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Abstract 
The rising levels of carbon dioxide (CO2) in the atmosphere present a significant 

challenge to modern society due to its profound impact on the climate. It is therefore 

crucial to develop and employ carbon-neutral renewable energy technologies to 

diminish our reliance on fossil fuels. One of these technologies is the electrochemical 

reduction of CO2. This approach can effectively address CO2 emissions while serving as 

a potent energy storage method, especially when integrated with intermittent 

renewable energy sources, such as wind and solar power. One key aspect of this 

technique is the requirement of robust catalysts that provide high selectivity for a 

specific reaction product without compromising favorable reaction rates, and low 

overpotentials. This has remained a challenge due to the slow kinetics of the CO2 

reduction reaction under standard conditions and the concurrent hydrogen evolution 

reaction (HER), which competes with it. 

There are two candidate materials, copper (Cu) and silver (Ag) that stand out as potential 

transition metal catalysts for electrochemical CO2 reduction. Cu, in its pristine form, is 

distinctive in its ability to form hydrocarbons, while Ag exhibits impressive selectivity for 

carbon monoxide (CO) formation. Yet, Cu faces challenges with selectivity and stability, 

and Ag, despite its selectivity, demands high overpotentials and exhibits lower reaction 

rates in comparison to other CO forming catalysts, like gold (Au). Thus, the work 

presented in this thesis focus on design strategies that addresses these challenges 

though the development of processes that enables nanostructuring and incorporation 

of light elements into these two transition metals.  

The first design was a two-step anodization process for Cu foils, which was developed 

for synthesis of homogenous copper hydroxide (Cu(OH)2) nanoneedles over large areas 

(63 cm2) by utilizing a sodium persulfate pre-treatment step. The Cu(OH)2 films 

displayed significant improvement in film uniformity with the inclusion of the pre-

treatment step. For the electrochemical reduction of CO2, the Cu(OH)2 exhibited 

enhanced selectivity for ethylene (C2H4), with a near total suppression of methane (CH4) 

formation. Furthermore, the Cu(OH)2 catalyst displayed stable formation of C2H4 over 6 
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hours, whereas the Cu reference foil displayed a rapid decline in both C2H4 selectivity 

and current density. 

A second design was the Ag-C composite thin films, that were synthesized via a co-

deposition process involving both a carbon (C) and Ag sputtering target. The 

incorporation of C into the Ag films disrupted the growth kinetics, which led to a 

reduction in particle size and a significant enhancement in the films inherent surface 

area. As a catalyst, the Ag-C films exhibited superior current densities compared to pure 

Ag, due to the presence of a porous surface with an abundance of active sites and a 

heightened proficiency for HER as the C concentration increased. Moreover, by 

adjusting the C concentration, the H2/CO ratio could be fine-tuned, making this catalyst 

design a promising prospect for syngas applications. 

Finally, boron (B) was examined as a potential modifier for Ag catalysts in a study that 

combined both simulations and experiments. The results suggested that B enhanced the 

formation of CO by decreasing the activation barrier of *COOH formation while 

facilitating the rapid desorption of *CO from the Ag surface. A unique methodology was 

developed for the synthesis of the Ag-B catalysts, which showed that integrating B into 

Ag through a magnetron co-sputtering process led to the creation of highly textured Ag 

(111) films. These films exhibited a ~98% Faradaic efficiency (FE) for the electrochemical 

reduction of CO2 to CO. The distinctive co-sputtering process enabled accurate control 

of the B content within the Ag films. Structural analysis revealed that the introduction 

of B into the crystal lattice of Ag initiated twin boundary growth and led to the formation 

of unique nano-tentacle structures. This significant improvement in catalytic activity was 

attributed to a combined contribution from the Ag (111) twin boundaries and the 

inclusion of B, which assisted in reducing the activation barrier for *COOH formation. 

Keywords: Ag catalysts, CO2RR, Cu catalysts, electrochemical CO2 reduction, 

nanostructures, syngas 
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Abbreviations 
AES  Auger electron spectroscopy 

AFM  Atomic force microscope 

BID  Barrier-ionization detector  

CO2RR  CO2 reduction reaction 

CAER  Covalency-aided electrochemical reaction 

DC  Direct current 

DFT  Density functional theory 

ECSA  Electrochemical active surface area 

EDX  Energy dispersive x-ray spectroscopy 

FE  Faradaic efficiency 

FE-SEM Field-emission scanning electron microscope 

FTIR  Fourier-transform infrared spectroscopy 

GC  Gas chromatography 

GDE  Gas diffusion electrode 

GDL  Gas diffusion layer 

HER  Hydrogen evolution reaction 

HRTEM High-resolution transmission electron microscope 

LSV  Linear scan voltammetry 

OD-Cu  Oxygen-derived Copper 

PEM  Proton-exchange membrane 

RDS  Rate determining step 

RF  Radio frequency 

RHE  Reversible hydrogen electrode 

SAED  Selected area electron diffraction 

SCCM  standard cubic centimetre per minute 

SDI  Selectivity-determining intermediate 

SEM  Scanning electron microscope 

SFE  Stacking fault energy 

SHE  Standard hydrogen electrode 
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STEM  Scanning transmission electron microscope 

TEM  transmission electron microscope 

XPS  X-ray photoelectron spectroscopy 

XRD  X-ray diffraction 
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1 Introduction 

1.1 Background and motivation 

The climate change brought on by the ever-increasing CO2 concentrations in the 

atmosphere persists as one of the biggest threats to modern society, and an urgent 

response is needed to address both the CO2 emissions and the increasing demands for 

energy. Thus, transition from fossil fuel-based energy to renewable energy sources is 

therefore necessary to ensure a sustainable future. This is not without challenges 

though since traditional renewable energy sources based on wind and solar suffer from 

fluctuating power outputs dependent on the weather and climate conditions. On top of 

that, both wind and solar energy generation is problematic due to the severe mismatch 

between the instant energy supply and demand. Energy storage acting as a buffer is 

therefore necessary to fully utilize these types of renewable energy sources. While solid 

state batteries have come a long way, they are severely limited in terms of energy 

storage capacity (power density) required for these types of processes. Thus, new 

energy storage technologies that allow for efficient transportation and use are required. 

One such technology is the electrochemical reduction of CO2 into hydrocarbon fuels or 

other commodity chemicals. The reduction of CO2 into fuels is attractive since it can 

directly tackle CO2 emissions while simultaneously providing a way to store and 

transport energy generated by renewable energy sources. While the CO2 reduction 

reaction (CO2RR) has been extensively studied, it is still considered as being in its infancy 

in terms of industrial applications. One of the major reasons are the drawbacks of the 

catalyst material used, which suffers from stability issues and poor selectivity for the 

desired reaction product due to the competitive hydrogen evolution reaction (HER). 

Therefore, the development of catalysts that are selective and able to operate over 

prolonged periods of time is of utmost importance. Since the CO2RR is versatile in terms 

of the reaction product being generated, the strategies employed for engineering the 

catalyst depend on both the catalyst material and the reaction product being targeted. 

This chapter will give an overview of the CO2RR, the possible reaction products obtained 

by different transition metals, and a summary of the available strategies for enhancing 
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the catalytic properties of Cu and Ag, which are the transition metals used for CO2RR in 

the work described in this thesis. 

1.2 Electrochemical CO2 Reduction 

1.2.1 Working principle 

The CO2 molecule constitute the fully oxidized form of C and is therefore highly stable. 

Any attempts in reducing it is therefore a highly unfavorable process, with the one 

electron reduction taking place at a thermodynamic potential of −1.9 V vs. the standard 

hydrogen electrode (SHE) [1]. A catalyst is therefore needed to facilitate the reaction by 

lowering the activation barrier. The electrochemical CO2 reduction commonly takes 

place in an H-cell, which consists of an anodic and cathodic compartment that are 

separated by a membrane, typically a proton exchange membrane (PEM). Other cell 

designs exist such as the flow-cell, but we will focus on the H-cell, which can be seen in 

figure 1-1. When a voltage is applied across the half-cells the oxidation of water occurs 

at the anode to form oxygen gas, protons, and electrons according to the reaction in 

equation 1:  

2𝐻𝐻2𝑂𝑂 → 𝑂𝑂2 + 4𝐻𝐻+ +  4𝑒𝑒−    (1) 

At the cathode, CO2 combines with the electrons provided by the current and the 

protons (H+) migrating through the membrane to form reduced products. 
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1.2.2 Reaction products 

Compared to water splitting, the reduction of CO2 is highly complex due to the sheer 

amount of reaction intermediates and reaction products involved. The reaction 

products can be divided into two categories: the one-carbon products (C1) and the 

multicarbon products (C2+). The C1 products include carbon monoxide (CO), 

formate/formic acid (HCOO-/HCOOH), methane (CH4), and methanol (CH3OH) whereas 

the C2 products consist of ethylene (C2H4), ethanol (C2H5OH), ethane (C2H6), etc. Most 

of the commonly encountered reaction products, their half reactions, and their 

theoretical reduction potential vs. the reversible hydrogen electrode (RHE) at neutral 

pH can be seen in table 1. The main distinction is that the C2 reaction products require 

a coupling of two surface bound CO (*CO), referred to as a CO-CO coupling or CO 

dimerization. The type of reaction product being formed depends almost entirely on the 

catalyst being used.  

Figure 1-1 Working principle of electrochemical CO2 reduction. 
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Table 1-1 Electrochemical CO2 reduction reactions with equilibrium potentials [2]. 

 

1.2.3 Transition metal catalysts 

Based on the pioneering work of Hori et. al [3], the transition metals can be divided into 

groups depending on their product selectivity as seen in table 2. There is the HCOO- 

group, the CO group, and the transition metals that do not noticeably reduce CO2 but 

are more selective towards the HER. Note that Cu does not belong to any of the groups 

due to its unique capability of producing hydrocarbons and C2 products, which does not 

occur for any other transition metals. The tendency to favor one reaction product over 

another is associated with the binding energies of the CO2 molecule and the subsequent 

reaction intermediates to the transition metal surface. For instance, in the case of the 

CO producing metals, the *CO binding strength is low, thus favoring desorption rather 

than further reduction. On the other side of the spectrum, the HER selective metals 

exhibit very high binding energies for CO, leading to CO poisoning (inactivation of 

binding sites that stops any further reduction of C) and therefore preference for H2 

formation. As for Cu, the binding energy is at a midway point between the two, which is 

optimal for further reduction beyond CO, including C2 products through C-C coupling.  

Half reactions E0 (V) vs. RHE at pH 7 

CO2 + e- → CO2−                              −1.48 

CO2 + 2H+ + 2e- → HCOOH(l)                              −0.12 

CO2 + 2H+ + 2e- → CO(g) + H2O                              −0.10 

CO2 + 6H+ + 6e- → CH3OH(l) + H2O 0.03 

CO2 + 8H+ + 8e- → CH4(g) + 2H2O 0.17 

2CO2 + 12H+ + 12e- → C2H4(g) + 4H2O 0.08 

2CO2 + 14H+ + 14e- → C2H5OH(l) + 3H2O 0.09 

2CO2 + 14H+ + 14e- → C2H6(g) + 4H2O 0.14 

3CO2 + 18H+ + 18e- → C3H7OH(l) + 5H2O 0.10 



Gustavsen: Enhanced Electrochemical CO2 Reduction through Nanostructuring and Light Element Modification 

    

 

 

  

___ 
5 

  

Table 1-2 Faradaic efficiencies of reaction products attained for metal electrodes in 0.1 M KHCO3 
at 18.5 ± 0.5°C. Reprinted with permission from ref [3]. 

 

1.3 Reaction mechanisms and pathways 

A substantial amount of research has been aimed at understanding the reaction 

mechanisms and the various reaction pathways through a combination of density 

functional theory (DFT) simulations and experimental in-situ detection of intermediates. 

While the reaction pathways for the C1 products are more established, the reaction 

pathways for the C2 products are vastly more complex. The general outline of the C1 

reaction pathways can be seen in figure 1-2, although small differences could exist 

between the various transition metals. In the first step, the CO2 molecule is physisorbed 

to the surface, before forming chemisorbed *CO2. HCOO− is formed by a direct reaction 

of physisorbed CO2 with *H [5], or by protonation of *CO2 to form the *OCHO 

aethanol; bn-propanol; cfrom ref [4]; dthe total amount also includes C3H4OH(1.4%), CH3CHO(1.1%), C2H5CHO(2.3%); 
ethe total amount includes C2H6(0.2%) 
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intermediate [6]. Experimentally formate/formic acid has been proven to not reduce 

any further, with no reaction products being detected when introducing formate/formic 

acid to the electrolyte [7, 8]. As for CO, a proton/electron transfer first facilitates the 

formation of *COOH from *CO2−, which upon being subjected to a secondary 

proton/electron transfer leads to the formation of *CO that ultimately desorbs from the 

surface to form CO [5]. This is the common pathway identified for all the CO selective 

metals (Zn, Ag, Au). There are still some debates surrounding the reaction pathways for 

methane, but it is generally accepted that it forms through the protonation of the 

*CHO/*COH intermediate [9].  
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Figure 1-2 Possible reaction pathways for C1-products with colors representing the reaction 
pathways suggesting by different research groups. Reproduced from ref [10] with permission 
from the PCCP Owner Societies. 
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As for the C2 reaction product pathways, they exist primarily for Cu-based catalysts, with 

the C1 and C2 reaction pathways separating at the *CO and *CHO intermediates. The 

C2 products form either by a coupling of *CHO/*COH with *CO to form 

*COCHO/*COCOH or by dimerization of *CO to first form the *COCO intermediate which 

undergoes a subsequent protonation to form *COCHO/*COCOH [11]. Ethylene and 

ethanol are the two most common C2 reaction products obtained from the CO2RR, and 

their reaction pathways are depicted in figure 1-3. It is important to determine the 

selectivity determining intermediate (SDI) for these two reactions to further tune the 

selectivity towards either ethylene or ethanol after high yields of C2 products have been 

attained. According to figure 1-3 *COCHO, *CHCOH, *CH2CHO, CH2CH2O*, and 

*CH3CH2O have all been suggested as the SDI. In general, it is more favorable from a 

catalyst engineering point of view for the reaction pathways to separate as early as 

possible as it becomes easier to selectively stabilize/destabilize a given intermediate. 

For instance, *COCHO as the SDI would be an optimal scenario as it would involve less 

intermediates before separation of the ethylene and ethanol pathway. In this case the 

*COCHO intermediate is suggested to form glyoxal that can be chemisorbed to the 

catalyst surface before undergoing further reduction to ethanol and acetaldehyde. In 

fact, a study have confirmed the presence of glyoxal [12], and electrochemical reduction 

of glyoxal has been proven to convert to ethanol with small amounts of acetaldehyde 

[13, 14]. For the formation of ethylene, *COCHO undergoes protonation to form the 

*COCHOH intermediate. As is evident from figure 1-3, no clear consensus exists for the 

reaction pathways for these products. Most of these suggested pathways are also based 

solely on computational chemistry using ideal single crystal surfaces, which means that 

the pathways are not necessarily valid for different crystal facets or polycrystalline 

surfaces. For instance, the CO-CO coupling pathway to form the *COCO intermediate 

exists exclusively for the Cu (100) surface [15], whereas the formation of *CHO/*COH is 

favorable over Cu (111).  
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Figure 1-3 Possible reaction pathways for the formation of C2H4 and C2H5OH. The brackets 
surround the different tautomers of a given intermediate and the colors represent the reaction 
pathway suggested by different research groups as follows: Bell and Head-Gordon (red) [16], 
Goddard et al. (pink) [17, 18], Janik and Asthagiri (blue) [19], and Calle-Vallejo and Koper (green) 
[20, 21]. Reprinted with permission from ref [22] Copyright 2020 American Chemical Society. 
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1.4 Cu-based catalysts 

In the CO2RR Cu appears as an ideal candidate due to its abundance and its ability to 

form hydrocarbons. Unfortunately, Cu suffers from some severe limitations that needs 

to be overcome. As mentioned previously, Cu catalysts are unique in that they can 

produce hydrocarbons, being the only metal capable of facilitating the C-C coupling in 

its pristine form. Unfortunately, Cu produces a wide range of reaction products 

simultaneously, which means the selectivity is poor since high faradaic efficiency (FE) 

cannot be obtained for a single product. In addition, Cu is inherently unstable and tends 

to deactivate under reaction conditions. Thus, the selectivity of Cu needs to be tuned so 

that it favors the formation of one reaction product, and the stability needs to be 

improved. The reaction mechanisms over Cu catalysts are highly complex due to the 

number of intermediates and reaction pathways involved in the reaction as highlighted 

in the previous section. However, in-situ measurements and the development of 

computational chemistry have aided in the understanding of the reaction steps at Cu 

catalysts. Understanding the reaction mechanisms over Cu has been fundamental in 

developing facile strategies for improving its catalytic performance.  

1.4.1 Strategies for enhancing the selectivity of Cu 

Cu is perhaps the most studied catalyst for CO2 reduction, and a plethora of strategies 

for steering the selectivity and increasing the stability of Cu-based catalysts has been 

developed. Most of these strategies are focused on steering the selectivity of Cu towards 

the C2 reaction products, and primarily ethylene and ethanol. These strategies involve 

morphology and crystal facet engineering, incorporations of other metals, and 

oxidation. A brief introduction of the available methods and their impact on the catalytic 

activity is given below.  

1.4.1.1 Facet engineering 

It is well known that the various crystal facets of the transition metals exhibit differences 

in reactivity. For instance, Cu favors the formation of C2H4 at the (100) facet, while 

preferring CH4 at the (111) facet [23]. This occurs to due to existence of an additional 
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pathway for ethylene formation at low overpotentials that involves the dimerization of 

CO [15]. Thus, it allows for the formation of C2H4 through the *CO intermediate as 

opposed to *CHO, which is a shared intermediate of C2H4 and CH4. Therefore, Cu (100) 

exhibits a higher selectivity for C2H4 at lower potentials than Cu (111), but the difference 

is negligible at sufficiently high overpotentials since the CHO pathway becomes available 

at Cu (100). Hence, finding ways to synthesize structures that expose as much of the 

(100) facet as possible can contribute towards enhancing the C2H4 selectivity. One such 

example is nanocubes, which consists of four large-area Cu (100) facets with (110) 

edges. It has been shown that the synergetic behavior of these two sites can further 

enhances the CO-CO coupling [24, 25]. Meaning that the size of these nanocubes also 

play an important role in formation of C2H4 [26].  

1.4.1.2 Metal co-catalysts  

Cu can be combined with other metals to enhance the C2 product formation, 

predominately by utilizing CO producing metals like Ag, Au, and Zn. The concept utilizes 

the metal co-catalyst as a CO feedstock for the adjacent Cu sites, which enables further 

reduction into C2 products by either surface diffusion or re-adsorption of the *CO to the 

Cu sites as illustrated in figure 1-4 [27, 28]. Note that this strategy requires the existence 

of two segregated metal phases since the formation of an alloy would change the overall 

reaction mechanisms.  

Figure 1-4 Mechanisms for the transfer of CO from Ag to Cu sites. Reproduced from ref [10] 
with permission from the PCCP Owner Societies. 
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1.4.1.3 Oxide-derived Cu  

The oxide-derived Cu (OD-Cu) catalysts are simultaneously the most successful at 

promoting C2 product formation and the most controversial due to the dispute within 

the research community of the underlying cause for the improved performance. In 

short, the OD-Cu consists of an oxidized Cu surface, which upon reduction exhibits 

significantly improved selectivity towards C2 products [29, 30]. Furthermore, the 

method used for oxidation and the subsequent reduction process of the oxide also 

affects the overall product selectivity. As for the mechanism responsible for the change 

in selectivity, numerous theoretical and experimental studies have attempted to explain 

the phenomenon. The debate is usually centered around whether any oxides can survive 

during the reaction conditions, since the electrochemical reduction of CO2 into C2 

products occur at a potential way beyond that of the reduction of the Cu oxide. 

However, there are claims that a small amount of sub-surface oxide can be present 

during reaction conditions and thereby impact the reaction mechanics [31, 32]. While 

DFT studies have shown that the Cu oxides themselves are detrimental to the overall 

CO2 reduction reaction, the combined existence of Cu+ and metallic Cu0 sites can 

enhance the CO-CO coupling due to opposite charges being imposed onto the carbon 

atom of *CO (figure 1-5) [33]. Proving the existence of sub-surface oxide experimentally 

is extremely difficult since any exposure to ambient air following the CO2RR will lead to 

oxidation of the Cu surface. Therefore, in-situ measurements are necessary for analyzing 

the chemical composition of the Cu catalyst surface post-reduction, which is challenging 

from a practical point of view.  

 

Figure 1-5 Oppositely charged *CO at oxidized Cu and metallic Cu sites. 
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1.4.1.4 Alternative oxidizers 

Based on the increase in performance observed for the OD-Cu catalysts, a new set of 

catalysts were developed that could create stable Cu+ sites that did not deteriorate 

during the reaction conditions. A prime example is the B-doped Cu catalyst, which 

achieved a 52% FE for C2H4 (FE(C2) of 79%) and remained stable for the whole duration 

of the 40-hour stability test [34]. On the other hand, the reference Cu and OD-Cu 

deactivated after 6 and 12 hours, respectively. Theoretical calculations suggested that 

the average oxidation state of the Cu surface could be tuned by varying the B 

concentration, where an optimal FE of C2 products was obtained at an average oxidation 

state of 0.35. Enhancement in C2 product formation has also been achieved for other p-

block dopants such as sulfur and the halogen group [35, 36]. 

1.5  Ag-based catalysts 

While significant effort has been dedicated to tuning the selectivity of Cu towards 

multicarbon products, there is also an incentive to optimize the transition metals 

capable of achieving high FE for C1 products. The electrochemical reduction of CO2 to 

CO is currently much more viable for scale-up due to being a one electron process, 

where high faradaic efficiencies (~90%) can be achieved. On top of that, CO can be 

utilized as a feedstock for the Fischer-Tropsch process to produce hydrocarbons, which 

makes it an attractive reaction product. Ag together with Au belongs to the group of 

transition metals that produce CO. FE of up to 90% can be obtained for both these 

metals, but the overpotentials required to reach this FE(CO) for Ag is considerably higher 

than for Au. Additionally, Ag is significantly cheaper than Au, and is therefore a more 

viable alternative for large scale reactors. Thus, reducing the overpotential of Ag is 

necessary to make the catalyst feasible.  

1.5.1 Strategies for enhancing the formation of CO 

The overpotential for CO formation of Ag is governed by the binding energy of the 

*COOH intermediate. Au exhibits a stronger affinity for *C bound species, which allows 

for stronger *COOH binding and thus a lower activation barrier. Research has therefore 
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focused on developing strategies for increasing the binding affinity of *COOH at the Ag 

surface. The most common approaches for improving the catalytic performance of Ag 

are highlighted below.  

1.5.1.1 Nanostructuring 

Like Cu, the catalytic activity of Ag is highly dependent on the crystal facet at which the 

reaction occurs. The difference between the catalytic performance of the Ag crystal 

facets were discovered early on by Hori et.al [37]. Compared to Ag (100) and Ag (111) 

the stepped sites of the Ag (110) display significantly enhanced performance with five 

times larger partial current density for CO. This is mainly due to the increased binding 

strength of the *COOH intermediate on the Ag (110) surface [38]. Nanostructures have 

been frequently utilized to expose these preferential active sites. Furthermore, the size 

of these nanostructures can be adjusted to achieve an optimal ratio of the atoms at the 

edge, corner, or surface, which allows for tuning the binding energy of the *COOH 

intermediate [38-42]. A range of nanostructures has been developed for this purpose 

(figure 1-6), such as nanowires [43], nanocorals [44], dendrites [45], triangular 

nanoplates [46], and nanocubes [47]. 

Figure 1-6 Different Ag nanostructures, a) nanowires, b) nanocorals, c) dendrites, and d) 
triangular nanoplates. Adapted with permission from a) ref [43] Copyright 2018 American 
Chemical Society, b) ref [44] Copyright 2015 American Chemical Society, c) ref [45], and d) ref 
[46] Copyright 2017 American Chemical Society. 
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1.5.1.2 Metal co-catalyst and alloys 

There are two main approaches to selecting an appropriate metal as a co-catalyst or for 

alloy: (i) reducing the amount of Ag through alloying with a different element to reduce 

the cost, but without compromising the efficiency of the catalyst; or (ii) improve the 

efficiency by suppressing the competing HER. In the first category it is primarily Cu, Zn, 

and Sn that are used. It has been found that Ag84Cu16 displays 2.5 times the FE(CO) 

compared to the pristine Ag100 reference electrode at lower potentials. If the amount of 

Cu is increased further, the FE(CO) unfortunately declines [48]. Although Zn exhibits high 

selectivity towards CO (like Ag), it suffers from even larger overpotentials and the FE(CO) 

is negatively impacted when Ag is alloyed with Zn, making it a less attractive option [49]. 

This is also the case for Sn, where the pristine Ag outperforms the AgSn catalyst [50], 

except from some cases where AgZn foils have shown the capability to break the scaling 

relations to enable the formation of methane and methanol due to the stabilization of 

the *CHO intermediate [49]. In contrast, HER by inhibition is pursued by incorporating 

metals that are known to exhibit low catalytic activity for that reaction. For instance, 

indium (In) is a prime candidate since it possesses a high overpotential for HER. 

Therefore, the introduction of In in Ag leads to a suppression of the HER, which allows 

for high FE(CO) at lower overpotentials [51]. 

1.5.1.3 Doping with p-block elements 

Another potent strategy that enables lower overpotentials and higher reactivity of the 

Ag catalyst is based on the modulation of the Ag d-band through introduction of defects 

or impurities. The d-band theory has its foundation in molecular orbital theory, where 

the interaction of the catalyst with a molecule is governed by the formation of the 

bonding and anti-bonding orbitals. Since Ag has a full d-shell, the antibonding states are 

always filled, and thus shifting the d-band center towards the fermi-level can reduce the 

filling of the anti-bonding states, which gives a stronger chemisorption of intermediates. 

However, there is a theoretical limit to the reduction in overpotential that can be 

achieved using this method due to the linear scaling relations. Since the increased 

reactivity of the Ag imposed by the shift in the d-band center does not discriminate 
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between the *COOH and *CO intermediates, the binding of *CO also becomes stronger, 

which eventually will make it incapable of desorption. Not to mention that the binding 

strength of *H also becomes enhanced, which can enhance the HER. The utilization of 

p-block dopants has recently emerged as a viable route for circumventing the linear 

scaling relation between the d-band and the binding energies of the *COOH and *CO 

intermediates. It has been found that a partial covalency can be imposed on Ag by the 

p-block element to allow for it to interact with the *COOH and *CO by two independent 

mechanisms. More precisely, dissimilar σ-binding behaviors of the two intermediates 

allow for the stabilization of *COOH independent of *CO in a mechanism termed the 

covalency-aided electrochemical reaction (CAER). In a high-throughput screening of 

potential dopants in Ag, the d-block dopants displayed strong adherence to the linear 

scaling relations (figure 1-7a), whereas no such relations were found for the p-block 

dopants (figure 1-7b) [52]. These findings are also in agreement with experimental 

studies, where sulfur and phosphorus have been utilized to enhance the catalytic 

performance of Ag [52, 53]. 

 

 

Figure 1-7 Intermediate binding energy as a function of the d-band center using a) d-block 
dopants and b) p-block dopants in Ag. Reproduced with permission from ref [52] Copyright 
2014 American Chemical Society. 
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1.5.2 Promoting syngas formation  

The above-mentioned strategies take aim at suppressing HER to enable high FE(CO) at 

low overpotentials. An alternative route is to combine HER with the CO2RR to form 

syngas with adjustable H2/CO ratios which can be utilized directly in existing 

thermocatalytic processes such as the Fischer-Tropsch or methanol synthesis. A specific 

H2/CO ratio is necessary for each of these processes and is usually obtained from the 

water gas-shift reaction. In the water-gas shift reaction, CO and water at high 

temperature and pressure is converted into H2 and CO2 to obtain appropriate ratios [54]. 

On top of being an energy-intense process, the release of CO2 as a byproduct raises 

environmental concerns. Thus, it incentivizes the development of catalysts for direct 

electrochemical syngas formation. Ag is a prime candidate as a catalyst for syngas 

formation due to its significantly lower cost compared to other alternative syngas 

catalysts like Au and Pd. However, the low catalytic activity of Ag needs to be addressed, 

and more importantly design strategies that enable control of the H2/CO ratio need to 

be developed. 

In effect, the strategies employed for enhancing syngas formation are very similar to 

those used to boost CO production highlighted above, but instead of maximizing FE(CO), 

the overarching goal is to develop a design where one parameter of the catalyst can 

easily be tweaked to tune the H2/CO ratio while also maximizing the reaction rate. 

Therefore, nanostructures are often utilized, as the proportion of H2/CO can be 

regulated by for instance manipulating the edge to surface ratio of nanoparticles. 

Another strategy that separates the design of Ag syngas catalysts from that of CO 

producing Ag catalysts is the widespread use of C supports. In general, C is not 

catalytically active for CO2 reduction, but is rather used as a method for increasing the 

porosity of the catalyst to obtain large current densities and promote HER. These 

composite catalysts are designed according to figure 1-8, with Ag acting as the CO2 

reduction catalysts. Utilization of this strategy has shown that the H2/CO ratio can be 

tuned by modifying the number of Ag nanowires deposited on C sheets [55]. In similar 

fashion, the overall Ag loading has also been used to control the syngas ratio [56].  
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Figure 1-8 a) single-element and b) composite catalyst design for adjustable H2/CO ratio from 
CO2RR [57]. 
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1.6 Research focus and objectives 

The use of nanostructuring and light elements as dopants or modifiers in transition 

metal catalysts can have tremendous influence on their catalytic properties as discussed 

above. It is assumed that by precisely controlling the concentration of the modifier 

element, the product selectivity of the catalyst can be tuned, and depending on the 

material system the linear scaling relation can be circumvented. Still, the exploration of 

modifier elements beyond oxygen has been limited, in part due to complicated synthesis 

methods that often give unsatisfactory control over the concentration. Thus, in this 

project we aspired to design catalysts through the development of innovative synthesis 

processes aimed at nanostructuring and incorporating light elements into transition 

metals to manipulate their catalytic properties. An important aspect was to ensure 

control over the concentration of the modifier element. In this thesis three different 

catalyst designs are presented, an anodized Cu catalyst targeting the formation of C2H4, 

and two Ag-based catalyst, one modified with C for the purpose of syngas formation, 

and the other modified with B for the formation of CO. The project can be divided into 

four tasks as listed below: 

Task 1: Design and build a reactor for the electrochemical reduction of CO2 and 

quantification of gaseous reaction products.  

Task 2: Develop a synthesis process for electrochemical anodization of Cu to yield a 

nanostructured Cu(OH)2 catalyst for the formation of C2H4. 

Task 3: Synthesize Ag-C thin film catalysts with controllable C concentration to enable 

syngas formation with tunable H2/CO ratios at elevated current densities. 

Task 4: Utilize a magnetron co-sputtering process to synthesize a B modified Ag catalyst 

to circumvent the linear scaling relation and enhance CO formation. 
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2 Experimental Setup 

2.1 Reactor configuration 

To evaluate the catalytic performance of the electrodes a reactor setup was needed to 

simultaneously monitor the reaction rate and analyze the gaseous reaction products. A 

continuous on-line reactor system was constructed, where an electrochemical H-cell is 

directly connected to a Shimadzu-GC-2010 PLUS gas chromatograph (GC). A mass flow 

controller was used to set the flow rate of CO2 being continuously fed into a custom-

made H-cell from Adams & Chittenden (figure 2-1). Injection of the gas stream into the 

GC was done using a 6-port gas sampling valve, which upon activation directs the 

content of the sampling loop into the carrier gas stream of the GC. Initially the 

measurements were performed with the H-cell directly connected to the gas sampling 

valve, but a significant amount of water vapor in the gas stream resulted in a large water 

peak that covered the peaks of interest. Therefore, a filter mechanism had to be 

implemented that could selectively remove the water vapor out of the gas stream 

without the loss of analytes. A Nafion tube dryer that could filter out water vapor 

continuously from the gas stream was selected for this purpose. The dryer is seen 

connected between the H-cell and gas sampling valve as seen in the schematic in figure 

2-2 and works by allowing water vapor to permeate through a thin Nafion membrane. 

A dry gas, in this case nitrogen flows counter to the main gas stream to create a dry 

environment inside the steel casing surrounding the Nafion tubing to enable the water 

to permeate due to the existing gradient. The incorporation of the dryer into the 

sampling system significantly reduced the water peak from thousands of mV to ~100 

mV.  
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2.2 Electrochemical test conditions 

All electrochemical experiments were performed using a three-electrode configuration 

with an Ag/AgCl (3 M KCl) reference and a Pt coil counter electrode. The cathodic and 

anodic chamber was separated by a Nafion 117 proton exchange membrane (PEM), and 

each chamber was filled with 75 mL of KHCO3 electrolyte saturated with CO2. The 

geometric surface area of the catalyst was typically 0.5 – 1 cm2. 

Figure 2-2 Schematic showing the reactor setup used for the electrochemical CO2 reduction and 
gas quantification. 

Figure 2-1 The H-cell used for the electrochemical reduction experiments. 
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2.3 Quantification of gaseous reaction products 

2.3.1 GC calibration and measurement parameters 

The gas quantification was performed with a GC equipped with a barrier ionization (BID) 

detector and a ShinCarbon ST column. Initially, the GC measurements were performed 

under isothermal conditions with constant pressure (~400 kPa), which required lengthy 

measurements to detect ethylene (retention time ~27 minutes). Since multiple 

measurements at a given potential is necessary for it to be statistically significant it 

would require the electrochemical tests to run for extended amounts of time. Lengthy 

measurements are problematic since the catalyst might become unstable over the test 

period, giving incorrect FE’s when averaging several measurements. More importantly, 

while the gas dryer significantly reduced the amount of water vapor, it did not eliminate 

it completely. This becomes a problem when the water peak starts to appear at the same 

time as the ethylene, making it hard to make consistent quantifications. To ensure that 

the peak of the water vapor did not interfere with the ethylene peak and to shorten the 

time required for each measurement the GC temperature and pressure program was 

optimized according to table 2-1. The measurement time was reduced to less than 15 

minutes with ethylene appearing at 12 minutes using the temperature and pressure 

program seen in table 2-1. A further reduction in the measurement time could not be 

achieved since increasing the temperature beyond the settings given in table 2-1 led to 

an overlap of the water and ethylene peaks. The final temperature step from 150 – 

200°C were added to ensure that the water vapor was eluded from the column before 

cooling down, increasing the total run time to 19 minutes. The pressure program also 

includes a reduction in pressure from 400 kPa to 100 kPa to permit switching of the gas 

sampling valves without suffering blow-black of gas inside the sampling loop back into 

the cell. This is important as it disrupts the flow, which can cause inconsistencies in the 

measurements or potentially damage the dryer. When the reaction products exclusively 

consist of C1 products, the measurement time can be further reduced by using the 

parameters in table 2-2. The detector parameters were the same for all measurements 
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(table 2-3). Figure 2-3 shows the GC spectrum obtained with the optimized parameters, 

which separates the C2H4 and water peak, while placing C2H6 on top of it.  

 

Table 2-1 GC pressure and temperature program used for the quantification of gaseous 
reaction products, including hydrocarbons. 

Pressure program 

Rate (kPa/min) Pressure (kPa) Hold time (minutes) 

0 250 2.0 

60 400 14.5 

−400 100 0.3 

Temperature program 

Rate (°C/min) Temperature (°C) Hold time (minutes) 

0 30 2.0 

10 150 0 

20 200 2.5 

 

 

Table 2-2 GC pressure and temperature program used for the quantification of H2 and CO 

Pressure program 

Rate (kPa/min) Pressure (kPa) Hold time (minutes) 

0 250 2.0 

60 400 3.73 

−400 100 0.3 

Temperature program 

Rate (°C/min) Temperature (°C) Hold time (minutes) 

0 30 2.0 

45 200 3.5 
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Table 2-3 GC parameters used for quantification.  

GC parameters 

Injection temperature 150°C 

Detector temperature 280°C 

Purge flow 10 ml/min 

Split ratio 20 

 

To quantify the gaseous reaction products the detector response (peak area or height) 

needs to be compared to that of an external standard with a known concentration. 

Initially, four custom gas mixtures containing various concentrations of the gases of 

interest with nitrogen as a balance gas were acquired. The calibration gas cylinders were 

connected directly to a mass flow controller and fed into the electrochemical cell and 

into the gas sampling valve. To make the environment as close to the reaction conditions 

as possible the cell was filled with electrolyte to mitigate any effect of the water vapor. 

Calibration curves were created for each of the gases, showing high linearity and 

repeatability. However, upon quantifying the reaction products generated from the 

electrochemical CO2 reduction, it was found that the total calculated FE exceeded 100% 

and was often as high as 140%, which meant that the quantification overestimated the 

reaction product concentrations. After great lengths of troubleshooting, it was 

discovered that the error was with the calibration itself. The calibration gas used N2 as 
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Figure 2-3 A typical GC spectrum obtained with the optimized GC program. 
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a balance gas, while the experiments effectively used CO2 as balance as it is continuously 

pumped through the system. Therefore, upon attaining a new set of calibration mixtures 

with CO2 as a balance (concentrations seen in table 2-4), the peak areas of the gases 

were reduced by approximately 40%. By using an Ag foil (produces only CO and H2) and 

Pt (produces H2) as working electrodes it was possible to achieve an FE of about 100%, 

verifying that the setup was working properly. Therefore, the choice of balance gas is 

tremendously important to ensure accurate quantification of the gases of interest. 

There are two possibilities for this occurrence, either it is due to CO2 not being an ideal 

gas, meaning that it might compress and allow for additional analytes to enter the 

sampling loop, or it could be that the large concentrations of N2 or CO2 influences the 

BID detector response. Since the BID detector is less common than detectors like FID, 

the latter might be a possibility, but there is no reference to this in the literature. The 

calibration curves were created using a weighted linear fit (1/C) without forcing the line 

through origin, where the C represents the concentration of the gas. The calibration 

curve for H2 (100-3000 ppm) can be seen in figure 2-4. The R2 of the calibration curves 

was ~0.99 for all gases. 

Table 2-4 Gas concentrations used for creating the calibration curves. 

 

 

 

Concentration (ppm) 

H2 CO CH4 C2H4 C2H6 
100 40 20 20 10 
300 200 200 200 100 

3000 2000 2000 2000 1000 
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2.3.2 Calculating the Faradaic efficiency 

 

Faradaic efficiency for a given product was calculated using equation 2: 

𝐹𝐹𝐹𝐹 =
𝑚𝑚 × 𝑛𝑛 × 𝐹𝐹

𝑄𝑄
× 100 

Where m is the mol of product obtained by multiplying the mol% value derived from the 

GC measurements with the total moles contained in the sampling loop assuming 

standard pressure and temperature. The number of electrons required to produce a 

given product is given as n. F is Faraday’s constant (96500 C/mol), and the charge Q is 

found by multiplying the current (I) with the time (t) it takes to fill the sampling loop 

considering a gas flow (f) of 20 sccm.  

As an example, given I = 5 mA, f = 20 sccm, and the detection of 1060 ppm of H2. The 

total moles in the sample loop can be determined using the ideal gas law in equation 3: 

𝑃𝑃𝑃𝑃 = 𝑛𝑛𝑛𝑛𝑛𝑛       

0 100000 200000 300000 400000 500000 600000 700000 800000 900000 1000000 1100000 1200000 1300000 A rea
0

250

500

750

1000

1250

1500

1750

2000

2250

2500

2750

3000

Conc .

(2) 

 

 

 

 

 

 

(3) 

 

 

Figure 2-4 GC Calibration curve for H2 with concentration in parts per million as a function of 
peak area. 
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Where P is the pressure, T is the temperature, V is the volume, n the amount of 

substance and R the ideal gas constant. At standard pressure and temperature, there is 

a total of 4.09*10-5 mol in 1 mL. Since 1060 ppm equals 0.106 mol%, this can be 

multiplied by the total moles in the sampling loop, which gives ~4.34*10-6 mol of H2. 

To find the charge Q, the time (t) it takes to fill the sampling loop needs to be found 

from equation 4: 

𝑡𝑡 =
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (1 𝑚𝑚𝑚𝑚)

20 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚
× 60 = 3𝑠𝑠 

The charge then becomes:  

𝑄𝑄 = 𝐼𝐼 × 𝑡𝑡 = 5 𝑚𝑚𝑚𝑚 × 3 𝑠𝑠 = 0.015 𝐶𝐶 

Considering that 2 electrons is needed to produce H2 (n=2), the FE is calculated from 

equation 6:  

𝐹𝐹𝐹𝐹 =
4.34 × 10−6 𝑚𝑚𝑚𝑚𝑚𝑚 × 2 × 96485 𝐶𝐶

𝑚𝑚𝑚𝑚𝑚𝑚 
0.015 𝐶𝐶

× 100% = 55.83% 
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3 Summary of Main Research  

3.1 Copper hydroxide nanoneedles (Article 2) 

Motivation 

Cu(OH)2 has proven itself to be an excellent catalyst for the electrochemical reduction 

of CO2 into C2H4 [58]. Anodization of Cu foil is the most attractive method for 

synthesizing Cu(OH)2 films since large areas can be attained, while also providing high 

aspect ratio nanoneedle growth. However, the film quality is highly dependent upon the 

initial conditions of the Cu foil surface, where surface irregularities and insufficient 

wettability can lead to poor current distribution and thus an inhomogeneous film in 

terms of both thickness and morphology. A common process applied to circumvent this 

problem consists of first using HCl to remove surface oxides, and then apply mechanical 

and electrochemical polishing to remove crevices and surface irregularities [59-62]. A 

combination of these methods would normally be necessary to achieve satisfactory film 

quality. Therefore, we aimed to streamline the pre-treatment process into a single step 

by using Na2S2O8. This approach could address both the problem of surface oxides and 

surface irregularities simultaneously. 

Experiments 

With the foregoing motivation in mind, a process was developed for growing 

homogenous Cu(OH)2 nanoneedles over large surface areas (> 10 cm2). The method is 

intended to significantly simplify the synthesis of Cu(OH)2 films by reducing the Cu foil 

pre-treatment to a single step, and thus making Cu(OH)2 a viable catalyst material for 

large scale reactors. In the following study, the process was used to grow homogenous 

films over Cu foils with a surface area of 63 cm2. First, the Cu foils were cleaned using 

acetone and isopropanol before being rinsed with DI water. Etching of the top-most 

surface was then performed by dipping the Cu foil in 20% Na2S2O8 solution for 5 minutes 

and 30 seconds. The samples were rinsed using DI water followed by ethanol before 
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drying the samples with nitrogen. Anodization of the copper foil was then performed in 

3 M KOH solution in a Teflon beaker according to the process described in figure 3-1.  

Results and discussion 

The process that was developed utilizes a single pre-treatment step of the Cu foil, which 

is intended to remove surface oxides and crevices or other surface irregularities. A light-

blue film is observed following the anodization process, indicative of Cu(OH)2. When the 

pre-treatment step is left out, a significant number of pinholes are observed. 

Additionally, contact angle measurements reveal that the surface energy is considerably 

increased upon pre-treatment, enhancing the wettability of the Cu foil when immersed 

in the KOH solution.  

Investigation of the Cu foil before (figure 3-2a) and after pre-treatment (figure 3-2d) 

shows that crevices are removed upon pre-treatment, but a lower hierarchy surface 

roughness has been added. Furthermore, it was found that the pinholes consisted of 

empty areas that are 30-50 µm in size as seen in figure 3-2b. There were also several 

patches where the growth of nanoneedles had been inhibited (figure 3-2c). On the other 

hand, the Cu(OH)2 film that was grown on the pre-treated Cu foil showed a high density 

Figure 3-1 Process flow showing the development of the Cu(OH)2 nanoneedle films. 
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of nanoneedles without the presence of patches (figure 3-2e). The nanoneedles were 

~200 nm wide at the needle tip (figure 3-2f), and the film was ~21 µm thick. 

Electron dispersive spectroscopy (EDX) measurements performed inside the pinhole 

revealed a layer of Cu2O. The layer was estimated to be ten times thicker than the native 

oxide layer measured at the pristine Cu foil. Such a thick oxide layer could create an 

insulating area which could fully or partially block the growth of Cu(OH)2 as seen in figure 

3-2b-c. Side reactions such as the formation of Cu2O, which is more prevalent at lower 

current densities might also occur if the site is sufficiently blocked. EDX was also 

performed at the nanoneedles of the sample that had undergone pre-treatment, with 

the EDX spectrum showing an atomic ratio of approximately 2:1 of oxygen to copper. 

The presence of the Cu(OH)2 phase was confirmed by x-ray diffraction (XRD), with peaks 

indicating an orthorhombic Cu(OH)2 phase. Smaller peaks were also detected, showing 

the presence of Cu2O and CuO. The presence of Cu(OH)2 was also confirmed by Fourier-

transform infrared spectroscopy (FTIR), with peaks at 3566 cm−1 and 3296 cm−1, which 

can be attributed to the free OH group and the hydrogen bonded OH group, respectively 

[63]. Additionally, the peaks at 934 cm-1 and 678 cm-1 are due to the Cu-O-H bonds [64].  

 

Figure 3-2 SEM images of the a) pristine Cu foil, b)-c) pinhole and patch with reduced growth 
found on the anodized Cu foil. SEM images of the d) Cu foil after pre-treatment with sodium 
persulfate, e)-f) the surface morphology of the pre-treated Cu foil after anodization. 
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Figure 3-3a-b shows the product selectivity for the Cu foil and the Cu(OH)2 catalyst. As 

expected, the Cu foil displays the highest selectivity for CH4 at all potentials with an 

exception at −0.9V vs. RHE where the FE for C2H4 is slightly higher. As for the Cu(OH)2 

catalyst, C2H4 is the main reaction product at all potentials. Contrary to the Cu foil, there 

is almost no formation of CH4 occurring over Cu(OH)2. Due to the increase in surface 

area resulting from the nanoneedle structures the current densities were normalized to 

the electrochemical active surface area (ECSA) to identify any increase in intrinsic 

activity. The roughness factor of the Cu(OH)2 catalyst was 6.17 relative to the Cu foil. 

The ECSA normalized current density and FE(C2H4) over the course of the stability test 

can be seen in figure 3-3c. While the Cu foil exhibits a larger ECSA normalized current 

density than the Cu(OH)2, it quickly declines together with the FE(C2H4). Over the 

duration of the stability test, the Cu foil goes from a FE(C2H4) of ~19% to ~4%. The decline 

was accompanied by a doubling in the FE(H2), revealing a deactivation of the active sites 

for CO2 reduction and proves the inherent instability of the Cu catalyst. As for the 

Cu(OH)2 catalyst, it displays excellent retention of FE(C2H4) while also showing a slight 

increase in current density. The ratio of the FE(C2H4) to FE(CH4) together with JC2H4 

(geometrical) can be seen in figure 3-3d. A decline in the product ratio of 10.6 is 

observed over the six hours, mainly due to FE(CH4) increasing from 0.6% to 1.2%. Still, a 

ratio of 27.8 is retained after six hours, which proves the excellent selectivity for C2H4 

over CH4 for the Cu(OH)2 catalyst.  
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Conclusion 

A two-step anodization process was developed to produce homogenous Cu(OH)2 

nanoneedle films over larger areas. The method consisted of a sodium persulfate pre-

treatment of the Cu foil, which simultaneously removes native oxides, contaminations, 

and crevices or other surface irregularities. Cu foils that underwent pre-treatment also 

exhibited an increase in surface energy, which improved the wetting and resulted in 

enhanced contact between the KOH and Cu foil interface. The Cu(OH)2 films displayed 

excellent catalytic performance for the electrochemical reduction of CO2, with a clear 

preference for C2H4 formation over CH4, reaching an FE(C2H4) of 36.5% at −1.0V vs. RHE. 

Moreover, the catalyst showed stable formation of C2H4 over the course of the 6-hour 

stability test, whereas the Cu foil reference rapidly declined in terms of both C2H4 

selectivity and current density while doubling the HER selectivity. 

Figure 3-3 Electrochemical characterization: a) selectivity of the Cu foil catalyst, b) selectivity of 
the Cu(OH)2 catalyst, c) stability test, and d) C2H4 to CH4 ratio and C2H4 partial current density 
obtained for the Cu(OH)2 catalyst during the stability test. 
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3.2 C-modified Ag catalysts (Article 3) 

Motivation 

The formation of CO from the CO2RR faces challenges such as the activation of the CO2 

molecule and competition with the HER, leading to low FE. Therefore, significant effort 

has been dedicated to suppressing HER to increase the FE(CO). An alternative solution 

is to combine HER with CO2RR to produce syngas with adjustable H2/CO ratio that can 

be utilized directly in thermocatalytic processes such as Fischer-Tropsch and methanol 

synthesis, and thereby eliminating the energy-intensive water-gas shift reactions that 

emits CO2 as a side product. 

Transition metals belonging to group two, such as Au, Ag, and Pd have been explored 

for this purpose due to their ability to form CO. Among them, Ag is the most attractive 

due to its significantly lower cost but exhibits the lowest catalytic activity. 

Nanostructuring of Ag has been used to improve performance and reduce costs. These 

nanostructures are often supported by C, which enhances reaction rates and gives 

control over the H2/CO ratio. In this regard, the synthesis of Ag-C thin films by co-

sputtering is an attractive prospect since it provides control of the C concentration and 

film thickness while also offering the opportunity for scale-up. Moreover, the porosity 

of C can maximize the exposed surface area without the use of binders that are utilized 

to attach nanostructures to electrodes, which have the potential to block active sites 

[55]. 

Experiments 

Soda-lime glass wafers were diced into 3.0 x 0.5 cm2 pieces and were subsequently 

ultrasonically cleaned for 10 minutes in acetone before rinsing with isopropanol. The 

samples were then subject to 10 minutes of plasma at a power of 300 W in a plasma 

cleaner using an Ar gas flow of 50 sccm and an O2 flow rate of 100 sccm at a pressure of 

58 Pa. Next, the samples were loaded into the sputtering chamber where a 15 nm 

adhesion layer of Cr was deposited using e-beam evaporation. The Ag-C films were 

deposited through co-sputtering, where the DC power of the Ag target was set to 100 
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W and the RF power of the C target was 350 W and 500 W to create two thin films with 

different concentrations of C, which will be referred to as Ag-C-1 Ag-C-2, respectively. A 

pristine Ag thin film was also synthesized as a reference.  

Results and discussion 

Surface morphology of the sputtered films can be seen in figure 3-4a-c. The pristine Ag 

film consists of large grains, approximately 150 nm wide. When C is co-sputtered with 

Ag the particles shrink to ~35 nm for the Ag-C-1 and ~25 nm for the Ag-C-2. Both Ag-C 

films have a similar morphology except for a slight difference in particle size and more 

cluster formation for the Ag-C-2 film. EDX measurements gave C concentrations of 2.3 

at% for pristine Ag, which increased to 7.6 and 13.4 at% for the Ag-C-1 and Ag-C-2, 

respectively. The EDX spectrum obtained for the Ag-C-2 film is seen in figure 1d inset. 

Detection of C in the pristine Ag film was attributed to the presence of C on the surface. 

The XRD patterns (figure 3-4d) show a polycrystalline structure with a dominant Ag (111) 

peak for the pristine Ag film, whereas the addition of C reduced the Ag (111) peak 

intensity while simultaneously broadening the peaks. The broadening of the peaks can 

be explained by the reduction in the crystallite size. The Debye-Scherrer equation was 

used to calculate the average crystallite size, which was 18.8 nm, 14.0 nm, and 9.5 nm 

for the Ag, Ag-C-1, and Ag-C-2, respectively. The reduction in particle and crystallite size 

suggests that the growth kinetics are disrupted when C is co-sputtered with Ag. More 

specifically, the nucleation rate is increased with increasing concentration of C due to 

the competitive growth of the two materials, leading to suppressed growth of Ag and 

smaller particles.  
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The catalytic properties of the films were studied by conducting electrochemical CO2 

reduction in a potential range from −0.6 to −1.0 V vs. RHE. A drastic increase in current 

density was observed in the LSV for the Ag-C films relative to Ag (figure 3-5a). CO and H2 

were the only gaseous reaction products detected for the catalysts, with a total FE close 

to 100% as seen in figure 3-5b. Ag showed a steady increase in FE(CO) as the potential 

became more negative, with an FE(CO) of 84.5% at −1.0 V vs. RHE. A decline was seen 

in the CO selectivity in favor of HER when the C concentration increased. The Ag-C-1 and 

Ag-C-2 achieved a peak FE(CO) of 56.1% and 40.4% at −0.9 V and −0.8 V vs. RHE, 

respectively. Thus, as the C concentration increased the selectivity towards HER was 

enhanced. However, the catalytic activity was significantly increased for the Ag-C 

catalysts with the JCO exceeding that of Ag at all potentials. It should be noted that the 

difference in JCO was subtle at −1.0 V vs. RHE due to the increase in FE(CO) for Ag in 

combination with a decrease in FE(CO) for the Ag-C catalysts. A more substantial 

Figure 3-4 SEM image of the a) Ag, b) Ag-C-1, and c) Ag-C-2 films. d) XRD patterns of the Ag and 
Ag-C films with the EDX spectrum obtained for the Ag-C-2 film inset. 
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increase was seen in JH2 for the Ag-C catalysts, with the JH2 being 28-fold higher for the 

Ag-C-2 catalyst compared to Ag at −1.0 V vs. RHE. A H2/CO ratio of ~1 is obtained for Ag 

at −0.6 V vs. RHE, which rapidly declines as the potential becomes more negative, 

reaching ~0.1 at −1.0 V vs. RHE (figure 3-5c). The Ag-C-1 catalyst displays a similar trend 

as Ag as a function of the applied potential, but the H2/CO ratio went from 2.5 – 0.8 in 

the potential range from −0.6 to −1.0 V vs. RHE. Interestingly, a parabolic curve is 

obtained for Ag-C-2, with start and endpoints above 2. Thus, the H2/CO ratio can be 

tuned by adjusting the C concentration of the thin films and by controlling the applied 

potential. It was found that the Tafel slope was increased for the Ag-C catalysts relative 

to Ag (figure 3-5d), suggesting that the increase observed in JCO was not due to improved 

reaction kinetics.  

 

Figure 3-5 Electrochemical characterization of the Ag-C catalysts. a) LSV of the Ag and Ag-C 
catalysts, b) their product selectivity as a function of potential, c) the ratio of H2/CO for the Ag-
C catalysts, the Tafel slope for d) CO and e) HER. 
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The ECSA was therefore calculated using the CDL obtained through conducting CV scans 

at various scan rates in the non-faradaic potential region and plotting the peak-to-peak 

current density as a function of scan rate. Ag had a CDL of 0.16 mF/cm2, which increased 

to 5.13 mF/cm2 for Ag-C-1 and 7.71 mF/cm2 for Ag-C-2. This translates to a roughness 

factor relative to the Ag reference of 32 and 48 for the Ag-C-1 and Ag-C-2 catalyst, 

respectively. This translates to an ECSA of 0.75 cm2 (Ag), 27 cm2 (Ag-C-1), and 36 cm2 

(Ag-C-2), thus, the ECSA is significantly increased for the Ag-C films, which explains the 

large current density.  

Conclusion 

The co-sputtering of C with Ag reduces the particle size from ~150 nm to < 40 nm while 

simultaneously reducing the crystallite size due to an increase in the nucleation rate that 

suppresses Ag growth. A significant increase in the current density is observed for the 

Ag-C films relative to Ag, but the overall selectivity for CO is reduced in favor of HER. The 

smaller particle size and increased porosity due to C leads to a substantial increase in 

the ECSA. Thus, the Ag-C films can generate large geometric current densities due to an 

abundance of active sites, with the ability to tune the H2/CO ratio, which is an important 

feature for the design of syngas catalysts.  
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3.3 Ag-B catalysts (Article 4) 

Motivation 

Developing catalysts capable of selectively producing CO at low overpotentials is highly 

attractive since CO can be utilized in the Fischer-Tropsch process to produce 

hydrocarbons. Formation of CO occurs for catalysts that exhibit low binding energy of 

*CO, such as Au and Ag. Naturally, Ag would be the preferred choice due to its lower 

cost, allowing for large-scale industrial reactors. However, compared to Au, Ag requires 

significantly larger overpotentials to reach satisfactory FE(CO). It has been shown that 

the overpotential is linked to the activation barrier for *COOH formation, indicating that 

increasing the binding energy of *COOH could lower the overpotential. Unfortunately, 

the linear scaling relations between the d-band center and the *COOH and *CO 

intermediates prevents the tuning of the binding strength of *COOH and *CO 

independently by d-band modulation. Therefore, there needs to be a decoupling 

between the d-band center and the intermediate binding energies. The utilization of p-

block elements as modifiers of Ag has emerged as an attractive strategy to circumvent 

these scaling relations. Among the p-block elements, B has been extensively used as a 

modifier with great success in other transition metals for electrochemical CO2 reduction 

[34, 65]. With that as a motivation, B was incorporated into Ag to determine its impact 

on the catalytic properties of Ag.  

Experiments 

The catalyst synthesis is identical to the process reported for the Ag-C thin films, with 

the exception that the soda-lime glass pieces in this case were 2.5 x 0.5 cm2. The Ag was 

deposited with a DC power of 100 W while simultaneously depositing B with an RF 

power varied in the range of 0-150 W at room temperature as depicted in figure 3-6. 

The resulting film thickness was ~1.7 µm as determined by scanning transmission 

electron microscopy (STEM). 
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Results and discussion 

DFT simulations were performed to evaluate B as a modifier in Ag, and to determine the 

effect on the reaction mechanisms of the electrochemical reduction of CO2 to CO. The 

model consisted of an Ag (111) slab with B placed interstitially into the Ag lattice. A 

change in the band structure is observed with the incorporation of B into Ag (figure 3-

7a-b). More specifically, the d-band center is shifted by 0.24 eV towards the fermi level 

for Ag-B (figure 3-7c). Looking at the free-energy profile for the electrochemical 

reduction of CO2 to CO (figure 3-7d), the formation of *COOH remains the rate-

determining step (RDS) for both Ag and Ag-B. However, the activation barrier for *COOH 

formation is lowered from 1.58 eV to 1.33 eV when B is placed into the Ag lattice due to 

a stronger binding strength of *COOH, in line with the observed shift in the d-band. 

Interestingly, the shift in the d-band center should also increase the binding strength for 

*CO according to the linear scaling relations, which is not the case for the Ag-B surface. 

On the contrary, the *CO binding strength is reduced by 0.15 eV, demonstrating a 

deviation from the linear scaling relations. Thus, the free-energy profile is in line with 

the trend observed for p-block elements in Ag and the CAER mechanism proposed by 

Figure 3-6 Schematic showing the co-sputtering arrangement used for growing the Ag-B films. 
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Lim et.al. [52] where the *COOH intermediate can be stabilized independent of *CO. As 

the DFT simulations indicated that B could enhance the catalytic performance of Ag we 

proceeded to synthesize B modified Ag films.  

In total three films with varying concentrations of B were deposited. These were labelled 

according to the RF power of the B target during deposition as Ag (0 W), Ag-B-1 (100 W), 

and Ag-B-2 (150 W). The structural properties of the films were investigated using XRD, 

of which the resulting XRD patterns of the films can be seen in figure 3-8a. As for most 

metals deposited by DC magnetron sputtering, the pristine Ag film displays an XRD 

pattern characteristic of a polycrystalline FCC crystal structure. Interestingly, the 

incorporation of B significantly increases the intensity of the Ag (111) peak while 

simultaneously reducing the intensity of the rest of the Ag peaks. The Ag (111) peak 

intensified when increasing the RF power of the B target, whereby the Ag (111) peak 

Figure 3-7 Band structure of the a) Ag-B (111) and b) Ag (111) slabs. c) comparison of the d-
bands of the two slabs, showing the change in d-band center. d) free energy diagram for CO2 
reduction over the two surfaces. 
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became totally dominant for the Ag-B-2 sample. Ag and B can form the AgB2 phase with 

a dominant peak at ~28°, but no such peak could be found for any of the films. A shift of 

the Ag (111) peak towards lower angles was also found for the Ag-B films (figure 3-8b), 

indicating an expansion of the lattice due to the incorporation of B.  

Next, TEM was employed to gain insight into the crystal transformation observed from 

the XRD patterns. A high density of columns aligned in the growth direction is revealed 

by the cross-sectional imaging in figure 3-9b. Further investigation of these columns 

shows a significant number of Ag (111) coherent twin boundaries approximately 5-10 

nm wide that are aligned perpendicular to the growth direction (figure 3-9c-e). The 

lattice spacing is determined as 2.385 Å, significantly larger than 2.360 Å which is 

expected for Ag (111). Thus, it shows that the B is incorporated into the Ag lattice. 

Selected area electron diffraction (SAED) (figure 3-9b inset) gives a spotted pattern 

typical of a single crystal structure, with duplicate points induced by the twinned crystal 

structure. Thus, the increase in the Ag (111) intensity in the XRD pattern is a result of Ag 

(111) twin boundary growth, which is facilitated by the incorporation of B. In general, 

the growth of twin boundaries is related to the stacking fault energy (SFE). When the 

SFE is sufficiently low it favors the formation of twin boundaries. As for Ag, the growth 

of twin boundaries by sputter deposition occurs exclusively for epitaxially growth Ag 

[66]. However, there are examples were adding minute impurities of non-metals to Ag 

Figure 3-8 a) XRD spectra of the Ag and Ag-B films and b) zoomed in plot showing the Ag (111) 
peak. 
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can lower its SFE [67]. Thus, it is a reasonable assumption that when added to Ag, B can 

effectively lower the SFE to facilitate twin boundary growth. 

Drastic changes are also observed for the surface morphology of the films, as evident 

from the SEM images in figure 3-10. The pristine Ag film consists of a granular 

morphology with large grains that are ~100 nm wide. Whereas the co-deposition of B 

with Ag give rise to nano-tentacle structures, with a mixture of grains and nano-

tentacles displayed for the Ag-B-1 film, whereby a complete transformation to nano-

tentacle structures is seen for the Ag-B-2 film.  

Figure 3-9 TEM images of the Ag-B-2 film. a) STEM, b) HRTEM with SAED (inset), c)-e) HRTEM of 
the coherent twin boundaries. 
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A similar morphology was attained by AFM, and the surface roughness increases from 

~7.2 nm for the pristine Ag, to 12.0 nm for the Ag-B-2 film. There is less than 1 nm 

difference in surface roughness between the B containing films.  

The chemical structure of the films was characterized by x-ray photoelectron 

spectroscopy (XPS) and Auger electron spectroscopy (AES). XPS measurements resulted 

in the detection of the B1s peak at ~188 eV for both the Ag-B-1 and Ag-B-2 films (figure 

3-11), giving concentrations of 7 and 19 at%, respectively. Strong Ag 3d peaks are 

detected for all the films and a positive peak shift of about 0.2 eV can be observed for 

the Ag-B films relative to the Ag sample. However, the shift is inconsistent with the 

presumed B concentration as the Ag-B-1 exhibits a larger shift than the Ag-B-2 sample. 

Quantification of the oxygen concentrations revealed a large variation between the 

samples. The oxygen concentration at the surface of the films were 38.3, 14.6, and 25.2 

at% for the Ag, Ag-B-1, and Ag-B-2, respectively. Since oxygen causes a large shift in the 

Ag 3d peak position, the effect of the B on the peak position cannot be determined.  

Figure 3-10 SEM images of the a) Ag, b) Ag-B-1, c) and Ag-B-2. 



Gustavsen: Enhanced Electrochemical CO2 Reduction through Nanostructuring and Light Element Modification 

    

 

 

  

___ 
45 

  

Attempting to circumvent the oxygen induced peak shift, ion milling was employed to 

remove ~200 nm of the top surface layer with an Ar+ energy of 2 keV prior to performing 

XPS. However, the B1s could not be detected for any of the samples following the ion 

milling. AES measurements performed at two different points on the Ag-B-2 sample 

gave B concentrations of 28 and 25 at%. Ion milling for 6 and 18 s prior to AES reduced 

the concentration to 12 and 0 at%, respectively. Therefore, there are two possibilities; 

either the B is heavily concentrated near the top-most surface, or the ion milling 

preferentially removes B. Since the films are synthesized using a co-sputtering method, 

it is rather unlikely that the B should be concentrated near the surface. Instead, a 

difference in the sputtering yield would lead to removal of B during ion milling, which is 

more reasonable. In fact, problematic behavior with B being preferentially sputtered 

due to ion milling has been identified for a range of transition metal borides [68]. The 

effect is more pronounced at higher ion beam energies, but in our case the B1s peak 

remained undetectable in the XPS spectra even when reducing the ion beam energy 

from 2 keV to 0.5 keV. 

Analysis of the gaseous reaction products revealed the formation of CO and H2 for all 

the catalysts. The FE(CO) of the catalysts attained at different potentials can be seen in 

figure 3-12a. All catalysts displayed a high FE(CO) in the chosen potential range. 

Interestingly, the pristine Ag catalyst obtained an FE(CO) of 86% at −1.0 V vs. RHE. At a 

less negative potential the Ag-B-2 showed considerably higher FE(CO) compared to the 

Ag reference, reaching an FE(CO) of 69% at −0.6 V, and 79% at −0.7 V vs. RHE. 

Figure 3-11 XPS measurements showing the B 1s peak for the a) Ag-B-1 and b) Ag-B-2 films. 
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Comparatively the Ag exhibited an FE(CO) of 16% and 28% at the respective potentials, 

meaning that a lower potential is required to reach high FE(CO) for the Ag-B-2 catalyst. 

Moreover, the Ag-B-2 catalyst obtained a peak FE(CO) of 97.9% at −0.9 V vs. RHE. The 

partial current density for CO (JCO) is also significantly larger for the Ag-B-2 at all 

potentials (figure 3-12b). With JCO being 4 times larger than that of Ag at −0.9 V vs. RHE.  

A 10-hour stability test was conducted for the Ag-B-2 catalyst at −0.9 V vs. RHE. Both the 

current density and FE(CO) over the duration of the stability test can be seen in figure 

3-13. The catalyst retains a high FE(CO) (~98%) for the first 6 hours, with a slight decrease 

in FE(CO) to ~90% from the six-hour mark. A minor decrease was also observed for the 

current density. The reduction in current density was attributed to water evaporation 

from the electrolyte due to the continuous bubbling of CO2 through the system, which 

reduced the liquid level in the cell, and thus reduced the surface area of the catalyst. 

 

 

 

 

Figure 3-12 a) Faradaic efficiencies obtained for the catalysts as a function of applied potential 
and b) the partial current density of CO. 
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Since the incorporation of B induced drastic changes in terms of both crystal structure 

and morphology, it was hard to determine the primary source for the enhanced catalytic 

activity. While it is well established that the Ag (111) surface exhibits the largest 

activation barrier compared to Ag (100) and Ag (110), the presence of the coherent twin 

boundaries has shown to be important active sites [69, 70]. Thus, we conducted DFT 

simulations to evaluate the effect on the Ag (111) coherent twin boundaries, using a 

model based on a single Ag (111) twin boundary as seen in figure 3-14a. Based on the 

free-energy profile (figure 3-14b) the *COOH remains the RDS, but the activation energy 

is reduced by 0.11 eV relative to the Ag (111) surface (figure 3-14b). Furthermore, the 

binding of CO2 is strengthened at the twin boundary, which leads to higher catalytic 

activity. Contrary to the Ag-B surface, the twin boundary exhibits a stronger binding of 

*CO, giving the desorption a barrier of 0.16 eV. Considering the combined contributions 

of the B and twin boundaries, the formation of *COOH should occur more readily on the 

Ag-B-2 catalyst since the binding strength of *COOH is increased in both cases. Also, 

since an opposite effect is observed for the *CO intermediate it indicates that the 

combination of these effects could cancel each other, leading to a relatively unaffected 

*CO binding energy.  

Figure 3-13 Stability test conducted for the Ag-B-2 catalyst, showing the current density and 
FE(CO) as a function of time. 
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Conclusion 

The use of B was investigated as a p-block element modifier in Ag through a combination 

of simulations and experiments. DFT simulations show that the introduction of B can 

stabilize *COOH while destabilizing the *CO intermediate, revealing a deviation from 

the linear scaling relations. The co-sputtering of Ag and B facilitates the growth of 

coherent Ag (111) twin boundaries due to a reduction in the SFE, resulting in a highly 

textured Ag (111) film. It is found that the unique growth mechanism gives rise to novel 

nano-tentacle structures. The Ag-B films show significant improvement in catalytic 

performance, with a FE(CO) of 97.9% attained for the Ag-B catalyst at −0.9V vs. RHE. The 

improved catalytic activity is attributed to the lowering of the *COOH activation barrier 

in combination with enhanced CO2 adsorption at the coherent twin boundaries.  

  

Figure 3-14 a) the twin boundary structure used in the simulations, b) the free energy diagram, 
and c) reaction geometries. 
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4 Conclusions and Outlook 
The project work described in this thesis focused on the development of new transition 

metal catalysts for the electrochemical reduction of CO2 and the design of a custom 

reactor setup for the precise quantification of their gaseous reaction products. This 

enabled the electrocatalytic performance of these catalysts to be characterized. In total 

three different catalyst designs were developed based on nanostructuring and light 

element modification that enabled enhanced catalytic properties. These catalysts 

included an anodized Cu catalyst, developed for the formation of C2H4, while two 

different Ag-based catalyst was synthesized, one modified with C for syngas formation 

with tunable H2 to CO ratios and the other modified with B for the purpose of CO 

production. The main conclusions and achievements are listed below: 

• A reactor setup with a continuous flow arrangement of CO2 was successfully 

implemented, allowing for high accuracy detection and quantification of H2, CO, 

CH4, C2H4, and C2H6. The setup utilizes a Nafion dryer to remove water vapor 

from the gas stream, which enables the setup to be run for extended periods of 

time without the deterioration of the GC baseline. Catalysts known for 

exclusively producing gases in the electrochemical CO2 reduction (Pt and Ag) 

were used as reference catalysts to quality check the system and to confirm that 

FE’s close to 100% could be obtained.  

 

• An electrochemical anodization process was developed for the synthesis of 

uniform large-area Cu(OH)2 films. The process incorporates a sodium persulfate 

pre-treatment step of the Cu foil, which removes surface contaminations while 

simultaneously eliminating crevices and surface irregularities, improving the 

current distribution during anodization and increases the wetting of the surface. 

Furthermore, as a catalyst for the electrochemical CO2 reduction the films 

display high geometric current densities owing to the dense nanoneedle 

structures with a strong preference for C2H4 formation over CH4, obtaining a 

FE(C2H4) of 36.5%. The Cu(OH)2 catalyst remains stable during reaction 
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conditions, making it a promising catalyst for the electrochemical CO2 reduction 

to C2H4.  

 

• Ag-C composite films were synthesized through co-sputtering using an Ag and C 

sputtering target. The introduction of C into the sputter deposition reduced the 

particle size in addition to the crystallite size as evident from the broadened 

diffraction peaks in the XRD spectrum. The change in the film morphology 

occurred as the co-sputtering of C disrupted the growth kinetics due to the 

competitive growth between the two materials. More specifically, the 

nucleation rate was increased, resulting in suppressed growth of Ag. The Ag-C 

films displayed vastly enhanced current densities, ~10-fold that of the Ag 

reference. By regulating the C concentration, the H2/CO ratio could be tuned 

while also providing large geometric current densities. Thus, the Ag-C catalyst 

offers large surface areas, tunable H2/CO ratio, and reduced silver content, 

rendering it a promising catalyst design for syngas applications.  

 

• DFT simulations were conducted to evaluate B as a modifier in Ag, and its effect 

on the catalytic properties of Ag. It was found that the placement of B in the Ag 

lattice could stabilize *COOH while destabilizing the *CO intermediate, thereby 

breaking the scaling relations. Ag and B were co-sputtered to synthesize Ag-B 

films. The incorporation of B into the Ag lattice facilitates the formation of Ag 

(111) coherent twin boundaries due to lowering the SFE. Changes in the surface 

morphology are observed as it transitions from granular to novel nano-tentacle 

structures with the introduction of B. The Ag-B catalyst displays excellent 

catalytic activity, with an FE(CO) of 97.9% −0.9V vs. RHE. The unique 

transformation in the crystal structure combined with novel nanostructures and 

enhanced catalytic performance makes Ag-B a potent catalyst for the 

electrochemical reduction of CO2 into CO. 
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• The synthesis of Ag-B films was replicated on various substrates, resulting in 

highly texture Ag (111) thin films. Formation of primarily Ag (111) with high 

deposition rates (17 nm/min) at room temperature regardless of the substrate 

is highly attractive for plasmonic devices due to the patterning that is necessary 

to manipulate the plasmonic waves. These patterns are usually created by a 

focused ion beam, which is an anisotropic process and therefore requires highly 

textured or single crystal films to achieve a satisfactory result. Thus, the following 

process was patented and has been included in the thesis (Norwegian Industrial 

Property Office, Pat. No. 347559).  

Significant advancements have been made in the engineering of transition metal 

catalysts for the electrochemical CO2 reduction since the pioneering work of Hori. et. al. 

[3]. Particularly for Cu, which arguably has been the center of attention of all the 

transition metals due to its unique ability to form hydrocarbons. Fundamental 

understanding of the C-C coupling mechanisms on Cu has aided in the development of 

catalysts capable of achieving high selectivity for C2 products. The focus on minimizing 

the size of catalytic active sites to enhance utilization and catalytic activity has resulted 

in recent breakthroughs, including single-atom Cu catalysts. These stand out for their 

notable attributes, featuring high reaction rates and selectivity, capable of achieving 

ethanol FE above 90% [71]. It should be noted that the stability of these catalysts is a 

concern as cluster formation tends to occur during reaction conditions, but the use of 

nitrogen to bind and stabilize Cu single atoms using organic frameworks appears 

promising [72].  

As for Ag, the reaction mechanisms are easier to understand and optimize since it 

involves a single electron transfer step. Thus, high selectivity can be obtained with Ag 

catalysts, but the performance is still held back by some fundamental limitations such 

as the linear scaling relations, which prevents lowering the overpotential. On the other 

hand, p-block elements have shown overcome these limitations by breaking the scaling 

relations. The utilization of p-block elements as modifiers for Ag is thus a potential 

source for further development of Ag-based catalysts that should be explored further. 
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For direct electrochemical syngas formation, Ag remains the most viable choice but 

suffers from low activity compared to the other group 2 transition metals, and 

nanostructuring and the use of C-based supports are therefore required. This 

complicates the synthesis of the catalyst, making it intricate and challenging to scale up. 

However, the sputter technology presented in this thesis exhibits the scale-up potential 

to address and potentially overcome this challenge. 

Despite achieving high FE’s for specific products, such as in the case of Ag, the industrial 

demand for current density (200-500 mA/cm² for CO and greater than 200 mA/cm² for 

syngas) requires the exploration of alternative reactor designs. [73, 74]. The H-cell, 

which is described in this work is useful for screening catalysts, however, the cell design 

suffers from mass transfer limitations caused by the low solubility of CO2 in aqueous 

electrolyte, limiting the reaction rates to <100 mA/cm2. To overcome these constraints, 

there has been a heightened emphasis on various types of flow electrolyzers. 

Specifically, the utilization of gas diffusion layers (GDL) for creating gas diffusion 

electrodes (GDE) has gained significance. In this configuration, the catalyst is applied to 

a GDL, and the CO2 is introduced in the gaseous phase, diffusing through the porous GDL 

layer to reach the triple-phase interface comprised of the catalyst, CO2 gas, and 

electrolyte. Consequently, the solubility concern is alleviated, enabling the system to 

achieve current densities relevant to industrial applications. The flow-reactor also allows 

for larger versatility in terms of electrolyte choice, as it opens for the possibility of using 

alkaline electrolytes like KOH where CO2 would normally react to form bicarbonates. Cu 

has shown enhanced performance in these types of alkaline electrolytes as it promotes 

CO-CO coupling while suppressing the HER [75].  Nevertheless, challenges persist with 

these reactor cell designs. An essential characteristic of the GDL is its hydrophobic 

nature, acting as a preventive measure against the flooding phenomenon. Flooding 

occurs when the liquid electrolyte infiltrates the GDL, leading to obstructions in the 

porous CO2 pathways and potential permanent blockages due to salt precipitation. This 

often results in a substantial increase in the HER and typically manifests a few hours into 

the reaction. Some studies have indicated a relation between flooding and the applied 

potential due to the electrochemical activity of the carbon [76], which would further 
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incentivize the development of catalyst able to provide high selectivity at low 

overpotentials. Thus, the flow-cell surpasses numerous fundamental limitations of the 

traditional H-cell, exhibiting high mass transfer efficiency. However, the technology 

related to these designs is still in its early stages of development for CO2RR, 

necessitating further research to optimize the membrane, GDL, anode, and electrolyte. 

An aspect that requires consideration is the origin of the CO2. Presently, most reactor 

designs utilize a pure CO2 feed, which can be expensive and often impractical for many 

potential applications. For example, CO2 feeds from chemical or power plants may 

contain impurities such as SOx, NOx, O2, etc., which have the potential to influence the 

catalytic properties of the electrode [77]. The presence of SO2 impurities in these CO2 

feeds adversely affects the efficiency and selectivity of the catalyst for CO2 reduction. 

[78]. Therefore, it is recommended to expose catalysts to impure and diluted streams of 

CO2 in the future, ensuring that product selectivity and catalytic activity can be 

maintained under such conditions. Another promising avenue for research is pulsed 

electrocatalytic CO2 reduction, involving the application of potential using differently 

shaped pulses to manipulate the local electrolytic environment. Optimizing pulse shape, 

potential, and frequency has demonstrated a significant impact on both product 

selectivity and long-term stability [79]. Pulsed electrocatalysis is versatile in terms of 

reactors, making it compatible with both H-cell and flow cell designs, and is an area that 

warrants further investigation. 
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