1020 despite having higher intensity of CuO before reduction. The Cu 

crystallite size calculated by the Scherrer equation (Eq. 3.1) of the reduced catalysts are 

summarized in Table 4-1. As can be expected, the crystallite size increase with higher Cu 

loading. The 5Cu/MWCNT2040 had the smallest crystallite size of 14 nm, while the crystallite 

size of samples containing 20 wt. % Cu were comparable around 26–30 nm.  
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4.1.4 Raman spectroscopy  

Raman spectroscopy is a popular, non-destructive chemical analysis technique which provides 

information about chemical structure, phase, crystallinity and molecular interactions. The 

Raman effect results from the interaction of laser light with molecular vibrations within the 

sample and it can be used for structural characterization of any carbon systems. Figure 4.4 

shows the Raman spectra for the 20/MWCNT2040 catalyst after calcination and reduction.  

 

Figure 4.4. Raman spectra over calcined and reduced 20%Cu/MWCNT2040. 

Carbon materials show two common features in their Raman spectra in the region from 800 to 

2000 cm−1, namely the G and D peaks, which lie at ca. 1560 and 1360 cm−1, respectively [11]. 

In addition,  D-band and G-band have been attributed to disorder-induced and graphitic 

features, respectively [50]. In other words, D-band represents disorder vibrations on the 

graphite wall of the carbon nanotubes, while the G-band are related to asymmetrical surface 

vibrations on graphite that originates from the ordered structure. Hence, the ratio of the 

magnitude of intensity of G-band to that of the D-band (ID/IG) corresponds to the defect density 

of the carbon material [8]. Compared to ID/IG = 1.08 for the calcined sample, the reduced 

sample shows much increased ratio of intensities, equal to 1.51. Therefore, this signifies a 

higher degree of crystallinity and structural order for the reduced sample. 
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4.1.5 X-ray photoelectron spectroscopy  

XPS analysis of the catalyst was performed after ex situ pre-treatments as described in section 

3.2.1. Figure 4.5 shows the Cu2p spectra (a), C1s region (b), O1s region (c), and the XPS survey 

(d) of calcined and reduced 20Cu/MWCNT2040 and reduced 20Cu/MWCNT1020. The peaks 

used for fitting the Cu2p spectrums was taken from Beisinger et al. [6]. The binding energy of 

Cu and Cu2O is very close (932.61 eV vs. 932.43 eV), which makes it difficult to distinguish 

these species. However, the peak at approximately 932.5 eV is assigned to Cu2O since a Cu2O 

phase is detected by XRD. Peaks corresponding to Cu0 and Cu2+ can be identified after 

reduction. There could also be Cu+ species present after reduction. It can be observed that the 

Cu2+ fraction is higher for 20Cu/MWCNT1020 compared to 20Cu/MWCNT2040.  

   

  

Figure 4.5 XPS spectra of reduced and calcined 20Cu/MWCNT2040 and reduced 

20Cu/MWCNT1020 (a) Cu2p), (b) C1s, (c) O1s, and (d) survey spectra.  

The C1s region of the catalyst was fitted according to fitting parameters given by Zielke et al. 

[52]. It can be seen from Figure 4 (b) that the C1s spectra of the investigated samples are very 

similar. Table 4.2 summarizes the results of the XPS analysis, and it is found that the 
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distribution of carbon species is are comparable for these samples. As expected, the O1s spectra 

of the calcined 20Cu/MWCNT2040 catalyst contain both oxygen species related to Cu oxides 

and the MWCNT support. The O (A) peaks corresponds to lattice oxygen species and the O 

(B) to hydroxide, hydrated, or defective oxygen sites of CuO and Cu2O [6]. It can be seen that 

the distribution of oxygen species for the reduced catalysts are different, where the 

20Cu/MWCNT1020 have a higher quantity of O=C-O or C-O-C species. From the survey 

spectra in Figure 4 (d) only carbon, oxygen, and Cu could be detected.  

The surface composition was calculated by Eq. 3.2. and the results are also included in Table 

4.2. The weight percentage of Cu for the calcined 20Cu/MWCNT support is in the close 

vicinity to the desired magnitude of 20%. After reduction, a lower Cu surface concentration is 

measured and the reason for this is not known. Deposition on KB support results in lower 

surface concentration than for Cu supported on MWCNTs. 

Table 4-2. Summary of surface composition and distribution of carbon and oxygen species. 

Catalyst C1s (Binding energy, eV) O1s (Binding 

energy, eV) 

Composition 

(wt. %) 

 

 

C=C 

284.6 

C-C 

285.4 

C-O 

286.1 

>C=O 

287.3 

(1)a 

530.8 

(2)a 

532.0 

(3)a 

533.3 

C O Cu 

20Cu/MWCNT1020b 77 % 12 % 7 % 4 % 21 % 53 % 26 % 85.1 7.6 7.3 

20Cu/MWCNT2040b 79 % 10 % 7 % 5 % 37 % 38% 25% 89.8 4.7 5.5 

20Cu/MWCNT2040c 78 % 12 % 8 % 3 % 21 % 44 % 34 % 71.5 9.2 19.3 

20Cu/KBb        92.3 5.8 1.9 

a (1) C=O, (2) C–O–C or O=C–O, and (3) C–O (H) / C–O–H or O=C–O–C=O b calcined 

catalysts; c reduced catalyst. 

 Evaluation of catalysts for ECR of CO2 

4.2.1 Cyclic voltammetry 

To evaluate the performance of the carbon paper, the CV and current profiles were measured 

over the carbon paper without catalyst in CO2 saturated electrolyte. Figure 4.9 (a) shows the 

CV profiles of the carbon paper and (b) the current density profiles at a fixed –0.88 V over 

4500 s. The results of 20Cu/MWCNT1020 is included in the figures for comparison. The blank 

carbon paper shows a higher current density in CV measurements than the carbon paper 

modified by Cu supported on different carbon materials (Figure 4.7).  
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In contrast, when a fixed –0.88 V overpotential is applied, the current density is relatively 

constant at about 3 mA/cm2 for the carbon paper. The cathodic current over the 

20Cu/MWCNT1020 sample decreases rapidly until it levels off at ca. 800 s, reaching a current 

density of approximately 5 mA/cm2 after 4500 s.  

Figure 4.6. (a) CV profiles for blank CP versus modified CP with 20Cu/MWCNT2040 as WE 

in CO2 saturated electrolyte and (b) current profiles obtained at a fixed potential of –0.88 V for 

4500 s. 

Figure 4.6 (a)-(e) shows the voltammetric curves for the carbon supported Cu catalysts (2mg, 

1mg/cm2)  in 0.5M KHCO3 in N2 and CO2 atmosphere. The purpose of the measurements under 

N2 saturation was to determine the influence of HER due to water electrolysis under the 

imposed negative overpotentials. The CV sweeps were performed by adjusting the voltage 

from 0.1 V and reducing it to –1.4 V before returning to 0.1 V. It can be seen that the current 

response for all catalysts are linear during CV in N2 and CO2 atmosphere. This suggests that 

the Cu phase remains stable in the investigated range. Furthermore, precipitation was not 

observed and the electrolyte remained clear during the experiments. These results suggest that 

the catalysts and electrolyte are electrochemically stable between 0.1 and –1.4 V in KHCO3 

electrolyte. The current density of the catalysts under N2 atmosphere follows the order: 

20Cu/KB > 20Cu/MWCNT2040 >10Cu/MWCNT2040 > 20Cu/MWCNT1020 > 

5Cu/MWCNT2040. A higher current density under CO2 atmospheres is seen for all catalysts, 

which indicates that CO2 reduction also takes place. In addition, the 20Cu/KB shows the 

highest current density of 72 mA/cm2 in CO2 saturated electrolyte, while the other catalysts 

have comparable current density around 55 mA/cm2. The onset potentail for HER and CO2RR 
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is relatively similar for all catalysts (ca. –0.6 V) except for the 5Cu/MWCNT2040, which has 

an onset potential for the reactions around –0.7 to –0.8 V.  

 

 

 

 

 

 

 

 

 

Figure 4.7. Cyclic voltammetry profiles for 1 cm2 catalysed carbon cloth with 2 mg of (a) 

20Cu/KB, (b) 20Cu/MWCNT1020, (c) 20Cu/MWCNT2040, (d) 10Cu/MWCNT2040, and (e) 

5Cu/MWCNT2040 0.5M KHCO3 electrolytes purged with N2 and CO2 gases. 
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4.2.2 Chronoamperometry  

Chronoamperometry was used to quantify the reaction products on the carbon-supported Cu 

catalysts, current versus time curves were recorded at –0.88 V. Figure 4.7 shows the 

chronoamperometry curves obtained over the catalysts. The cathodic currents decrease rapidly 

over the catalyst containing 10 and 20 wt% Cu, whereas it levels off more gradually for the 

5Cu/MWCNT2040 sample. The current reaches the plateau faster for the 20Cu/MWCNT2040 

catalyst at around 500 s compared to the other catalysts (around 1000 s). The cathodic current 

density of the catlaysts does not agree with the CV curves in Figure 4.6. For example, the 

highest cathodic current density at constant potentail is obtained over the 20Cu/MWCNT2040 

catalyst, while the highest current density during CV was observed for the 20Cu/KB sample.  

 

 
Figure 4.8. Chronoamperograms of 150 min electrolysis at -0.877 V vs. RHE using 5 different 

WEs in a CO2 saturated 0.1 M KHCO3 electrolyte with 5 mL.min-1 CO2 flow. 

The faradaic efficiency of the 5 catalyst was calculated to compare the catalysts at the same 

potential after 9000 s. The faradaic efficiency for the carbon-supported Cu catalysts is shown 

in Figure 4.8. As can be seen, the product with the highest faradaic efficiency is H2 for all 

catalysts. In addition, HCOOH has the highest faradaic efficiency of the liquid products over 

the catalysts. The 20Cu/MWCN1020 generates the highest amount of CH3OH. This could be 

related to a higher oxygen content on the surface of the catalyst as shown by XPS. There are 

no clear trends in product generation for the MWCNT1020-supported catalyst with different 

Cu content. However, the total faradaic efficiency increases with Cu loading.  
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Figure 4.9. Faradaic efficiencies of identified products for carbon-supported Cu catalysts after 

9000 s held at –0.88 V. 

Current versus time curves were measure over the 20Cu/MWCNT1020 catalyst at different 

constant potentials of –0.5 to –1.2V over 9000 s, and the results are shown in Figure 4.10. As 

the potential increases from –0.5 to –1.2V, the current versus time curves shift to more negative 

values.  

 

Figure 4.10. Chronoamperometric curves at potentials of –0.5 to –1.2 V vs RHE for 9000 s in 

CO2 saturated KHCO3 electrolyte over 20Cu/MWCNT1020. 

The current density decreases until it reaches a plateau after an initial drop in the current 

density. It can be seen that the drop rate is much smaller at –0.9 V compared to the drop rate at 

other potentials. The change in current density in the initial phase can be attributed to changes 
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in chemical species on the electrode surface [5]. Hence, it appears that the stabilization time on 

the electrode surface is longer at –0.9 V. 

Figure 4.11 shows the faradaic efficiency for H2, CO, HCOOH, and CH3OH as well as the total 

faradaic efficiency versus potential for 20Cu/MWCNT1020. Significant differences in the CO2 

reduction product distribution is seen over the potential range of –0.5 to –1.2 V. The H2 faradaic 

efficiency varies slightly from 50–56 %. The faradaic efficiency for CO decreases from 13 % 

to its minimum at –0.8 V and then remains relatively stable at 5 % thereafter. Generally, the 

faradaic efficiency of HCOOH increases until its maximum at –0.9 V and then varies around 

15–20 %.  

 

Figure 4.11. Faradaic efficiency for generation of H2, CO, HCOOH and CH3OH over 

20Cu/MWCNT1020 after 9000 s long electrolysis sets at different potentials.  

In contrast, the faradaic efficiency of CH3OH shows no clear trend. The faradaic efficiency of 

methanol is around 23% at low potentials before it decreases to 3 % at –0.8 V. Then it increases 

again to 13 % at –0.9 V before it levels off at higher potentials. The total faradaic efficiency 

also decreases initially before it reaches a new peak at –0.9 V at 90 % and then settles around 

78 %.  
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5 Conclusions and future work  

 Conclusion 

In this work, various Cu nanoparticles supported on MWCNT1020, MWCNT2040, and KB 

were synthesized using homogeneous deposition precipitation. The characterization indicated 

that this preparation method resulted in well-dispersed Cu nanoparticles after reduction. It was 

also found that the supports had different oxygen contents as well as oxygen species 

distribution. The activity of the catalysts was investigated for electrochemical reduction of CO2 

with emphasis on the formic acid (HCOOH) and methanol formation (CH3OH). The highest 

faradaic efficiency for all catalysts was for H2 generation, followed by HCOOH.  

The effect of Cu loading was investigated over the MWCNT2040 (Cu = 5, 10, and 20 wt. %). 

It was found that the onset potential for hydrogen evolution and CO2 reduction occurred at a 

higher potential at 5 wt. % Cu compared to 10 and 20 wt. % Cu. The total faradaic efficiency 

also increased slightly with increased Cu loading. The faradaic efficiency towards HCOOH 

was the highest at 20 wt. % Cu, while the 5 wt. % Cu sample achieved better efficiency for 

CH3OH generation.  

The total faradaic efficiency of different carbon supported 20 wt. % Cu followed the order 

MWCNT1020 > MWCNT2040 > KB. The faradaic efficiency for H2 and CO generation was 

relatively similar for these catalysts and faradaic efficiency for HCOOH followed the same 

order as the total faradaic efficiency. However, the faradaic efficiency for methanol was 

significantly higher for the MWCNT1020 supported catalyst. A higher oxygen content was 

observed from XPS for Cu supported on MWCNT1020, which might play an important role in 

methanol production. Lastly, it can be concluded that the support had a higher impact on the 

catalytic performance than the Cu loading for the investigated catalysts.  

 Recommendations for future work 

There is only a limited amount of studies that have investigated carbon supported Cu for 

electrochemical reduction of CO2. In addition, several of the studies focus on the selective 

formation of hydrocarbons. Therefore, there is a significant amount of work that is needed 

before a suitable catalyst for selective production of HCOOH and CH3OH can be realized. The 

use of a second metal or metal oxide could be attractive to discover more selective bimetallic 

or metal alloy catalysts.  
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Based on the literature review and the results from this work, there are several aspects that 

requires further study: 

1) The hydrogen evolution reaction should be inhibited to enhance the faradaic efficiency 

towards the desired products.  

2) The effect of Cu oxidation state should be investigated to determine its role in the 

formation of HCOOH and CH3OH. 

3) Further mechanistic insight on the pathways for HCOOH and CH3OH production to 

determine how they are related and if the selectivity can be tuned towards one of the 

products. 

4) Additional efforts needed to determine the effects of experimental conditions, i.e. 

electrolyte, electrolyte molarity, CO2 source gas pre-wetting, system temperature, and 

catalyst loading on CP.  
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Appendix A 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1. a) Image of the experimental setup during colloidal deposition precipitation 

procedures, b) image of the three-electrode cell for CV tests. 

 

 

 

 

 

 

 

 

 

 

 

Figure A2. Illustration of H-type electrochemical cell used for chronoamperometry 

measurements.  
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Appendix B 

The water peak is very prominent even after suppression assigned to 4.8 δ ppm chemical shift. 

The internal standard, DMSO, appears at 2.68 δ ppm, HCOOH assigned to 8.35 δ ppm and 

CH3OH to 3.34 δ ppm [17]. Quantification of electrolysis products achieved via linear 

normalisation performed by two independent tests of known concentrations.   

Figure B1. Linear relationship between reactants’ concentrations and relative area of associated 

chemical shift against DMSO concentration of: a) HCOOH [46], b) CH3OH. 
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