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Summary 

Ever since the industrial revolution, the emission of greenhouse gasses dramatically 

increased. The increase in human activity, such as the combustion of fossil fuels, resulted 

in major changes in CO2 concentrations, with levels currently rising above 400 ppm. Many 

scientists are currently exploring different strategies to capture and reuse this CO2. One of 

many strategies is the electrochemical conversion of CO2 to value added products, such as 

carbon monoxide, formic acid, methane, ethylene and ethanol. As renewable energy will 

gain even more importance in the future, its implementation as an energy source is a great 

opportunity to electrochemically convert CO2 in a green manner. In particular the 

conversion of CO2 towards CO is of high interest because, together with formic acid, it 

creates the most economic value per mole of electrons generated. Compared to formic 

acid, a great demand of CO in the chemical industry already exists.  

Nevertheless, at the moment, the electrochemical CO2 reduction (eCO2R) is not yet 

industrially viable, mainly due to high energy costs and the lack of good electrocatalysts. 

Attempts to improve the electrocatalyst performance are mainly directed to the 

introduction of the morphology, size and bimetallic effect. Over the last couple of years, 

nanosized bimetallic have emerged as promising candidates. It is believed that bimetallic 

enhancement effects are behind the improved performance of these electrocatalysts when 

compared to the monometalic counterparts. Although widely investigated, there are still 

some remaining issues and/or open questions. As such, the development of a robust and 

straightforward synthesis method, to obtain a good control over morphology, size and 

composition, remains absent. The synthesis of electrocatalysts is key in determining which 

properties are beneficial for the CO2 reduction towards CO. Additionally, these 

electrocatalysts are designed to be implemented in electrolyzers and therefore have to 

maintain long-term performance. Nevertheless, fundamental insight into their resistance 

towards electrochemical stress remain underexplored.  

This work is devoted to the optimization of a synthesis method towards reproducible 

electrocatalysts, enabling the investigation of the structure-performance relationship of 

bimetallic electrocatalysts and gather further insides into their degradation mechanism. 

Hence, the combination of electron microscopy, spectroscopy and (electro)chemical 

techniques enables the further optimization of these electrocatalysts.  
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Firstly, the synthesis of Cu (nano)particles on a rough substrate through electrodeposition 

is explored. The effect of substrate surface pre-treatment and electrodeposition 

parameters on the particle morphology and size is investigated. Using this approach, Cu 

(nano)particles with various sizes could be obtained. In order to reduce the Cu particle size 

up to the sub-10 nm range and ameliorate their monodispersity, a thermal decomposition 

method is implemented. By using galvanic displacement, various Cu-Ag bimetallic 

nanoparticles could be designed. Probing their composition-selectivity profile showed that 

increasing the Ag concentration improved the production of CO and suppressed hydrogen. 

The CO production is boosted by using Cu@Ag core-shells compared to Cu/Ag nanodimers 

and is promoted even more by changing the type of electrolyte. 

Second, the implementation of the Cu-Ag bimetallic nanoparticles caused the 

electrocatalyst to degrade. Nevertheless, the exact degradation pathway remained 

unclear. Therefore, the early stages of the degradation were investigated by mapping 

structural changes of Cu@Ag core-shell nanoparticles in 3D after applying electrochemical 

stress. Results show that a two-step degradation mechanism is at play, where initially an 

inverted Ag@Cu core-shell is obtained by Cu leaching with the subsequent sintering of the 

Ag cores as the second degradation step. Since these core-shell suffer from degradation, 

the possibility of a carbon layer serving as a degradation inhibitor is explored.  

In general, the product selectivity can be tuned by using different Cu-Ag bimetallic 

nanoparticles synthesized through a robust method. The unique degradation pathway of 

Cu@Ag core-shell nanoparticles has led to the proposition of a more accurate stabilization 

strategy. These findings can contribute significantly in the quest for improved 

electrocatalysts for the CO2 reduction. 
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Samenvatting 

Sinds de industriële revolutie is de uitstoot van broeikasgassen drastisch toegenomen. Dit 

heeft geleid tot grote veranderingen in de CO2-concentraties aangezien steeds meer 

fossiele brandstoffen werden verbrand. Deze concentraties stijgen momenteel boven de 

400 ppm. Veel wetenschappers onderzoeken momenteel verschillende strategieën om 

deze CO2 af te vangen en opnieuw te gebruiken. Een van de vele strategieën is de 

elektrochemische omzetting van CO2 in hoogwaardige, zoals koolstofmonoxide, 

mierenzuur, methaan, ethyleen en ethanol. Aangezien hernieuwbare energie in de 

toekomst nog aan belang zal winnen, is de toepassing ervan als energiebron een uitgelezen 

kans om CO2 op een groene manier elektrochemisch om te zetten. Met name de omzetting 

van CO2 in CO is van groot belang omdat dit, samen met mierenzuur, de meeste 

economische waarde per mol opgewekte elektronen oplevert. In vergelijking met 

mierenzuur is er in de chemische industrie reeds een grote vraag naar CO.  

Toch is de elektrochemische reductie van CO2 momenteel nog niet industrieel toepasbaar, 

vooral wegens de hoge energiekosten en het gebrek aan goede elektrokatalysatoren. 

Strategieën om de prestaties van de elektrokatalysator te verbeteren zijn voornamelijk 

gericht op de introductie van de morfologie, de grootte en het bimetaaleffect. De laatste 

jaren bleken bimetallische verbindingen veelbelovende kandidaten. Men gelooft dat 

bimetallische versterkingseffecten aan de basis liggen van de verbeterde prestaties van 

deze elektrokatalysatoren in vergelijking met de monometallische tegenhangers. Hoewel 

er veel onderzoek is verricht naar deze elektrokatalysatoren, zijn er nog steeds enkele 

onopgeloste problemen en/of open vragen. Zo ontbreekt de ontwikkeling van een 

robuuste en eenvoudige synthesemethode, om een goede controle over morfologie, 

grootte en samenstelling te verkrijgen. De synthese van elektrokatalysatoren is van cruciaal 

belang om te bepalen welke eigenschappen gunstig zijn voor de reductie van CO2 naar CO. 

Bovendien zijn deze elektrokatalysatoren ontworpen om te worden toegepast in 

elektrolyzers en moeten zij dus op lange termijn blijven presteren. Fundamentele inzichten 

in hun resistentie tegen elektrochemische stress blijven echter onderbelicht.  

Dit werk is doelt op de optimalisatie van een synthesemethode voor reproduceerbare 

elektrokatalysatoren, die het mogelijk maakt de structuur-performantieverhouding van 

bimetallische elektrokatalysatoren te onderzoeken en meer inzicht te krijgen in hun 
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afbraakmechanisme. De combinatie van elektronenmicroscopie, spectroscopie en 

(elektro)chemische technieken maakt de verdere optimalisatie van deze 

elektrokatalysatoren mogelijk.  

Ten eerste wordt de synthese van Cu (nano)deeltjes op een ruw substraat door 

elektrodepositie onderzocht. Het effect van de voorbehandeling van het 

substraatoppervlak en de elektrodepositieparameters op de deeltjesmorfologie en -

grootte wordt onderzocht. Met behulp van deze aanpak kunnen Cu (nano)deeltjes met 

verschillende afmetingen worden verkregen. Om de Cu deeltjesgrootte te reduceren tot 

sub-10 nm en hun monodispersiteit te verbeteren, wordt een  thermolyse methode 

toegepast. Door gebruik te maken van galvanische uitwisseling, konden verschillende Cu-

Ag bimetallische nanodeeltjes worden ontworpen. Onderzoek van hun samenstelling-

selectiviteitsprofiel toonde aan dat verhoging van de Ag-concentratie de productie van CO 

verbeterde en waterstof onderdrukte. De CO-productie wordt verhoogd door Cu@Ag core-

shells te gebruiken in vergelijking met Cu/Ag nanodimeren en wordt nog meer bevorderd 

door het type elektrolyt te veranderen. 

Ten tweede veroorzaakte de implementatie van de Cu-Ag bimetallische nanodeeltjes een 

degradatie van de elektrokatalysator. Niettemin bleef het exacte degradatieroute 

onduidelijk. Daarom werden het beginstadia van de degradatie onderzocht door het in 

kaart brengen van structurele veranderingen van Cu@Ag core-shell nanodeeltjes in 3D, na 

toepassing van elektrochemische stress. De resultaten tonen aan dat de degradatie in twee 

stappen gebeurt. In eerste instantie wordt er een omgekeerde Ag@Cu core-shell gevormd  

door Cu leaching met de daaropvolgende sinteren van de Ag kernen als de tweede 

degradatie stap. Aangezien deze core-shells nanodeeltjes degraderen tijdens de 

elektrochemische CO2 reductie, wordt de mogelijkheid onderzocht van een koolstoflaag die 

als een beschermende laag fungeert.  

In het algemeen kan de productselectiviteit worden afgestemd door verschillende Cu-Ag 

bimetaal nanodeeltjes te gebruiken die via een robuuste methode zijn gesynthetiseerd. Het 

unieke degradatie mechanisme van Cu@Ag core-shell nanodeeltjes heeft geleid tot het 

voorstel van een meer accurate stabilisatiestrategie. Deze bevindingen kunnen een 

belangrijke bijdrage leveren in de zoektocht naar verbeterde elektrokatalysatoren voor de 

CO2 reductie. 

 



 

 
— 

vii 

Table of contents 

Acknowledgements i 

Summary  iii 

Samenvatting  v 

Table of contents vii 

Nomenclature  xiii 

List of symbols  xv 

 General introduction 3 

 Global decarbonization 4 

 Electrocatalysis 8 

 Catalyst design for the electrochemical CO2 reduction 10 

1.3.1 Reaction mechanism of the CO2 reduction on Cu-Ag bimetallic surfaces 13 

1.3.2 Size and morphology affecting the intrinsic catalyst activity 14 

1.3.3 Bimetallic effect 16 

 Scope and outline 21 

 Objectives 22 

 Strategy 22 

 Outline 23 

 Theoretical background 25 

 Electrochemical techniques 26 

3.1.1 Chronoamperometry (CA) 26 

3.1.2 Chronopotentiometry (CP) 27 

3.1.3 Cyclic voltammetry (CV) 28 

3.1.4 Faraday’s law of electrolysis 31 

 Structural characterization techniques 31 



 

 
— 
viii 

3.2.1 Scanning electron microscopy (SEM) 31 

3.2.2 Scanning transmission electron microscopy (STEM) 34 

3.2.3 Energy dispersive X-ray spectroscopy (EDS) 36 

3.2.4 Electron tomography 37 

 Electrocatalyst synthesis techniques 40 

 Electrodeposition of Cu nanoparticles on rough surfaces 49 

 Introduction 50 

 Experimental 51 

4.2.1 Chemicals 51 

4.2.2 Electrochemical set-up 51 

4.2.3 Preparation of the GDE 51 

4.2.4 Electrochemical and electrode surface analysis 52 

4.2.5 Stability test 53 

 Results and discussion 53 

4.3.1 Influence of the pre-treatment of GDE 53 

4.3.2 Dual pulse electrodeposition of Cu on HNO3 pre-treated GDE 61 

4.3.3 Stability tests of Cu/GDE 66 

 Conclusions 68 

 Supporting information 69 

 Synthesis of Cu-Ag bimetallic electrocatalysts 71 

 Introduction 72 

 Experimental 73 

5.2.1 Chemicals 73 

5.2.2 Preparation of Cu nanoparticles 73 

5.2.3 Fabrication of Cu-Ag nanocrystals 74 

5.2.4 Characterization 76 

 Results and discussion 76 

5.3.1 Importance of the Ligand-to-Cu ratio on the particle size 76 



 

 
— 

ix 

5.3.2 Evolution of the Ag shell growth 79 

5.3.3 Formation of stable Cu@Ag core-shell nanoparticles 84 

 Conclusions 86 

 Supporting information 87 

 Electrochemical CO2 reduction over Cu-Ag bimetallic 

electrocatalysts 89 

 Introduction 90 

 Experimental 90 

6.2.1 Chemicals 90 

6.2.2 Synthesis of Cu and Cu-Ag bimetallic nanoparticles 90 

6.2.3 Electrode preparation 91 

6.2.4 Electrochemical set-up 91 

 Results and discussion 92 

6.3.1 Tuning the product selectivity during the eCO2R 92 

 Influence of the electrolyte during the eCO2R 92 

 Influence of the NP structure on the product distribution during eCO2R 93 

 Conclusions 97 

 Supporting information 98 

 Structural transformation of Cu@Ag core-shell nanoparticles 

under CO2 operating conditions 101 

 Introduction 102 

 Experimental 102 

7.2.1 Chemicals 102 

7.2.2 Preparation of Cu@Ag core-shell NPs 103 

7.2.3 Grid preparation 103 

7.2.4 Electron microscopic investigation 104 

7.2.5 Electrochemical investigation 104 

 Results 104 



 

 
— 

x 

7.3.1 Electron microscopic characterization 104 

7.3.2 Electrochemical performance 106 

7.3.3 Structural transformation of Cu@Ag core-shell nanoparticles under CO2 operating 

conditions 109 

7.3.4 Discussion 113 

 Conclusions 115 

 Supporting information 116 

 HER inhibition and stability strategy using a nanoscale carbon 

layer  117 

 Introduction 118 

 Experimental 118 

8.2.1 Chemicals 118 

8.2.2 Electrode preparation 119 

8.2.3 Electrochemical set-up 119 

8.2.4 Electrode surface analysis 120 

8.2.5 Stability measurements 121 

 Results and discussion 122 

8.3.1 Physical properties of the catalyst 122 

8.3.2 Nanoscale carbon layers and their effect on the performance of Ag-based GDEs

 127 

8.3.3 Superior durability of carbon coated Ag-based GDEs 132 

 Conclusions 133 

 Supporting information 135 

 Conclusions and future perspectives 145 

 Conclusions 146 

 Future perspectives 150 

List of figures  153 

List of tables  159 



 

 
— 

xi 

Bibliography  161 

Personal information 187 

 

 



 

 
— 

xii 

 



 

 
— 
xiii 

Nomenclature 

COP26 UN climate change conference 

EU European Union 

CO Carbon monoxide 

eCO2 Electrochemical CO2 reduction 

H2 Hydrogen 

NPs Nanoparticles 

FE Faradaic efficiency 

EASA Electrochemical active surface area 

CO2RR CO2 reduction reaction 

UV-VIS Ultraviolet-visible spectroscopy 

SEM Scanning electron microscopy 

(S)TEM (Scanning) transmission electron microscopy 

HRSTEM High resolution scanning transmission electron microscopy 

GC Gas chromatography  

 Glassy carbon 

HPLC High-performance liquid chromatography 

XPS X-ray photoelectron spectroscopy 

CA Chronoamperometry 

CP Chronopotentiometry 

CV Cyclic voltammetry 

WE Working electrode 

RE Reference electrode 

CE Counter electrode 

HER Hydrogen evolution reaction 

RHE Reversible hydrogen electrode 



 

 
— 
xiv 

SHE Standard hydrogen electrode 

R Reductant 

O Oxidant 

HAADF High angle annular dark field 

BF Bright field 

DF Dark field 

EDS Energy dispersive X-ray spectroscopy 

FEG Field emission gun 

EM Expectation maximization  

TDPA Tetradecylphosphonic acid 

GDE Gas diffusion electrode 

MSA Methane sulfonic acid 

IPA Isopropanol 

TFA Trifluoroacetate 

TOA Trioctylamine 

IAE Isoamyl ether 

MQ Milli Q 

OCP Open circuit potential 

NL Nucleation loop 

ICP-MS Inductive coupled plasma mass spectrometry 

NCs Nanocrystals  

PSD Particle size distribution 

AEM Anion exchange membrane 

FID Flame ionization detector 

FIB Focused ion beam dual beam microscope 

EELS Electron energy loss spectroscopy 

CEM Cation exchange membrane 

DEMS Differential electrochemical mass spectrometry 



 

 
— 

xv 

List of symbols 

E Potential (V) 

Eref Measured potential with respect to the used RE (V) 

ERHE Potential expressed with respect to the RHE (V) 

ECP,exp Measured potential during experiment (V) 

ECI Measured potential during current interrupt (V) 

Ep Peak potential (V) 

En Nucleation potential (V) 

Eg Growth potential (V) 

i Current (A) 

iCP,exp Applied current during experiment (A) 

iCI Applied current during current interrupt (A) 

ip,c Peak current (A) 

IR Potential losses due to ohmic resistance (V) 

iR Uncompensated resistance (Ω) 

Q Charge (C)  

Qn Nucleation charge (C) 

Qg Growth charge (C)  

n Mol (mol) 

z Transferred electrons  

F Faraday’s constant (96 485 C mol-1) 

FE Faradaic efficiency (%) 



 

 
— 
xvi 



 

 
— 

1 

 

 

 

 

 

 

PART I 

Introduction 
 



 

 
— 

2 



 

 
— 

3 

  
General introduction 

 

 

 

 

 

This chapter provides a general introduction of the relevance of electrochemistry in the 

current climate crisis. The importance of electrocatalysis as a decarbonization strategy is 

highlighted along with the illustration of the basic concepts. In addition, the 

enhancement strategies are elaborated. To conclude, the state-of-the-art for Ag and Cu-

Ag bimetallic catalyst for the CO2 reduction is summarized. 
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 Global decarbonization   

Ever since the industrial revolution, the emission of greenhouse gasses dramatically 

increased. These gasses allow light to pass through, but trap some of the earth’s generated 

heat. This heat capture is to some extent necessary to provide life on earth as we know it 

[1]. Nevertheless, the increase in human activity such as the combustion of fossil fuels, land 

clearing and agriculture, resulted in the excessive production of greenhouse gasses [2], [3]. 

The CO2 concentration in the atmosphere is currently rising above 400 ppm, which equals 

a 47 % increase compared to pre-industrial levels (280 ppm). Due to the accumulation of 

CO2 in the atmosphere, more heat is preserved. As a consequence, in 2020, we experienced 

one of the warmest years ever recorded, with a global average temperature of 1.2 °C above 

the pre-industrial level. This average temperature is likely to increase further to above 1.5 

°C between 2030 and 2052 at the current rate of 0.2 °C per decade [4]. This increase could 

have a disastrous impact on the climate such as a rise in global sea levels due to melting of 

the ice caps and melting of the permafrost. Additionally, anthropogenic climate change has 

contributed to more pronounced heat extremes and global intensification of precipitation 

during the last decades [5]. To oppose the effects of global warming, 196 countries signed 

a treaty, the so-called Paris agreement in 2015. Its goal is to limit the forecasted 

temperature increase to only 2 °C (preferably 1.5 °C) above pre-industrial levels, to limit 

the disastrous impact this will have on our climate to a maximum [6]. More recently, at the 

UN climate change conference (COP26), 200 countries agreed on the Glasgow Climate pact. 

This pact focusses on mitigation (reducing emissions), adaption (helping those impacted by 

climate change, finance (enabling countries to reach their climate goals) and collaboration 

(working together to achieve the goals) [7]. Therefore, the European Union (EU) endorses 

initiatives to cut down greenhouse gas emissions along with the elimination of already 

present greenhouse gasses in order to reach carbon neutrality by 2050 [8].  

To combat global warming, countries look towards changes in energy supply, industrial 

processes and transportation. The industry could reduce its emissions by improving the 

energy efficiency of chemical processes and by implementing green energy-based heating 

and cooling systems, both strategies imply a reduction in CO2 emissions by 4.6 Gt CO2 per 

year by 2030. Additionally, carbon capture and storage is predicted to cause a reduction in 

CO2 emissions by 1.22 Gt CO2 per year by 2030. The transport sector, combining automobile 

and aviation sector, need to increase fuel efficiency along with making a shift to electric 

vehicles and/or changes in fuel supply and improved infrastructure in order to reduce CO2 

emissions by approx. 3.3 Gt CO2 per year by 2030.   
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Since energy production is the largest contributor to the emissions of greenhouse gasses. 

Several decarbonization strategies are in play here as well, including energy efficiency 

improvements, transition of fossil fuels and the generation of energy through low/zero 

greenhouse gas emission technologies such as renewable energy [3]. The latter received 

increased interest compared to earlier years and is estimated to supply 20-30 % of the 

world’s primary energy by 2040, compared to the current 15 % [9]. Wind and solar energy 

sources combined will become the largest electricity producers worldwide, accounting for 

87 % of the total energy supply by 2050 [10]. Recently published studies show the 

possibility of obtaining a completely renewable energy system by 2050 [11], [12]. These 

prospects point out the major transition of our primary energy supply, which in 2015 was 

still mainly ruled by fossil coal, oil and gas, accounting for 28 %, 29 % and 27 %, respectively. 

These sources will die out and will be replaced by primarily solar and wind and will account 

for 69 % and 18 %, respectively across the power, heat and transport sectors. Additionally, 

hydropower, biomass and geothermal energy will also contribute to this renewable energy 

system, albeit to a lesser extent. The speed of this transition is largely related to the cost of 

these renewable sources compared to their fossil counterparts [13]. 

Unfortunately, renewable energy sources such as solar and wind are accompanied by a 

time-dependent energy production. This means that the energy produced by one of these 

sources varies in function of time because they depend on the weather circumstances 

(conditions and period of the day/year) which brings along fluctuations in power delivery 

to the grid [14]. Consequently, they result in the inescapable misfit between energy supply 

and demand [15], since the energy will also be produced on off-peak moments of energy 

demand. Therefore, decarbonization by introducing these renewable energy sources, to 

phase out non-sustainable technologies, induces the need for grid balancing. Since the 

power grid can only absorb an additional 10 % of its capacity and with the prospect of the 

increasing share of renewables, integration of energy storage technologies becomes 

unavoidable [16]. Energy storage allows untapped renewable energy to be conserved, 

making this approach of high interest. It is predicted that the energy storage will account 

for 23 % of the electricity demand and 26 % of the heat demand [11].  

Different energy storage possibilities are mentioned in latest studies about renewables, 

such as electricity energy storage (power-to-power), thermal energy storage (power-to-

heat), gas- and liquid energy storage (power-to-chemicals) [17]. A combination of all three 

storage possibilities will be necessary to ensure a smooth transition to a renewable world.  
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Electricity energy storage is ensured by the use of batteries. Their substantial cost 

reduction over the past few years and the coming years (i.e. further decrease by two thirds 

of their cost in 2016 by 2040) has attracted the attention of the industry. Batteries, on the 

contrary to other current technologies, have the benefit to switch between withdrawing 

and injecting electricity while also having the ability to alter their input, depending on the 

demand or consumption at that certain point in time [10]. This makes them very flexible 

and highly interesting to store (renewable) electricity. Nevertheless, these systems are 

currently still expensive and bring along a certain complexity.  

Thermal energy storage uses energy to cool down or heat up media which can be used in 

heating or cooling systems. This approach is also devoted to upgrading steam and waste 

heat to improve its efficient re-use. Heat production by using electricity becomes more 

attractive than the traditional heat sources such as natural gas because of the low 

electricity price. Electricity driven heat pumps can upgrade waste streams to usable 

temperature levels for implementation in industry [17].  

Chemical energy storage is a very promising approach in storing excess of energy. The use 

of electricity to produce chemicals is referred to as electrosynthesis; Here a catalyst 

(electrocatalysis) is used to convert a feedstock to value added products, which as such 

serves as an energy carrier. The electrochemical conversion of reactants has the advantage 

of being very selective towards different products since these can be tuned by the potential 

applied to the system and the type of catalyst used. There is no need for external activation 

of the system, since the catalyst is activated by the electrons. Since this is a selective 

technique and the reaction takes place at the catalyst surface by means of an electron 

transfer, the use of reducing agents and other products can be mainly prevented. As the 

catalyst is a solid electrode, it can easily be removed and replaced, facilitating the 

processing of the products. Additionally, this conversion can take place at ambient 

conditions (room temperature and atmospheric pressure), which is beneficial compared to 

traditional chemical processes, which require high temperatures and pressures. All these 

combined advantages emphasize the great potential of this technique. Finally, this 

approach opens up ways towards new chemicals, along with the transformation of already 

existing routes. These chemicals can be used as building blocks in the chemical industry. As 

such, electrolysis allows to produce them in a sustainable manner [17]. 

A chemical energy storage approach with great prospects is the electrochemical conversion 

of CO2. This reaction has received great interest because it combines the storage of 
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excessive energy together with the elimination of CO2 from the atmosphere. This reaction 

allows the production of a variety of products amongst them are important chemicals such 

as methane, carbon monoxide (CO), formic acid and ethylene.  

One of the main reasons behind the increasing attention for the electrochemical CO2 is the 

“cap-and-trade” policy installed by the EU to urgently reduce CO2 emissions. This policy 

restricts the amount of CO2 emitted by companies. The EU sells allowances, which enables 

a company to emit CO2 without being fined. The amount of allowances reflects the amount 

of CO2 a company is allowed to emit. Nevertheless, these permits are becoming 

increasingly expensive and the number of permits will decline with an annual rate of 2.2 % 

[18]. Emitting more CO2 than allowed, results in a fine of 100 euros per ton excess [19]. This 

evolution forces companies to improve their processes and reduce their CO2 emissions. 

These prospects will thus facilitate the investment in carbon capture and conversion 

facilities and their implementation. As such, CO2 is captured and can subsequently be 

electrochemically converted, with renewable energy, to valuable products [20]–[22]. 

 

Figure 1-1: Carbon neutrality due to capture and conversion of CO2 using renewable energy sources.  
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This strategy tackles both the high CO2 concentrations in the atmosphere and the need for 

renewable energy storage possibilities at the same time. Implementing this approach 

allows us to obtain a circular economy, as presented in Figure 1-1.  

 Electrocatalysis  

As previously mentioned, the need for a more sustainable future has driven policy makers 

to look for alternative routes to produce energy and chemicals and thereby reducing its 

greenhouse gas emissions. One promising approach is to convert CO2 to value added 

products/building blocks by means of electrocatalysis. This technique facilitates the 

conversion of a reactant over a catalyst by using an electric potential to activate the 

reaction. Despite its great potential, electrocatalysis is rather new and underexplored in 

the current chemical industry, but it has been on the rise during the last decades. 

Electrocatalysis and heterogeneous catalysis share a common base, since both techniques 

rely on the use of a catalyst to lower the activation barrier of the reaction and as such speed 

up the reaction. Additionally, both approaches include reactions at an interface where the 

catalyst itself remains unchanged after the reaction(s). However, using electrocatalysis, an 

electrochemical potential serves as an energy supply, whereas in heterogeneous catalysis, 

heat is used. Previously, electrocatalysis suffered from the absence of detailed insights into 

the reaction mechanism, due to the underdevelopment of the required spectroscopical and 

theoretical techniques. Understanding electrocatalysis becomes even more challenging 

when considering the more complex solid/liquid interface, caused by the appearance of 

ions, electric fields and charged interfaces [23]. Over the last decades, computational 

surface analysis techniques advanced rapidly, leading to new insights and unraveling 

complex solid/liquid interfaces, which ultimately allowed to determine the CO2 reduction 

mechanism for different catalytic species. 

An electrochemical reaction takes place by means of an electron transfer. When 

considering this electron transfer, one must take into account the interactions of the 

reactant with both solvent and electrode. Depending on the strength of one interaction 

compared to the other, two distinct pathways are plausible. If the interactions with the 

electrode are relatively weak, compared to the solvent interactions, the reactant is located 

at several Ångstroms from the electrode surface, this process is referred to as an outer 

sphere reaction. More precisely, the ligand and solvent shell keep the reacting center away 

from the electrode. The surrounding solvent must reorient during reaction (since reactant 
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and product carry different charges) and as such, always limits the reaction compared to 

the fast electron transfer. Here, the type of metal that is used, does not play an important 

role, since the electrode merely serves as an electron reservoir, meaning no catalysis takes 

place at its surface as there is no direct interaction with the reactant [23], [24].  

If the interactions of the reactant with the electrode are stronger compared to the solvent-

reactant interactions, the reactant adsorbs to the surface and loses part of its solvation 

shell, which is referred to as an inner sphere reaction. The adsorption can either be weak 

or strong, depending on the metal that is used, enabling catalysis and is depended on the 

energy of its d-band center (a d-band arises from the energy splitting pattern occurring in 

a molecule). The higher the energy level of the d-band, the stronger the chemisorption that 

occurs [25]. The reaction rate depends strongly on the type of catalyst material that is used 

and can differ about eight orders of magnitude between the best and worst catalyst. 

Additionally, the electronic level of the reactant can be shifted by the solvent (fluctuations 

in their orientation) and the applied potential [24], such that a reaction can take place.  

The bonding of the reactant with the catalytic surface was first described by Sabatier [26]. 

The principle states that some kind of binding between reactant and catalyst is necessary 

in order for a reaction to occur. It is of utmost importance that the binding is neither too 

weak, since the catalyst needs to be able to activate the reactant, nor too strong in order 

to prevent poisoning of the catalyst surface. Ideally, the reactant binds with intermediate 

strength. Later on, Balandin found that this relationship resulted in a volcano-type curve. 

This so-called volcano plot expresses the catalytic activity in function of binding energy [27]. 

The catalyst which situates at the top of the volcano curve, possesses a reactant/catalyst 

bindings strength which is equal to the binding between the atoms in the reactant 

molecule. The top of the volcano curve results in zero thermodynamic overpotential. 

Figure 1-2 (A) presents a volcano plot for the electrochemical CO2 reduction (eCO2R), where 

the activity (y-axis) is expressed as the partial current density of the CO production. As the 

Sabatier principle dictates that the catalyst material which binds nor too strong, nor too 

weak with the key intermediate, will lead to a maximum in activity, is evidenced here. In 

case of the *COOH intermediate (which is a key intermediate for the production of CO), Au 

possess the most ideal binding energy and is therefore most suited to produce CO (in terms 

of activity). Although Au lies closest to the ideal bonding strength, the electronic properties 

of a metal can be altered in order to shift to more ideal bonding strengths, which will be 

discussed in more detail in section.  
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Figure 1-2: (A) Volcano plot representing the partial current density for CO production vs. binding strength of 
the *COOH intermediate and (B) Volcano plot representing the partial current density for HCOOH production 
vs. binding strength of the *OCHO intermediate [28] 

Considering Figure 1-2 (B), several catalyst materials are evaluated for the production of 

HCOOH. As HCOOH is produced through another key intermediate (*OCHO), the 

classification of the metals seems to be quite different, compared to Figure 1-2 (A). 

Whereas Sn binds *COOH the weakest, it shows to be most suited for the reduction of CO2 

towards HCOOH, through *OCHO as key intermediate.  

 Catalyst design for the electrochemical CO2 reduction 

The eCO2R was studied for the first time in 1870 by Royer [29]. Afterwards, the number of 

publications increased every year, especially during the last few years where it increased 

exponentially. The eCO2R is an electrochemical reaction where CO2 is converted by applying 

a potential or current. The eCO2R can generally be written as: 

𝑚 𝐶𝑂2 +  𝑛 ( 𝑒− + 𝐻2𝑂)  → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + 𝑛 𝑂𝐻− 1.1 

Considering the eCO2R, a big concern is related to the high stability of CO2 due to its 

symmetry and its low polarity. In order to be bond to the catalyst surface, the CO2 molecule 

needs to reorient the carbon and oxygen atoms in the molecule, as shown in Figure 1-3.  



General introduction 

 
— 

11 

 

Figure 1-3: Reorientation of carbon and oxygen within a CO2. 

Here, electrocatalysts play a crucial role, since they chemically bond with the CO2 molecule. 

Subsequently, a CO2
•- radical anion or other reaction intermediates are formed, which are 

stabilized by the electrocatalyst, leading to a reduced overpotential [30]. With the right 

electrocatalyst, it is possible to reduce CO2 to products such as CO with low overpotentials.   

Consequently, the research on catalyst design is of utmost importance and the amount of 

studies have tremendously increased over the last decades in an attempt to improve the 

CO2 reduction reaction performance. One of the pioneers in the thorough investigation of 

the eCO2R was Yoshio Hori. He evaluated the eCO2R on various electrodes (with a specific 

focus on the use of Cu electrodes [31]–[34]) and was one of the founders who divided the 

electrocatalysts into four main groups, depending on the final product [35]. The first group 

encloses the metals that do not give products descending from CO2, such as Ni, Fe, Ti and 

Pt. As they bind the CO2 intermediate to strong, hydrogen (H2) is the main product 

generated at these electrodes. The second group includes the metals that are able to 

generate formate, such as  Pb, Hg, Sn, Cd, In and Tl. The third group consists of metals that 

primarily produce CO (Au, Ag, Zn, Pd and Ga). Finally, the fourth group encloses only one 

metal, Cu. Cu is a unique metal since it is able to convert CO2 into higher carbon chain 

products [35]. 

In order to explain the differences between the four electrocatalyst groups, many research 

has been devoted to the mechanistic study of the eCO2R on these metals [36]. Despite the 

fact that the reaction mechanisms are still not fully understood (especially for the CO2 

reduction involving more than two electrons), main trends can be observed. For instance, 

the production of CO (involving two electrons) is established by hydrogenation of an 

oxygen atom in a (carbon bonded) CO2 molecule, whereas formate is formed by the 
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hydrogenation of a carbon atom in an (oxygen bonded) CO2 molecule. Higher carbon 

products can be produced through C-C coupling. Various reaction pathways are presented 

in Figure 1-4. 

 

Figure 1-4: Overview of the CO2 reduction pathways for the different reaction products. Black spheres, carbon; 
red spheres, oxygen; white spheres, hydrogen; blue spheres, (metal) catalyst [30]. 

Numerous experimental and computational efforts have been made to detect [37]–[39] 

and validate [40]–[42] intermediates during the eCO2R. Despite the efforts, unraveling the 

behavior of monometallic electrocatalysts remains challenging. The complexity of the 

eCO2R mechanism is displayed by the fact that several products share, to different extends,  

the same intermediate and reaction pathway. Moreover, an additional dimension to this 

problem is given by incorporating a second (or third,…) metal into the electrocatalyst, since 

the different materials in the structure can influence each other significantly (a detailed 

description is provided in section 1.3.3).  

The urge of obtaining a more profound understanding of the eCO2R on electrocatalysts has 

boosted the research on this topic even more, resulting in new reaction pathways and 

divergence between the proposed routes [43]. Therefore, this thesis will focus on obtaining 
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a more thorough understanding of eCO2R on bimetallic (more precisely Cu-Ag as a case 

study) electrocatalysts. Cu-Ag bimetallic structures were preferred, since Ag is known to 

already have an excellent performance for the eCO2R and Cu a favored metal for the 

production of higher chain carbon products. Combining these two metals will enable us to 

investigate the effect of Ag on the product distribution during the eCO2R on Cu. 

Consequently, the focus of the following literature review, will be on Ag and Cu-Ag 

bimetallic catalysts for the electrochemical production of CO from CO2.  

1.3.1 Reaction mechanism of the CO2 reduction on Cu-Ag bimetallic 
surfaces 

Many studies have been devoted to unravel the CO2 reduction mechanism on Cu-Ag 

bimetallic surfaces [44]–[50]. It has been experimentally proven that the product 

distribution can be altered upon addition of Ag atoms into a Cu catalyst. The mechanism 

can be divided into two categories: (i) tandem effects and (ii) ligand and strain effects, 

which are represented in Figure 1-5. 

 

Figure 1-5: (a) tandem effects and (b) ligand and strain effects altering product distribution of the CO2 
reduction  

First, the CO2 molecules need to chemisorb onto the Ag surface through the C atom, leading 

to the formation of the key intermediate *CO2
- by injection of an electron from the 

electrode to the anti-bonding orbital of the CO2 molecule. It is important to note that 

depending on the final product, CO2 binds preferably through its C (formation of CO, and 

C2 and C3 products) or O (formation of formic acid) atom and would thus result in a different 

mechanism [51]. This adsorption is mostly known as the rate-determining step during the 

eCO2R. Subsequently, *COOH is formed by water-assisted protonation of the *CO2
-. 
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Thereafter, *COOH reacts to *CO through a water-assisted H transfer [36]. This mechanism 

is comparable to that of bare Ag.  

Afterwards the spillover or tandem effect can occur because of the different binding 

energies of CO [52]. Since CO binds relatively weak to Ag, it will detach from the surface 

and be attracted to the Cu surface, which exhibits a stronger binding energy for CO 

compared to Ag. This increases the chances of C-C coupling and will improve the production 

of C2 products over C1 products [53], [54].  

In addition to the spillover effect, the presence of Ag atoms accompanies the occurrence 

of strain, leading to a decrease in oxophilicity [55]. This would favor the binding of CO over 

H2O, explaining the decrease in hydrogen production and an increased C2 product 

formation, typically observed on Cu-Ag catalysts [54].  

1.3.2 Size and morphology affecting the intrinsic catalyst activity  

As the volcano plot already indicated, a theoretical optimum can be obtained, where a 

specific binding strength results in the highest activity for a given reaction. Every metal 

yields a different interaction with the reactant, resulting in a different activity towards the 

specific reaction. The affinity of the reactant towards the catalyst can be altered by 

changing the properties of the materials. In literature, different approaches are described 

such as, size effect [56], [57], faceting [58], [59], support effect [60], [61], surfactant [62]–

[64] and alloying [65]–[67]. All approaches mentioned above, which change the intrinsic 

properties of the catalyst, are referred to as enhancement effects. This work will focus on 

the size and bimetallic effect.  

When bulk materials are downsized to the nanometer range, the surface-to-volume ratio 

is increased, leading to a change in catalytic behavior owing to the increased contribution 

of surface atoms at the nanoscale [68]. The changes in catalytic behavior are caused by the 

altered electronic properties of these downsized structures. These changes in properties 

originate from the shift in position of the d-band center compared to the Fermi level [69]. 

By decreasing particle size, the band width changes which induces a shift in d-band center 

and consequently changes the adsorption of reaction intermediates at an electrocatalyst 

surface. Taking Au NPs as an example, a narrower d-band width results in a higher CO 

adsorption coverage and therefore a higher reactivity compared to its bulk metal [70]. In 
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other studies where thin layer electrocatalysts are investigated, they assign the narrower 

d-band to the fewer atoms present within these layers [71], [72].  

In addition, decreasing particle size, causes an increase in ratio of edge, corner and surface 

atoms and/or the presence of structural defects, which influence the binding energy of the 

reactant/intermediate, as such altering the reaction [73], [74]. Considering Cu NPs, 

increased edges and steps compared to surface atoms lead to more negative 

chemisorption energies of *CO intermediates, improving the C-C coupling and therefore 

altering the product distribution. These effects contribute to the altered activity of the 

catalyst and an optimal particle size can be found for a specific metal and a specific reaction.  

One of the key factors in low cost CO2 reduction towards CO is the efficiency of the catalyst 

performance. Ag catalysts have been known to be one of the most effective monometallic 

catalysts to selectively reduce CO2 towards CO, but the high catalyst cost made them less 

appealing. Different strategies have been proposed in order to lower the catalyst costs. 

One potential approach is the downscaling of the catalyst’s size. The transition to the 

nanoscale seemed to be beneficial to lowering the capital costs along with increasing the 

activity.  

Salehi-Khojin et al. [75] investigated the effect of Ag nanoparticles (NPs) on the CO2 

reduction towards CO. They changed their size between 200 nm and 1 nm and found that 

decreasing the size of the Ag particles below 200 nm, resulted in an increased activity for 

the Ag particles. Decreasing the size further down to the nanoscale, an optimum was 

observed at 5 nm, displaying the highest partial current densities towards CO at the same 

applied potential. Later, Kim et al. [61], investigated the effect of supported Ag NPs 

(between 3 nm and 10 nm) on the eCO2R, compared to normal Ag foil at the same potential. 

They confirmed the optimum to be 5 nm, where the lowest overpotential towards CO and 

the highest partial current density could be obtained. Below 5 nm, the faradaic efficiency 

(FE) towards CO decreased.  

Besides the size effect, the morphology plays an important role. Indeed, by changing the 

morphology of the catalyst, different facets become dominant, potentially changing the 

catalytic properties. Therefore, single crystal Ag catalysts with different dominant facets 

have been studied. For example, Nagahiro et al. [32] found that the catalytic activity of 

single crystal facets of Ag catalysts decreased according to Ag(110) > Ag(111) > Ag(100). 
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Ag(110) facets show a lower energy barrier for the formation and stabilization of the COOH 

intermediate, which is the most important intermediate in the production of CO.  

Later Yang et al., demonstrated a strong dependence of Ag catalysts morphology for the 

electrochemical reduction of CO2 towards CO. They unambiguously showed that cubic Ag 

catalysts favor CO reduction compared to octahedral Ag catalysts, by 20 % (FE) [58]. 

Triangular Ag nano-plate catalysts also showed improved CO production over similarly 

sized Ag NPs and bulk Ag, with an FE of 96,8 % in addition to showing a substantial durability 

of 7 days. They hypothesize this is due to the improved edge-to-corner ratio and the  

presence of the Ag(100) facet, which requires less energy to initiate the rate-limiting step.  

In addition to well-designed catalyst structures, catalysts with high porosity can also be of 

interest because of their potentially high electrochemical active surface area (representing 

the area accessible for the electrolyte and participating in the charge transfer; EASA). 

Indeed, Hsieh et al. [76] discovered a 32-fold increase in activity (normalized by surface 

area) for Ag nano-corals as compared to plain Ag foils. Furthermore, Lu et al. [57] 

synthesized nanoporous Ag catalysts, which showed a 150-fold increase in surface area and 

a 20-fold increase in activity towards CO production, compared to polycrystalline Ag 

catalysts. The improved activity was due to the superior stabilization of the *COOH 

intermediate on the highly curved surface.  

To conclude, tuning the size and morphology can have major effects on the activity of the 

eCO2R. Therefore, the focus of this work will be to synthesize spherical nanoparticles, 

preferably with a size below 10 nm, since both the surface-to-volume ratio and the 

electronic effects come into play and are optimal in this size range.  

1.3.3 Bimetallic effect 

In addition to the effect of size reduction, the interaction of the catalyst with the reactant 

can also be changed by the addition of a second or third metal into the catalyst. An 

additional metal causes metal-metal interactions to occur, providing properties that were 

originally absent in their single phase metals. Additionally, adding extra elements might be 

cost beneficial, since the introduction of a second (less expensive) metal reduces the 

amount of the expensive metal that is required. The findings of these unexpected 

characteristics has led to extensive research concerning possible applications. Bimetallic 
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electrocatalysts have shown to be very promising candidates in the further optimization of 

the eCO2R, which originates from their unique interface effects [65], [77]–[79].  

Tremendous efforts have been made in the fundamental understanding of the different 

mechanisms that are at play and alter the electrochemical reaction as compared to the 

single metal. These can be divided in ligand, strain and ensemble effects [80].  

Ligand effect 

Upon doping the catalyst with an extra metal, the activity of the initial catalyst can be 

enhanced. This effect is called the ligand effect and originates from the shift in d-band 

center [81]. A shift in d-band center can greatly benefit the interaction of the surface with 

the reactant/intermediate. A stronger bonding between the catalytic surface and the 

adsorbates relates to the upward shift of the d-band relative to the Fermi level and can be 

induced by the addition of another metal [82].  

Bimetallic structures can have several configurations as presented in Figure 1-6. First, the 

metal interactions can take place within the same particle where the different metals are 

uniformly mixed (Figure 1-6(A)). Second, the interaction can take place at the interface 

between the two metals where either a core-shell (Figure 1-6 (B)) or a dimer (Figure 1-6(C)) 

can be formed [83].  

 

Figure 1-6: Graphical representation of bimetallic configurations such as (A) Me-Me alloyed, (B) core-shell:  
the core contains a less noble metal than the shell and the shell is preferably a few atomic layers thick and (C) 
dimers: this configuration consists of two separate metal particles connected by a common interface (not to 
scale) 

Considering core-shell nanoparticles, a metal core is totally covered by another metal shell. 

As the metal core is encapsulated by a second metal. This kind of structure enables the 

protection of the interior of the structure from the surrounding environment. One example 

A B C 
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is the use of Cu NPs as a core material, as it can be protected from oxidation by covering 

the NPs with another metal shell. In addition, the core metal will influence the properties 

of the metal in the shell by altering its electronic environment [84]. Changing the electronic 

environment leads to a shift in d-band center with respect to the Fermi-level, which is key 

when considering the reactivity of bimetallic electrocatalysts [85]. As for nanodimers, two 

different metals are separated by a distinct interface, where totally different properties of 

the two parts can exist [86]. This multi-functionality can result in a tandem reaction such 

as described for Cu-Ag bimetallic electrocatalysts in 1.3.1. Here, a key intermediate is 

generated on the Ag surface and subsequently adsorbs on the Cu surface, which will be 

converted to higher carbon products. These structures have great potential in 

electrocatalysis owing to the ability to boost/tune their performance based on their 

composition, structure,  size and shape.  

Cu-Ag bimetallic catalysts gained more interest over the last years because of their  

excellent performance for the eCO2R towards CO [64], [87], as well as higher carbon chains 

[88]–[90], depending on the amount of Cu present at the surface. Catalysts combining 

these two metals can have two effects (ligand and strain effect) contributing to the changes 

in electronic structure, and therefore resulting in altered electrocatalytic selectivity and 

activity. By introducing Ag to a Cu surface, heteroatom bonds changes the electronic 

environment, giving rise to changes in the electronic structure caused by the ligand effect.  

Strain effect 

Activity enhancement can also be induced by strain effects [91], [92], which are  related to 

the changes in electronic properties of the metal by shifting the d-band center [25], [93]. 

Strain will occur when a misfit between the lattice constant of the different metals is 

present. Tensile strain results in an upshift in d-band center, causing a stronger interaction 

with the adsorbates, whereas compressive strain leads to a downshift and therefore a 

weakening of the interactions with the adsorbates [93]. For the CO2 reduction reaction 

(CO2RR) to CO the case of Cu and Ag is particularly interesting as a large misfit of over 12 % 

exists (Ag has a larger interatomic distance than Cu), giving rise to strain. Indeed, Chang et 

al. [66] investigated the effect of Cu overlayers in Ag@Cu structures on the CO2RR and 

found that tensile surface lattice strain enhanced the CO adsorption on the surface. 

Thin films with interphase miscibility show increased activity and selectivity towards 

carbonyl products. It is hypothesized that this is due to the decreased surface binding 
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energy of oxygen-containing intermediate species [67]. A decrease in hydrocarbons and 

HER upon increasing Ag concentration was also noticed. This was, according to theoretical 

calculations, due to the weakening of the binding energy of H*.  

Cu/Ag nanodimers are a first step towards Cu@Ag core-shells. Huang et al. [94] 

investigated the difference of nanodimers compared to their monometallic parents. Cu/Ag 

nanodimers with equal Cu and Ag NP size are accompanied by an increase in ethylene 

production and suppression of hydrogen compared to the monometallic Cu. The CO 

production was decreased compared to monometallic Ag. This study also showed a good 

balance between Cu and Ag is key to an optimal ethylene production.  

Cu@Ag core-shell NPs were synthesized in literature and used for the conversion of CO2. 

Zhang et al. [95] found that by introducing a layer of Ag onto Cu NPs, the product 

distribution was effected. They varied the Ag concentration between 11.2 % and 24.2 % 

and noticed a volcano-type relationship between the Ag concentration in the core-shell and 

the selectivity towards C2 products. Upon increasing the concentration of Ag from 11.2 % 

to 15 %, C2 production is promoted and the selectivity increased. Nevertheless, further 

increase in Ag concentration, and thereby shell thickness, the selectivity towards C2 

products decreased substantially. The decrease in C2 products was accompanied by an 

increase in CO formation. These results clearly indicate a delicate balance exists between 

Cu core and Ag shell for the eCO2R. They speculate a tandem reaction is the foundation of 

this findings, where CO2 is firstly converted to CO at the Ag surface and then further 

reduced to higher chain chemicals on the Cu surface. As this becomes more and more 

difficult as the Ag shell thickens, more and more CO is produced. Kuhn et al. [90], also 

investigated Cu@Ag core-shell NPs within the same size-range. A shell thickness of 0.1 nm 

increased the C2 concentration with a relevant selectivity difference towards ethylene at 

low overpotentials compared to bare Cu and Cu@Ag core-shells with a shell thickness of 

0.3 nm. They hypothesize that the C-C coupling on sub-10 nm Cu NPs is boosted at low 

overpotentials by the addition of Ag atoms causing a strain effect, and as such an electronic 

tuning of the Cu-Ag interface and an increased CO* concentration at the surface as a 

consequence.  

Ensemble effect 

Finally, the ensemble effect arises when a reactant needs more than one atom to bind to 

the catalyst surface. Replacing one atom with another metal can severely weaken the bond 
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of the catalyst with the reactant. In this respect, Wang et al. [96] investigated the ensemble 

effect of Pd on Au. They found that depending on the ensembles (monomer, dimer, trimer) 

of Pd present at the surface, the binding strength of the CO intermediate can be altered. 

the dimer ensemble seemed most suited and balanced the *COOH and *CO adsorption 

most efficiently.  

In conclusion, incorporating Ag into a Cu structure alters the properties of the Cu and as 

such, tunes the final product during the eCO2R. Despite the many efforts of synthesizing 

Cu-Ag bimetallic structures and exploring the effects of different Ag concentration in this 

electrocatalysts, a thorough understanding of the bimetallic electrocatalyst performance is 

still lacking. This is especially the case for bimetallic electrocatalysts with a particle size 

below 20 nm. This thesis aims to establish a more in-depth understanding of the 

composition-selectivity relationship of Cu-Ag bimetallic nanoparticles. Accordingly, a 

straightforward synthesis method will be developed in order to fine-tune the Cu-Ag 

bimetallic structures and explore their capabilities towards the eCO2R. 
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Scope and outline 

 

 

 

 

 

This chapter provides the objectives along with the strategy and the outline of this 

doctoral work. 
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 Objectives  

As discussed in Chapter 1, global decarbonization to combat global warming is becoming 

more urgent every day. One of the possible solutions is the electrochemical reduction of 

CO2 to value added products. Regardless of the exponentially increasing literature reports 

on the eCO2R over bimetallic electrocatalysts, their behavior and the influence of an 

additional metal on a core metal is not fully understood yet. As the morphology, size and 

composition is key in altering the performance of bimetallic electrocatalysts, the 

development of a reliable synthesis method is indispensable.  

As such, the aim of the doctoral work is to optimize the synthesis route towards 

reproducible electrocatalysts, unveiling structure-performance relationships and 

unraveling the restructuring pattern in order to improve these electrocatalysts for the 

eCO2R. In order to reach these goals, it is important to find a straightforward and 

reproducible method to produce the electrocatalyst. Characterization will be performed by 

combining electron microscopy, spectroscopy and (electro)chemical techniques to 

evaluate the parameters of interest in obtaining a good electrocatalyst. The information 

that can be obtained in this manner enables the further optimization of these 

electrocatalysts. 

 Strategy    

In order to obtain a more thorough understanding of the behavior of bimetallic 

electrocatalysts, Cu and Ag will be selected as an example. Ag is already intensively studied 

and produces solely CO, whereas Cu is known to be capable of reducing CO2 towards 

various high end products.  

Cu-Ag bimetallic nanoparticles will be synthesized using electrodeposition, thermal 

decomposition and galvanic displacement. Through this approach, Cu-Ag electrocatalysts 

(with altered Cu:Ag composition and structure) will be acquired. These structures will be 

characterized by scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), ultraviolet-visible spectroscopy (UV-VIS) and electrochemical analysis. The Cu-Ag 

series, containing different Cu:Ag compositions, will be analyzed in an hybrid flow cell. The 

gas –and liquid flow will be analyzed by gas chromatography (GC) and high-performance 

liquid chromatography (HPLC). 
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Subsequently, the electrochemical stability of Cu@Ag bimetallic core-shell electrocatalysts 

will be studied, and their morphological changes will be analyzed using electron 

tomography. The structural changes will be linked to the performance during the eCO2R, 

accordingly. The effect of a carbon layer (with altering thickness) on the stability and 

promotion of the eCO2R will be explored. The carbon layer will be characterized by TEM, 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS).  

 Outline  

The experimental work in this dissertation, can be divided into two mean parts: (i) the 

synthesis of Cu and Cu-Ag bimetallic (nano)particles and their application for the 

electrochemical CO2 reduction and (ii) the stability investigation of Cu@Ag core-shell 

nanoparticles. The schematic representation of the outline is given in Figure 2-1.  

In Part I, an introduction into this dissertation is given in Chapters 1-3. Here, a general 

introduction into the field of electrochemistry and its applications, along with a theoretical 

background and the used techniques are discussed. The electrochemical CO2 reduction is 

investigated, with the aim of obtaining a reliable synthesis method for preparing sub-10 

nm Cu-Ag bimetallic nanoparticles and investigating their behavior and electrochemical 

restructuring pathways.  

Part II describes the synthesis of Cu-Ag bimetallic nanoparticles and their behavior in a CO2 

electroreduction environment. In Chapter 4, monometallic Cu (nano)particles on rough 

substrates were synthesized using single and double pulse electrodeposition. Here, the 

effect of the substrate pre-treatment and double pulse parameters on the morphology and 

size, respectively, was investigated. In order to reduce the particle size up to the sub-10 nm 

scale, an organic synthesis approach was investigated to obtain reproducible batches. 

Additionally, a second metal was incorporated for the synthesis of Cu-Ag bimetallic 

nanoparticles, to push the CO selectivity even higher. These topics are addressed in Chapter 

5. Finally, in Chapter 6, the performance of the Cu-Ag bimetallic nanoparticles has been 

extensively studied under CO2 operating conditions to investigate the effect of (i) the 

electrocatalyst structure, (ii) the electrolyte on the product selectivity during the 

electrochemical CO2 reduction (iii) a carbon black carrier.  
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Figure 2-1: Schematic outline of the doctoral work 

Part III consists of 2 chapters. Since the stability of core-shells is still not investigated in 

detail, structural transformation pathways remain unclear. Therefore, we devoted Chapter 

7 to unraveling the electrochemical destabilization mechanism of Cu@Ag core-shell 

nanoparticles after different reaction times and under varying conditions. The 

morphological changes were studied using electron tomography and were linked to the 

electrocatalyst performance. As electrocatalysts suffer from degradation during an 

electrochemical experiment, a strategy for boosting their electrochemical stability was 

proposed by protecting the active layer (Ag layer was used as a benchmark) with a carbon 

layer.  

To summarize this work, the main conclusions from the experimental work in Part II and 

Part III will be given in part IV along with a perspective for future research lines.  
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Theoretical background 

 

 

 

 

 

This chapter provides the theoretical background of the electrochemical, the surface 

analysis techniques and the electrocatalyst synthesis techniques used further on in this 

work.  
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 Electrochemical techniques 

In this work, electrochemical techniques such as chronoamperometry (CA), 

chronopotentiometry (CP) and cyclic voltammetry (CV) are used. Cyclic voltammetry is 

used to characterize the catalyst and for degradation analysis, whereas 

chronoamperometry is used for electrodeposition. Chronopotentiometry is used during 

the eCO2R experiments. A more detailed description of the experimental parameters is 

provided in the respective chapters. The outline of this section has been based on 

references [97]–[99].  

3.1.1 Chronoamperometry (CA) 

Chronoamperometry (CA) is a pulse technique where a potential step is applied to the 

working electrode (WE) vs. a reference electrode (RE). When a potential is applied to the 

working electrode, the value is shifted from a potential where no reaction occurs, to a 

potential where an electrochemical reaction takes place. This applied potential is 

accompanied by a current response, which is monitored in function of time (Figure 3-1). CA 

is often used to study the kinetics of an electrochemical reaction.  

In this dissertation, CA will be used to deposit Cu onto a substrate (Chapter 4). By applying 

a negative potential, the Cu ions in the electrolyte deposit onto the WE. By variations in the 

applied potential and duration of the experiment, the Cu deposition can be altered 

(discussed in more detail in section 3.3).   

 

Figure 3-1: Current response of a CA experiment.  
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When a potential is applied to the electrode surface, the corresponding current will consist 

of a capacitive contribution and a faradaic contribution. The capacitive current is due to the 

charging of the electrochemical double layer. The faradaic current is provoked by the 

reduction of Cu on the WE surface.  

3.1.2 Chronopotentiometry (CP) 

Chronopotentiometry (CP) is an electrochemical technique where a current step is applied 

between the WE and the counter electrode (CE) and the potential response is monitored. 

Considering an electrochemical system where redox species are present, the application of 

a negative current corresponds to the reduction of these species at a certain potential with 

a constant rate. The potential value is characteristic for each reactant in the system. When 

applying a current, the potential is shifted until it is negative enough for an electrochemical 

reaction to occur. In this study CP is used in a flow system where a continuous CO2 flow is 

provided at the electrocatalyst surface and therefore sufficient reactant is ensured at the 

electrode in order to prevent depletion. Nevertheless, the eCO2R is performed using an 

aqueous electrolyte, which often results in the competing hydrogen evolution reaction 

(HER).  

Since a constant current is applied throughout the experiment, the electrolyte resistance 

(ohmic resistance) is also constant. This resistance between reference and working 

electrode causes a potential drop, referred to as the ohmic drop. The application of a 

current simplifies the correction for this ohmic drop since this potential drop is equal to the 

product of the current and the ohmic resistance. In addition, the eCO2R is pH dependent 

and therefore the measured potential is often expressed with respect to the reversible 

hydrogen electrode (RHE, equation 3.1).  

𝐸𝑅𝐻𝐸 = 𝐸𝑟𝑒𝑓 + 0.210𝑉 + 0.059 ∙ 𝑝𝐻 + 𝐼𝑅 3.1 

Where ERHE is the potential expressed with respect to the RHE, Eref is the measured potential 

with respect to the used RE, 0.210V is the potential of the RE (Ag/AgCl 3 M KCl) with respect 

to the standard hydrogen electrode (SHE), 0.059pH is the pH dependent factor and IR is the 

correction factor of the ohmic losses.  

 



Theoretical background 

 
— 

28 

The potential difference between CP experiment and the iR-drop measurement was 

divided by the current difference of the two, which corresponds to the uncompensated 

resistance as expressed below.  

𝑖𝑅 =  
𝐸𝐶𝑃,𝑒𝑥𝑝−𝐸𝐶𝐼

𝑖𝐶𝑃,𝑒𝑥𝑝−𝑖𝐶𝐼
  3.2 

Where iR is the uncompensated resistance, ECP,exp and ECI are the potentials from the CP 

experiment and the current interrupt, respectively. iCP,exp and iCI are the currents applied 

during the CP and current interrupt experiment, respectively. 

3.1.3 Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is one of the most commonly employed techniques in 

electrochemistry. It is often used for the preliminary study of an electrochemical system. 

Cyclic voltammetry is a reversal technique, a linearly varying potential is imposed to the 

working electrode starting from the initial potential (Ei) until the switching potential (Emin). 

When reaching this point, the potential is reversed and swept to Emax.  

Figure 3-2 shows the potential sweep and the corresponding cyclic voltammogram. During 

the forward scan of a CV experiment, the reduction of species in the electrolyte or the 

electrode itself occurs. Reversing the scan means that the reduced products from the 

previous scan will be oxidized.  

 

Figure 3-2: Illustration of (A) cyclic potential variation and (B) the corresponding cyclic voltammogram 

At the beginning of the CV measurement, only O (oxidant) is present and the sweep 

direction will therefore be to the negative potential range, reducing O to R (reductant). This 
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leads to a depletion of O at the surface of the electrode, since they are being reduced to R. 

As the experiment proceeds, the concentration of O is further depleted upon (negatively) 

increasing the potential, eventually reaching a peak current (ip,c). This current is dictated by 

the delivery of O via diffusion from the bulk to the electrode, which increases the larger the 

concentration difference between bulk and electrode. The diffusion layer at the electrode, 

containing the reduced species R, then starts to expand at more negative potentials, 

making mass transport of O to electrode more difficult. The diffusion rate of O becomes 

slower, resulting in a decrease in current upon scanning to more negative potentials. 

Reaching the switching potential, the scan is reversed and R will be oxidized to O during 

this scan. At the half way potential (indicated by the red line in Figure 3-2) observed 

between the oxidation and reduction peak, the concentration of O and R are equal. Upon 

further scanning, the rate of diffusion of R starts to slow down and a depletion in current 

is again observed due to the slower diffusion. During this experiment, two peaks can be 

observed, corresponding to the oxidation peak (the peak at positive currents) and the 

reduction peak (the peak at negative currents). A process is reversible when the two peak 

potentials (Ep) are separated by a maximum of 57 mV. For quasi reversible systems, a larger 

potential difference between the peaks is observed and in case of an irreversible system, 

only one peak is visible.  

 

Figure 3-3: Cyclic voltammogram of a Cu-Ag bimetallic electrode. The potential is swept between -1 V and 1 
V vs. Ag/AgCl (sat’d) in a 0.5 M NaOH solution with a scan rate of 50 mV s-1. 
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In this work, cyclic voltammetry was used for several studies. First, this technique was used 

to qualitatively indicate the presence of different elements in the catalyst and served as a 

supporting technique for other characterization methods such as electron microscopy 

(discussed in 3.2 in more detail). As every metal possesses its own specific 

reduction/oxidation potential, this technique can be used to identify different metals on 

an electrode as shown in Chapter 7 and 8. Figure 3-3 demonstrates a CV of a Cu-Ag 

bimetallic electrode. The different oxidation states of both Cu and Ag can be deduced. The 

oxidation and reduction peaks indicated in purple and green represent the Cu/Cu2O and 

the CuO/Cu2O, respectively. The Ag/Ag2O and AgO/Ag2O are highlighted in orange and 

pink, respectively. Given the fact that Ag is a more noble metal compared to Cu, it tends to 

be less prone to oxidation.  

Generally, the potential is swept with scan rates of 20 mV s-1 to 1 kV s-1. At high scan rates, 

the electrochemical system is not able to establish an equilibrium.  This implies that besides 

the faradaic current (due to the reaction of the species/electrode), a capacitive current is 

also generated by the occurrence of an electrochemical double layer. The charge of this 

double layer changes upon sweeping the potential.  

 

Figure 3-4: : Capacitance graph presenting the (A) CV measurement at scan rates ranging from 100 mV s-1 to 
25 mV s-1 and (B) scan rate dependence of the charging current. 

Performing CV measurements within a range where no reaction occurs, only the capacitive 

current is measured (Figure 3-4 (A)). Repeating the measurement at different scan rates, 

allows us to plot the current vs. scan rate (Figure 3-4(B)). The slope of this curve gives an 

indication on the EASA, which can be used to compare electrocatalysts of the same metal 

(Chapter 4).  
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3.1.4 Faraday’s law of electrolysis 

The law of Faraday dictates that the amount of chemical produced is proportional to the 

amount of charge transferred. 

𝑄 = 𝑛𝑧𝐹  3.3 

Where, Q is the transferred charge, n is the amount of product formed in mol, z is the 

amount of electrons and F is the Faraday’s constant. In order to calculate the faradaic 

efficiency (FE) during the eCO2R, an accurate measurement of the reaction products is 

necessary. Therefore, the outlet gas stream is sampled and measured by gas 

chromatography (GC). Considering the eCO2R, multiple reactions occur simultaneously 

(conversion of CO2 to multiple products, competing HER) as a result of which the total 

transferred charge needs to be divided among the different reaction products. Computing 

the FE illustrates the amount (in %) of the charge is consumed by a certain reaction product 

(i).  

𝐹𝐸𝑖 =
𝑛𝑖𝑧𝑖𝐹

𝑖
∗ 100 %  3.4 

Where ni is the amount of moles of product generated, zi is the number of electrons 

transferred per mole product, i is the total current supplied the system. 

 Structural characterization techniques 

In this work surface characterization techniques such as scanning electron microscopy 

(SEM), high angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) and electron tomography are used. The outline of this section was based on 

references [100]–[110].  

3.2.1 Scanning electron microscopy (SEM) 

In this work, electrocatalysts are synthesized at the nanoscale, which unavoidably leads to 

the need for a high spatial resolution to image these catalysts. An optical microscope is 

insufficient for imaging nanoscale materials, since it is limited by the diffraction of light in 

the visible range. In order to be able to image sub-micron scale materials, an electron 

microscope can be used. One commonly used technique is scanning electron microscopy, 

denoted as SEM. This technique is used to analyze the surface of the catalyst material.  
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A schematic representation of such an electron microscope is given in Figure 3-5. A SEM 

microscope encompasses the electron gun, electromagnetic lenses, a vacuum chamber 

with the sample stage and a selection of different detectors. The amount of current of a 

finely focused electron beam, interacting with the sample, determines the magnitude of 

the signals emitted from the sample. In addition, the size of this finely focused electron 

beam governs the resolution of the scanning electron microscope.   

The electron gun is located at the top of the instrument column and acts as an electron 

generator (electron source). Electron guns can consist of either a thermionic source 

(produces electrons when heating tungsten or lanthanum hexaboride crystals), or a field-

emission source (produces electrons when a large potential is applied to a fine tungsten 

needle). The latter is most frequently employed, since this source yields more 

monochromatic electrons compared to the thermionic sources. This means higher 

resolution and current density of electrons. The gun consist of a fine tungsten needle and 

an anode set. This anode serves as an extractor and accelerator for the electrons. Voltages 

between 1 kV and 30 kV are used. The gun operates under ultra-high vacuum (10-8 Pa) to 

avoid scattering of electrons.  

Below the gun, a series of lenses are located including condenser and objective lenses. 

These lenses are used to focus the electron beam, generated by the electron gun. Since the 

beam generated in the gun is about 50 µm in size, its diameter needs to be reduced by 100 

or 5000 fold to obtain a diameter of 0.5 µm to 10 nm in order to be useful for imaging. This 

large demagnification requires at least two condenser lenses. A direct current runs through 

these lenses and by varying this current, the desired demagnification can be obtained.  

In order to control the number of electrons along with the angular width of the electron 

beam and the lens defects, apertures are installed. Spray apertures are used to block off-

axis electrons, while beam-limiting apertures are used to reduce angular width and current 

of the electron beam. Small apertures will result in a small probe size and low beam current. 

This will increase the resolution but decrease signal strength. The radii of these apertures 

vary between 10 µm and 500 µm. Along with the electron gun, the entire system operates 

under high vacuum, to minimize scattering of the electrons in the beam.  
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Figure 3-5: Illustration of a SEM with its core components [100] 

The focused electron beam is scanned point by point across the material of interest with 

the scan-coils or deflection coils and the scan generator (providing the pattern on the 

specimen). When the electrons from the beam enter the sample, elastic or in-elastic 

interaction can occur. Elastic scattering takes place when primary electrons (electrons from 

the electron beam) get deflected into a new direction (deviating from the initial path of the 
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electron beam) by the atomic nuclei, without losing energy. The probability of high angle 

elastic scattering increases when heavier atoms are analyzed, due to their stronger positive 

charge. The tendency of an electron to undergo elastic scattering decreases with increasing 

beam energy, since the energy is more likely to overcome this positive charge of atomic 

nuclei. These elastic scattered electrons are also referred to as backscattered electrons and 

can be used for SEM imaging.  

 

Figure 3-6: Schematic representation of electron interactions occurring when primary electrons penetrate the 
sample in SEM 

On the contrary, inelastic scattering occurs when the energy of a primary electron is 

reduced by interacting with the specimen atoms. These interactions can cause ejection of 

weakly bound outer-shell electrons from the specimen atoms to form secondary electrons 

or ejecting of tightly bound inner shell electrons, which eventually result in the formation 

of characteristic X-rays (explained in more detail in 3.2.3). The different electron 

interactions are depicted in Figure 3-6. 

In this thesis, SEM is used as important characterization method for the investigation of the 

morphology, particle density/distribution on the substrate of the synthesized catalyst in 

Chapters 4 and the imaging of the electrocatalyst surface in Chapter 8.  

3.2.2 Scanning transmission electron microscopy (STEM) 

Scanning transmission electron microscopy (STEM) is a very powerful technique to 

investigate nanostructures and obtain morphological and structural information. While 
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SEM can reach a resolution of up to 10 nm, STEM offers atomic resolution. Compared to 

SEM, where the electron beam is emitted from the surface of the specimen, STEM uses 

higher acceleration voltages of up to 300 kV, enabling the transmission of electrons through 

a sample, provided it is sufficiently thin (maximum thickness of ~100 nm). STEM imaging is 

performed in a transmission electron microscope (TEM) in STEM mode and is illustrated in 

Figure 3-7.  

A STEM microscope consists of several parts, starting with the gun (not shown in Figure 

3-7). In most modern STEM microscopes, a field emission gun (FEG) is used analogous with 

SEM, albeit more powerful (due to the higher energy of the electrons). After the electrons 

leave the FEG cathode, they are accelerated by the anode to their final kinetic energy 

before they reach the sample. Demagnification of the electron beam is achieved by the 

condenser system consisting of condenser lenses and an aperture in sequence. A fine probe 

(<< 1nm) is scanned across the sample using deflection coils. Upon scanning the electron 

beam across the sample, a variety of scattered signals can be detected as a function of 

probe position. The scattered electrons can be detected in bright-field (BF) or dark-field 

(DF) mode, depending on the angle of investigation. 

 

 

Figure 3-7: Schematic illustration of a TEM in STEM mode [111] 
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When electrons are scattered at relatively low angles with respect to the optic axis (< 10 

mrad), they are detected by the bright-field detector. The annular dark-flied detector is 

used for the detection of electrons at higher angles (10 mrad – 50 mrad), followed by the 

high angle annular dark-field detector that collects electrons at the highest angles (> 50 

mrad). The collection of electrons at different angles can be achieved by adjusting the 

physical camera length of the detector and increases from the HAADF to ADF to BF 

detector. Since the HAADF detector collects high angle scattered electrons which pass 

closer to the atomic nucleus in the sample due to Rutherford scattering and contain 

elemental information, its signal is proportional to the thickness of the sample and Zn, with 

Z the atomic number, and 1.6 < n < 2.   

3.2.3 Energy dispersive X-ray spectroscopy (EDS) 

Energy dispersive X-ray spectroscopy (EDS) is a technique which is used for the elemental 

analysis. When an electron beam interacts with the sample, the electrons from the inner 

shell can be excited and ejected from that shell. This creates a vacancy and leaves the atoms 

in a higher energy state. This energy can be lowered by transition of an electron from a 

higher energy shell. The excess of energy will be released accordingly and can translate 

itself in two ways. Firstly, a characteristic X-ray can be emitted and its energy is equal to 

the energy difference between the two shells and is as such characteristic for a specific 

element (a schematic representation is given in Figure 3-6). Secondly, an Auger electron 

can be emitted to release the atom’s energy excess. In this process, the shell energy 

difference is used to eject an outer shell electrons, referred to as the Auger electron, 

instead of emitting an X-ray.   

In combination with SEM imaging, an elemental map can be obtained by measuring an EDS 

spectrum for each pixel. It can also be combined with STEM, as illustrated in Figure 3-8, 

where a HAADF-STEM image is shown, along with the EDS map of Cu and Ag. Overlaying 

the Cu and Ag map show the presence of Ag at the Cu nanoparticle surface.   
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Figure 3-8: EDS mapping of Cu-Ag bimetallic nanoparticles  

3.2.4 Electron tomography  

Despite the fact that atomic resolution can be reached using STEM, characterization of 

nanoparticles is still hampered because conventional STEM imaging only provides 2D 

images of a 3D object. These 2D projections complicate the interpretation of the 

morphology when more complex structures are analyzed and can lead to wrong 

conclusions. A lego sculpture, referred to as A B C, by John V. Muntean, is shown in Figure 

3-9 represents this concept. Here, a projection of a 3D object is taken under different 

angles, where every angle leads to another projection. It gives the impression, the object 

is an A, B or C, but in fact it is none of them. This problem also arises with analyzing 

nanomaterials during 2D STEM imaging. A possible solution to this problem is to use 

electron tomography to reconstruct a 3D image using 2D images obtained over different 

angles. 
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Figure 3-9: Magic angle lego sculpture A B C, by John V. Muntean  

An electron tomography experiment is conducted by acquiring 2D projections over an 

angular range as large as possible (typically ± 80°), starting at the angle closest to -80°. 

These projections should meet the projection requirement, where the intensity in the 

image is a monotonic function of a property of the sample [112]. Therefore, imaging of the 

sample is often performed in HAADF-STEM mode, since the intensity of a HAADF-STEM 

image scale proportionally with Zn and the thickness of the sample. Additionally, highly 
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crystalline materials with a high atomic number are strongly scattering and often used in 

catalyst research, which makes HAADF-STEM most suited. 

The 2D projections of the samples are collected with an increment of 1° or 2° and is 

schematically presented in Figure 3-10. After acquiring the series, the projections are 

aligned to a common tilt axis to eliminate any shift between the images. Finally, the series 

is used to reconstruct a 3D image of the specimen of interest by using a mathematical 

algorithm (Figure 3-10).  

 

Figure 3-10: Illustration of an electron tomography experiment where 2D images under different angles are 
acquired, aligned and the 3D images is reconstructed  

Tomography was first described by Johan Radon in 1917 [113]. Mathematically, the 

reconstruction is based on the Radon transform, R, is an integral transform. Here, the 

Radon transform can be obtained by taking the line integral of an object f(x,y) through all 

possible lines L with unit length ds.  

𝑅𝑓 =  ∫ 𝑓(𝑥, 𝑦)𝑑𝑠
𝐿

  3.5 

Experimentally, the Radon transform represents the acquirement of the projections of an 

object under different angles. The inverse Radon transform of the projections represents 

the original object f(x,y). Since a limited amount of projections are taken, the inverse 

transform will always be imperfect. Different reconstruction methods can be used. An 

iterative technique referred to as expectation maximization (EM) is used in this work.  
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The EM algorithm estimates the probability of the calculated 3D structure being the 

unknown object, given the acquired tilt-series. This algorithm is based on the Bayes 

theorem (Equation 3.6). 

ℙ(𝛩|𝑝) = ℙ(𝑝|𝛩)
ℙ(𝛩)

ℙ(𝑝)
  3.6 

Where ℙ(Θ|p) is the probability of Θ being the unknown object, given its projections p, 

ℙ(p|Θ) is the probability of observing the projections p, given Θ and is referred to as a-

priori probability or likelihood. ℙ(Θ) and ℙ(p) defines the probability distribution of Θ 

and p, respectively. An estimate of the object Θ can now be reconstructed by maximizing 

the probability (Equation 3.7).  

𝛩̂ = 𝑎𝑟𝑔 𝑚𝑎𝑥
𝛩

ℙ(𝛩|𝑝)    3.7 

In practice, the log of the probability is maximized (Equation 3.8). 

𝛩" = 𝑎𝑟𝑔 𝑚𝑎𝑥
𝛩

𝑙𝑜𝑔(ℙ(𝛩|𝑝))    3.8 

In principle, the EM algorithm retrieves the unknown object Θ by maximizing the log of the 

probability. Therefore, the algorithm operates in two steps, namely the expectation (E) step 

and the maximization (M) step. During the E-step, the expected value of the log-likelihood 

is calculated, given the projections p and the current parameter estimate of Θ. 

Subsequently, the log-likelihood is maximized by adjusting those parameters in the M-step.  

In this work, electron tomography is used to characterize Cu@Ag core-shell nanoparticles 

in Chapter 7. The degradation process of Cu@Ag core-shell nanoparticles is visualized and 

linked to the product distribution during the eCO2R experiments.  

 Electrocatalyst synthesis techniques  

A meticulous method for obtaining catalysts with certain specifications is a key aspect for 

studying and employing them in several electrocatalytic applications. As previously 

mentioned, the material of the catalyst can have an influence on the conversion efficiency 

of a reactant. Furthermore, the morphological characteristics can severely influence the 

selectivity of a reaction. It is highly desired to obtain monodisperse catalyst particles with 

large EASA and a homogeneous coverage over a large area of the supporting material. 
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Several techniques such as thermal decomposition and electrodeposition can be used to 

produce monometallic catalysts. For the introduction of a more noble metal, galvanic 

displacement can be chosen. These techniques are used in this work to synthesize 

nanoparticle electrocatalysts for the eCO2R and are therefore discussed in more detail in 

what follows.  

Electrodeposition is a technique that relies on the application of a constant negative 

potential or current. Using this technique ensures the direct contact of the catalyst with 

the support and therefore assures good electrical contact. By applying potential or current 

pulses, metal ions in the solution will be converted at the charged surface into their metal 

form and subsequently grow into nanoparticles.  

 

Figure 3-11: Illustration of the growth modes (not to scale); (a) Frank-van der Merwe, (b) Volmer-Weber and 
(c) Stranski-Krastanov  

The growth of a particle can proceed through three different modes, as presented in Figure 

3-11. The first type is the Frank-van der Merwe (or layer-by-layer) growth mode, where the 

crystallographic misfit between the substrate and the deposit is negligible. This results in 

strong interaction of the substrate with the deposit. If the crystallographic misfit becomes 



Theoretical background 

 
— 

42 

significant, the deposition of several monolayers is initiated, but due to the occurrence of 

strain, the growth of 3D crystals (which are unstrained) becomes favorable. This is called 

Stranski-Krastanov growth mode. Increasing the misfit even further, the interaction 

between substrate and deposit becomes unfavorable and the metal-metal interactions 

become more pronounced. This results in the 3D island growth and is called the Volmer-

Weber growth mode [114]. The latter is preferred when nanoparticles with high surface-

to-volume ratios are desired, which is thus preferred for our purpose.  

The challenge this technique faces, is to separate nucleation and growth in time, such that 

small and monodisperse particles can be obtained. For this reason, it is important to make 

a distinction between single – and dual pulse electrodeposition. During the single pulse 

deposition, the nucleation and growth takes place at the same time. This can possibly lead 

to the deposition of particles with different sizes.  

In order to gain more control during electrodeposition, the dual-pulse mode was 

introduced. Here, two subsequent pulses are applied, separating nucleation and particle 

growth (Figure 3-12).  

 

Figure 3-12: Scheme of dual-pulse electrodeposition. 
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During the first pulse, a negative potential is applied for a short amount of time, leading to 

deposition of nuclei on the surface. Subsequently, in the second pulse, a less negative 

potential for a longer amount of time is applied. This enables the nuclei to grow but no new 

nuclei to form. This approach allows an improved control over the monodispersity of 

particles because one is able to fine-tune the deposition by varying nucleation and growth 

potential and nucleation and growth time. The use of electrodeposition has increased over 

the last years because it provides many tunable parameters such as applied potential or 

current, time, temperature and electrolyte composition. The disadvantage upon using this 

technique is the influence of the substrate on the deposition quality [115]. The roughness 

can have a great influence on the reproducibility, as will be discussed in Chapter 4.  

Thermal decomposition is used as a synthesis technique where a compound breaks down 

upon heating. This happens at high temperatures, since most of these reaction are 

endothermic as heat is required to break bonds. In this study, a metal precursor along with 

a capping agent are dissolved in an organic solvent. The capping agent regulates the growth 

of the particles and by adjusting the ratio of capping agent vs. precursor, the particle size 

can be adjusted. Additionally, the binding strength between capping agent and precursor 

influences the monodispersity of the particles [116]. In this study, tetradecylphosphonic 

acid (TDPA) is used to ensure monodispersity of the particles. During the synthesis, TDPA 

and Cu form an intermediate polymer lamellae (Figure 3-13, due to nano-segregation of 

the ligand [117]–[119]), which is crucial for size focusing and monodispersity, indicating the 

fundamental role of TDPA in the pre-nucleation stage.  

The synthesis is a very robust method owing to the slow growth rate that is achieved when 

using TDPA as a surfactant as compared to others [120]. This slow growth rate originates 

from the strong binding abilities of TDPA with the Cu-precursor. 
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Figure 3-13: Formation of polymer lamellae during the thermal decomposition 

This method is widely used because it is a straight forward and robust method and the 

synthesis can easily be upscaled making this an attractive route. The advantage compared 

to electrodeposition is the absence of a substrate and therefore the synthesis of the 

catalysts is not influenced by its nature.  

Galvanic displacement is a natural occurring process and takes place when a base metal is 

replaced by an ion (present in the solution) having a higher reduction potential than the 

metal ion which is being replaced [121].  

Galvanic displacement is used in this study to cover Cu NPs with an Ag shell (Figure 3-14). 

Cu atoms at the surface are being replaced by Ag ions in the solution. This means that Cu 

(E0 = 0.34 V) metal atoms are oxidized and dissolved and Ag (E0 = 0.779 V) ions are reduced 

and deposited onto the remaining Cu NP surface.  

𝐶𝑢 →  𝐶𝑢2+ +  2𝑒−  3.9                                            

2𝐴𝑔+ +  2𝑒−  → 2𝐴𝑔  3.10 
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Figure 3-14: Illustration of the principle of galvanic displacement between Cu and Ag 

Galvanic displacement allows the synthesis of thin bimetallic interfaces. Since Cu and Ag 

are almost immiscible, it enables the synthesis of nanodimers and core-shell catalysts.  
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This chapter presents the electrodeposition of Cu (nano)particles on a gas diffusion 

electrode. The possible effect of pre-treating the GDE with respect to the deposition of a 

catalyst is investigated. First, the GDE surface is pre-treated with four different solutions 

to improve its hydrophilicity. The impact of the GDE pre-treatment on the size and 

morphology of the nanoparticles is then investigated. Additionally, the effect of the dual 

pulse parameters on the size and distribution will be investigated on the pre-treated GDE. 

Finally, the stability of electrodeposited Cu, under electrochemical conditions, is 

compared to spray-painted Cu GDEs. 

 

This chapter has been published as: L. Pacquets, E. Irtem, S. Neukermans, N. Daems, S. 
Bals, T. Breugelmans, Size-controlled electrodeposition of Cu nanoparticles on gas 
diffusion electrodes in methanesulfonic acid solution, Journal of Applied 
Electrochemistry, (51) 2021, 317-330. 

All electrochemical measurements were performed by Lien Pacquets. 
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 Introduction  

Electrocatalysis related to CO2 reduction and its potential to combat global warming was 

described in Chapter 1. It was noted that depending on the catalyst material, the product 

distribution could be altered [122]. Additionally, the importance of particle size, 

morphology and alloying was highlighted. The main objective of this PhD research will be 

to synthesize Cu-Ag bimetallic nanoparticles, since they are known to improve CO 

production. Therefore it will be important to synthesize monodisperse Cu cores in a 

reproducible manner, such that they can serve in a later stage as the basis to obtain the 

Cu-Ag bimetallic nanoparticles. In this chapter, the aim is to synthesize monometallic Cu 

nanoparticles with a particles size preferably below 10 nm, as within this range, the surface-

to-volume ratio and the electronic effects come into play. 

The Cu cores will be synthesized by electrodeposition. This technique has drawn a lot of 

attention because it enables good control over the synthesis process, which is a key factor 

in catalyst optimization. Using this approach, one or more negative potentials are applied 

in order to reduce the Cu ions, in the electrolyte solution, into Cu metal on the substrate. 

By changing the applied potential, the particle size and distribution can be tuned. 

In addition to the deposition method, the nature and the structure of the support play an 

important role in determining the morphology of the nanoparticles. Most of the literature 

studies report the use of glassy carbon (GC) electrodes as support for copper 

electrodeposition [123]–[126]. However, for industrial applications (e.g. fuel cells [127] or 

biosensors [128]), a popular approach is to replace GC electrodes with gas diffusion 

electrodes (GDEs) [127]–[134]. The advantage of using gas diffusion electrodes (GDEs) 

instead of glassy carbon relies on its large resulting surface area because deposition inside 

the carbon paper is also possible. Additionally, it allows a better supply of CO2 to the 

catalyst surface. Therefore, we aim to synthesize monodisperse Cu nanoparticles on a 

rough surface, in a reproducible manner.  

Since a GDE is hydrophobic, the surface is pre-treated to increase its hydrophilicity and to 

improve the deposition of Cu. To elucidate the impact of this pre-treatment and thus 

hydrophilicity on the Cu deposition, the CV measurements, surface pH and SEM images 

were analyzed. The effect of the pre-treatment on the nucleation mechanism was 

analyzed. Subsequently, the size of the Cu (nano)particles was altered by varying the dual 

pulse parameters and its EASA was compared to single pulse deposited particles. Finally, 
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the stability of the electrodeposited Cu was evaluated compared to spray-painted Cu to 

investigate the benefit of using electrodeposition as synthesis method. 

 Experimental 

4.2.1 Chemicals 

Copper sulfate pentahydrate (CuSO4.5H2O, 99 %) was purchased from Riedel-de Haën. 

Methane sulfonic acid (MSA, 70 % aq. sol.) were purchased from Alfa Aesar. Triton ® X-100 

(TX100) was purchased from Acros organics. Nitric acid (HNO3, 70 % aq. sol.) and sodium 

hydroxide (NaOH, pellets) were purchased from Chem-lab and Sigma-Aldrich, respectively. 

All solutions were prepared in ultra-pure water (MQ, Milli-Q grade, 18.2 MΩ cm), 

previously purged with argon prior to deposition 

4.2.2 Electrochemical set-up 

The electrodeposition of Cu was performed in a 4-electrode set-up, where a WE (4 cm2) 

consisting of carbon paper (Toray paper) was placed in between 2 CEs (8 cm2) made of 

carbon paper (Sigracet ® 39 AA). A saturated Ag/AgCl RE was positioned next to the WE. 

The measurements were performed with a Bio-logic VSP-300. All potentials applied in the 

experiments were derived from cyclic voltammetry (CV) measurements.  

4.2.3 Preparation of the GDE 

Before the synthesis of Cu on a GDE, a surface modification of the GDE was applied to 

ensure a higher hydrophilicity and thus an easier deposition. Therefore, the GDEs were 

treated with either MQ, 0.1 M acid (HNO3), 0.1 M base (NaOH) or 10 mM surfactant (TX100) 

for 24 h at room temperature after which the proper surface treatment was selected for 

further experiments. The GDEs were washed 3 times with MQ and dried in a desiccator.  

The dual pulse experiments, which consisted of 2 consecutive pulses, were carried out in a 

solution containing 10 mM CuSO4 (as often used in literature [135]–[137]) and 2 M 

methane sulfonic acid (MSA) (essential to maintain an acidic environment to avoid Cu 

oxidation and an eco-friendly alternative for the commonly used H2SO4, i.e. reduced 

toxicity and biodegradable [125], [138]–[141]). In the first pulse, the nucleation pulse, the 

potential is stepped from open circuit potential (OCP, where no reaction occurs) to a 

potential negative enough to deposit Cu nuclei onto a substrate. In a second pulse, called 
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the growth pulse, the nuclei of the first pulse grow at a potential more positive to the first 

one (resulting in less driving force), which inhibit the formation of new nuclei. Besides using 

TX100 during the pre-treatment of the GDE, it can also be added to the deposition solution 

of Cu. The addition of TX100 into the deposition solution, results in the deposition of Cu 

inside the HNO3 pre-treated GDE. This ensured an even better Cu coverage in the interior 

of the GDE.  

Once the optimal pre-treatment was selected, the impact of the deposition parameters, 

both the nucleation pulse as well as the growth pulse parameters were altered to 

investigate their impact on the resulting material. At first, the nucleation potential (En) was 

varied between -0.5 V and -1 V. The nucleation charge (Qn) was kept constant at -28.2 mC 

(≈ nucleation time of 1 s). The growth potential (Eg) and growth charge (Qg) were altered 

between 0.05 V and 0.1 V and -67.5 mC, -135 mC and -270 mC, respectively.  

4.2.4 Electrochemical and electrode surface analysis 

Differences in pre-treatment of the GDE on the Cu electrodeposition mechanism were first 

analyzed by CV measurements, within a potential range of -0.7 V and 0.7 V, with a scan rate 

of 50 mV s-1. Next, the nucleation mechanism of the Cu electrodeposition on pre-treated 

GDEs was studied using CA experiments. The potential was stepped from the open circuit 

potential (OCP) to -0.3 V with a charge of 2.18 C. Both experiments were performed in a 

solution containing 0.1 M CuSO4 and 2 M MSA.  

Additionally, the point of zero charge of the GDEs was determined after pre-treatment 

using the pH drift method, also called the solid addition method [142]. This allowed us to 

determine whether the surfaces were positively or negatively charged, which led to a 

possible explanation for the shift in the CV curves that could be observed experimentally. 

Therefore, solutions of 5 mL of 0.01M NaCl were bubbled with argon to remove the 

dissolved CO2. The pH of the solutions was adjusted between 6 and 11 with an increment 

of 1 using 0.01 M HCl and NaOH. An amount of 15 mg of pre-treated carbon paper was 

added and the solution was stirred for 24 h. The final pH was plotted against the initial pH. 

The intersection point of this curve with the reference curve is considered the point of zero 

charge. The reference curve is a straight line where final pH and initial pH coincide.  

An FTIR spectrum of the TX100 pre-treated GDE was recorded between a wavelength of 

399 cm-1 and 4000 cm-1. The GDE used was pre-treated with a 0.05 M TX100 at 80 °C. This 
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was necessary because the GDE needed to be crunched, mixed with KBr and pressed into 

a tablet.   

The EASA was calculated by performing capacitance measurements using cyclic 

voltammetry. GDE3 (Table 4-1) was used as an example of the dual pulse technique. As 

benchmark single pulse electrodeposition was used to calculate the relative EASA and was 

performed in a 10 mM CuSO4 and 2 M MSA solution (purged with Ar) applying -0.5 V vs. 

Ag/AgCl sat. to deposit a loading of -0.096 C. Different CV measurements were performed 

at scan rates going from 150 mV s-1 to 25 mV s-1 with an increment of 25 mV s-1 within a 

potential range of ± 40 mV vs. OCP. The experiment is also performed on the blank GDEs 

before depositing any Cu to eliminate the difference in capacitive current between 

different GDE electrodes. The current obtained during this experiment is subtracted from 

the measured current after depositing Cu onto the GDE. Hereafter, the current at OCP (of 

the second cycle) was plotted against the scan rate. The slope of the trendline is a measure 

of the EASA.  

Surface morphology and changes in particle size were studied with a scanning electron 

microscope (SEM, FEI Quanta 250) at 5 kV using secondary electrons. 

4.2.5 Stability test  

The stability of electrodeposited Cu on the GDE surface, with a loading of 0.18 mg cm-2, was 

tested by applying a constant potential of -1.0 V vs RHE for 4 hours in a solution of 0.5 M 

KHCO3 (saturated with CO2), using an H-type cell at room temperature. These results were 

compared to spray-painted Cu on GDE, with a loading of 0.2 mg cm-2. Cu was spray-painted 

using a solution of Cu (Sigma Aldrich 14-25 µm) and isopropanol (IPA). 

After the experiment, the electrolyte samples were diluted 10 times and adjusted to 1 % 

HNO3 (Merck, Suprapur). The acidic solutions were analyzed via inductive coupled plasma 

mass spectrometry (ICP-MS, Agilent 7500). 

 Results and discussion 

4.3.1 Influence of the pre-treatment of GDE 

Figure 4-1 shows the first cycle of the CV experiments for the HNO3, MQ, NaOH and TX100 

pre-treatments. Shifts in the peak potential of Cu are observed, which is a significant 
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indication that the pre-treatment has an effect on the electrodeposition of Cu on GDE. The 

HNO3, NaOH and TX100 pre-treatments can be compared to the MQ pre-treatment, which 

functions as benchmark. The use of HNO3 results in a positive potential shift, from -0.28 V 

to -0.22 V, compared to MQ, due to the fact that carboxylic groups are present at the GDE 

surface after the acid treatment [143]–[145]. These groups could possibly enhance the 

surface hydrophilicity, leading to a smoother electrodeposition of Cu on these surfaces. For 

TX100, a negative shift (from -0.28 V to -0.34 V) is observed compared to MQ. NaOH has 

the same effect as TX100 and again a negative shift (from -0.28 V to -0.32 V) is found.  

 

Figure 4-1: First cycle of CV measurements of MQ (dashed), HNO3 (dotted), NaOH (solid) and TX100 (dash 
dotted) treatment with a scan rate of 50 mV s-1 (potential are plotted vs Ag/AgCl saturated) 

Surface pH measurements (Figure 4-2) indicate that when using NaOH and TX100, the point 

of zero charge is located at pH 8.0 and pH 7.8, respectively. The Cu deposition solution has 

a pH lower than 1, inducing a positively charged surface, which results in the repulsion of 

Cu-ions and thus explains the need for a more negative potential to initiate the deposition 

of metallic Cu. Comparing this to HNO3, which has a surface pH of 2.7, we can conclude that 

the surface, in case of HNO3, will have a negative charge compared to TX100 and NaOH. 

This could indicate that the copper ions can encounter less repulsion in this case, which 

confirms the results of the CV measurements, as they indicated that a less negative 

potential is necessary for HNO3. To summarize, a positive shift in peak potential is observed 

when using HNO3 compared to MQ because of the negatively charged surface of the GDE 

due to its pre-treatment as such attracting the Cu-ions. The negative shift of TX100 and 

NaOH can potentially be explained by the more positively charged surface, which causes 

the repulsion of the positive Cu-ions resulting in the need for a more negative potential to 

reduce Cu-ions to metallic Cu on the GDE surface. Nevertheless, it should be noted that the 
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roughness of the surface can have a significant effect on the electrodeposition as well. The  

defects at the surface caused by the roughness can contribute to a difference in nucleation 

of Cu.  

 

Figure 4-2: Determination of point of zero charge of TX100 (dashed), NaOH (dotted) and HNO3 (dash dotted) 
pre-treated GDEs in a pH range of 2 to 11 with an increment of 1 

In addition to the electrodeposition potential, the current density at the peak potential is 

an important parameter since it is directly related to the amount of deposited Cu. When 

comparing these peak current densities for the different pre-treatments, it can be observed 

that HNO3 displayed a threefold drop in current density with respect to MQ. In case of 

NaOH and TX100, only a twofold drop in current density was perceptible. These lower 

current densities might be caused by the functional groups present at the surface as they 

can potentially inhibit the interaction of Cu with the surface. We hypothesize that Cu-ions 

are less abundant in the visinity of the eletrode surface, resulting in a lower current 

compared to the MQ blank.  

In case of NaOH and HNO3, a shoulder is present on the anodic peak, which would be 

attributed to the desorption of Cu from the surface after specific adsorption of Cu-ions 

during the reduction peak. During the CV measurements, a nucleation loop (NL) is present 

in case of NaOH and TX100. The NL appears in the potential range where nucleation occurs 

and is characterized by a cross over between the forward and reversed scan and where the 

current in the reversed scan is higher (more negative) than in the forward scan [146]. This 
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is a typical behavior for the deposition of metallic Cu nuclei on a foreign (in this case GDE) 

surface and indicates that the deposition of Cu is easier on the already present Cu nuclei in 

comparison to the bare GDE substrate. The fact that only NaOH and TX100 exhibit such a 

NL is caused by its positively charged surface, which obviously repels the positive Cu ions. 

Once some Cu nuclei are formed, deposition will become easier on this growing nuclei 

explaining this loop. For the HNO3-treated GDE this NL is not found as the positive Cu ions 

are attracted to the negatively charged surface making its deposition favorable from the 

start of the experiment [147]. 

In order to get a better understanding of the change in morphology, we investigated the 

nucleation mechanism of the Cu electrodeposition using current-time transient curves. The 

potential was shifted from an initial value, where no electrodeposition occurred to a 

potential (-0.3 V) negative enough to induce the electrodeposition of Cu.  

 

Figure 4-3: Current-time transient curves of Cu electrodeposition on HNO3 (solid), MQ (dotted), NaOH (dashed) 
and TX100 (dash dotted) pre-treated GDE 

Figure 4-3 shows the current-time transient curves of the Cu electrodeposition using the 4 

pre-treatments of the GDEs. The current increases due to the charging of the double layer, 

the formation of extra nuclei and the increase in size of the nuclei, reaching a maximum in 

current. A maximum in current is reached within 1 s in case of HNO3, NaOH and MQ. Using 

TX100, on the other hand, it took up to 3 s to reach a maximum in current. After this point, 
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diffusion zones start to overlap (deposition rate slows down), which results in a reduced 

surface area, leading to a decrease in current because of the transition to planar diffusion 

of Cu-ions to the growing islands [148]–[150]. The difference observed for TX100 in 

comparison to the other 3 pre-treatments (longer time to maximum current) might indicate 

the existence of another (slower) nucleation mechanism for TX100, which will be 

elaborated later on [151].  

To determine the nucleation mechanism, the current-time transient curves were 

normalized and compared to the Scharifker-Hills model [152] using equation 4.1 and 4.2. 

According to this model, the nucleation can occur either through an instantaneous process 

or through a progressive route. The following equations describe the nucleation process 

for 3D nucleation with crystal growth dominated by localized hemispherical diffusion.  

(
𝑖

𝑖𝑚
)

2
=

1.9542
𝑡

𝑡𝑚

(1 − 𝑒
−1.2564

𝑡

𝑡𝑚)
2

(instantaneous nucleation)  4.1 

(
𝑖

𝑖𝑚
)

2
=

1.2254
𝑡

𝑡𝑚

(1 − 𝑒
−2.3367

𝑡

𝑡𝑚)
2

(progressive nucleation) 4.2 

Where I is the current, Im is the maximum current, t is time and tm is the time at the 

maximum current. As can be observed in Figure 4-4, the transients from the experimentally 

obtained curves for MQ, HNO3 and NaOH are in good agreement with the theoretically 

calculated curve for instantaneous nucleation, although a small deviation for NaOH is 

observed. This means that for all 3 cases, the nucleation occurs immediately at the 

beginning of the electrodeposition and no new nuclei are formed during the rest of the 

experiment. The experimental curve of TX100 overlaps with the progressive model, 

meaning nucleation proceeds via progressive nucleation, where nuclei are progressively 

formed throughout the experiment, and thus nucleation also occurs at later stages during 

the electrodeposition. This can be explained as follows. During the TX100 pre-treatment, 

long carbon chains are adsorbed on the GDE surface. If we analyze the FTIR spectrum of a 

TX100 pre-treated GDE in Figure S 4-1, 2 peaks at 2870 cm-1 and 2960 cm-1 are observed 

indicating the presence of methyl groups. These methyl groups are present in the TX100 

molecule at the end of the molecular structure thus proving the presence of TX100 at the 

GDE surface. These carbon chains could potentially block the surface, potentially inhibiting 

the interaction of Cu-ions with the surface. Consequently, Cu-ions are less abundant in the 

visinity of the eletrode surface. At a high enough deposition time, the transient starts to 
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approach the curve of instantaneous nucleation. At that point, diffusion zones are 

overlapping and the formation of new nuclei becomes impossible at these zones [153].  

 

Figure 4-4: Non-dimensional i2 im-2 vs. t tm
-1 of the current-time transient curves, shown in Figure 4-3, compared 

to the theoretically calculated curve of instantaneous and progressive nucleation 

As evidenced by Figure 4-4, TX100 follows another nucleation mechanism than HNO3, MQ 

and NaOH. This is caused by steric hindrance and manifests itself in the growth of alternate 

morphologies as clearly visible in the SEM images (Figure 4-5). Major changes are perceived 

between TX100 and the other pre-treatments, which results in the electrodeposition of 

hemispherical particles (1.7 µm ± 0.04 µm, Figure 4-6 D), consisting of smaller cubic shaped 

particles (200 nm) as opposed to the spherical shaped particles that were observed for the 

other pre-treatments (indicated by the arrows). It is clear that the use of TX100 limits the 

growth in certain directions by preventing certain facets from growing and at the same 

time promoting the growth of those facets that are not limited by the presence of TX100. 

This in turn results in the production of specifically shaped particles, or in this case where 

the growth of cubes is promoted.  
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Figure 4-5: Impact of surface pre-treatment on the electrodeposition of copper particles: single pulse 
electrodeposited Cu on MQ (neutral); HNO3 (acid); NaOH (alkaline); TX100 (surfactant) pre-treated GDEs. Pre-
treatment with MQ leads to particles with a smooth surface and a particle size of 0.8 µm; pre-treatment with 
HNO3 results in a more rough surface and a particle size of 1.0 µm; pre-treatment with NaOH gave more edged 
particles with a size of 1.8 µm; pre-treatment with TX100 resulted in hemi-spherical particles consisting of 
smaller cubic particles, these particles had a size of 1.7 µm. 

 

MQ-H2O (neutral) HNO3 (acid) 

NaOH (alkaline) TX100 (surfactant) 
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In conclusion, while it is clear that TX100 results in a different, progressive, nucleation 

mechanism the rationale between this behavior is not as clear. We hypothesize, this can 

have two potential causes. First, as already mentioned before by decreasing the presence 

of Cu at the substrate, it can be expected that the formation of nuclei is also delayed when 

using TX100. Second, it is possible that the growth facets, which are blocked from growing 

by TX100, allow a slower nucleation and thus lead to the progressive process.   

 

Figure 4-6: Particle size distribution of (A) HNO3; (B) MQ; (C) NaOH and (D) TX100 pre-treatment 

On the contrary, only small changes in morphology exist between the pre-treatments with 

MQ (0.8 µm ± 0.02 µm, Figure 4-6 B), HNO3 (1.0 µm ± 0.02 µm, Figure 4-6 A) and NaOH (1.8 

µm ± 0.06 µm, Figure 4-6 C), which all proceed through instantaneous nucleation. The 

particle size using MQ varies slightly compared to HNO3. The latter gives rise to a more 

uniform and dense particle distribution. Even more so, it allows deposition of particles on 

the inner matrix just beneath the surface of the GDE thus results in a better coverage and 

bigger (active) surface area (Figure S 4-2 and Figure S 4-3). In addition to lower overvoltage 

requirement, the particles obtained using HNO3 appear rougher compared to MQ 

treatment, resulting in an increased surface area which is beneficial for catalytic purposes. 
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Since the pre-treatment with HNO3 gives rise to a more homogeneous particle distribution 

with an increased particle roughness, it was selected as the most optimal pre-treatment 

and will be further used to investigate the impact of the deposition parameters on the Cu 

size and distribution. 

4.3.2 Dual pulse electrodeposition of Cu on HNO3 pre-treated GDE 

In the first stages of growth it is plausible that the nuclei, formed in the preceding step, 

grow independently of each other. When the growth evolves, nuclei start to become bigger 

nanoparticles which eventually can result in the overlap of the diffusion zones of the 

particles, meaning the particles can no longer grow freely in all directions and will start 

agglomerating.  

The influence of the nucleation potential on the particle size and the particle density is 

shown in Figure 4-8 A and C. Upon increasing the nucleation potential, more energy is 

entering the system and more nuclei are deposited at the same time, leading to a greater 

particle density [137], [148], [154], [155]. More particles are deposited and therefore, the 

available amount of energy needs to be divided between them, leading to smaller particles. 

It is clear that the particle density and their size on the electrode surface depend on the 

nucleation pulse.  

Table 4-1: Deposition parameters for the dual pulse deposition of Cu in 10 mM CuSO4 and 2 M MSA 

Electrode 

number 

Nucleation 

potential/V 

Nucleation 

time/s 

Growth 

potential/V 

Growth 

charge/C 

Particle 

size/nm 

GDE1 -0.5 1 -0.1 -0.27 148 ± 3 

GDE2 -0.75 1 -0.1 -0.27 91 ± 1 

GDE3 -0.5 1 -0.1 -0.0675 45 ± 1 

GDE4 -0.5 1 -0.1 -0.135 136 ± 3 

GDE5 -1 1 -0.05 -0.135 61 ± 2 

GDE6 -1 1 -0.1 -0.135 55 ± 1 

 

Comparing GDE1 with GDE2 and GDE4 to GDE6, the average size of the Cu particles is 148 

nm (Figure 4-7 A), 91 nm (Figure 4-7 B), 136 nm (Figure 4-7 D) and 55 nm (Figure 4-7 F), 

respectively.  
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Figure 4-7: Particle size distribution of electrodeposited Cu op HNO3 pre-treated GDE: (A) GDE1; (B) GDE2; (C) 
GDE3; (D) GDE4; (E) GDE5; (F) GDE6 

This indicates that the particle size decreases with the nucleation potential. Histograms of 

GDE1, GDE4 exhibit two maxima. This is related with the ability of the particles to 

aggregate. Small nuclei, which are within a specific radius attract each other, forming first 

order agglomerates. These same nuclei can also form larger agglomerates, leading to a 

different particle size [156]. In addition, a higher particle density was observed with a 

negative increment of the nucleation potential (-0.75 V and -1 V compared to -0.5 V), which 

partially validates the smaller particle size as the same loading was deposited. Another 

possible cause for the smaller size is the theory of nucleation and growth of nuclei. This 

theory states that the radius of a particle is inversely proportional to the nucleation 

overpotential, meaning more negative nucleation potentials lead to a smaller radius of the 

nuclei. This is related with the critical nuclei radius, which is larger when using less negative 

nucleation potentials. As such at more negative potentials, more nuclei will meet the 

required critical size leading to a higher particle density (and thus smaller particles) on the 

surface [154], [157]. Smaller nanoparticles are thus obtained using more negative 

nucleation potentials [158].  
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Figure 4-8: SEM images of Cu electrodeposition in MSA on GDE via dual pulse with different nucleation 
potentials (A, B) GDE1 and (C, D) GDE2 

From Figure 4-9 it is clear that the size of the Cu particles alters with the growth charge 

(which is correlated to the growth time). Considering GDE1, GDE3 and GDE4, the mean 

radius of the particles enlarged with increasing growth charge (Figure 4-7 A, C and D).  

 

Figure 4-9: SEM images of Cu electrodeposition in MSA on GDE via dual pulse with varying growth charge (A) 
Qg -0.0675 C, GDE3; (B) Qg -0.135 C, GDE4 and (C) Qg -0.270 C, GDE1 
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This is straightforward considering that the growth charge is proportional to the duration 

of the experiment. At larger growth charge, the particles are given more time and energy 

to grow, ultimately resulting in bigger particles. Using deposition parameters of GDE3, a 

particle size of 45 nm (Figure 4-7 C) was obtained, which increased up to 148 nm for GDE1, 

because of the smaller growth potential (and thus larger growth charge) employed, 

favoring copper ions to deposit on preformed Cu islands.  

The mean particle size decreases with an elevation in growth potential, as shown in Figure 

4-10. The mean radius of GDE5 and GDE6 decreases from 61 nm (Figure 4-7 E) to 54 nm 

(Figure 4-7 F), respectively. These experiments were performed using the same growth 

charge. If we look at the deposition time required to perform these experiments, it shows 

that using a less negative growth potential, a longer time was needed to deposit the same 

amount of charge. This would thus mean that by depositing the Cu nanoparticles for the 

same duration, the nanoparticles will be using -0.05 V compared to -0.1 V. The growth 

potential is linked to the growth rate. A more negative potential leads to a higher growth 

rate, which means particles grow faster and during the same amount of time, the particles 

will thus grow larger as compared to applying a less negative growth potential. 

 

Figure 4-10: SEM images of Cu electrodeposition in MSA on GDE via dual pulse with different growth potentials 
(A) Eg -0.05 V, GDE5 and (B) Eg -0.1 V, GDE6 

Using dual pulse leads to a better control in the electrodeposition of nanoparticles and 

smaller nanoparticles can be obtained compared to single pulse electrodeposition. This 

leads to an increased activity of the catalyst. To substantiate this assumption, the EASA of 

the nanoparticles deposited using single and dual pulse electrodeposition are compared. 

CV measurements are performed in a range ± 40 mV s-1 vs. OCP to make sure no faradaic 

contribution would be present during the experiment and only a capacitive current was 

measured. The scan rate varies from 150 mV s-1 to 25 mV s-1 with an increment of  

25 mV s-1. The difference in current at OCP of the second scan is plotted against the scan 
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rate in Figure 4-11. The slope of the trendline using single pulse is 10 times smaller than 

the slope of the dual pulse technique. Since the slope is an indication of the EASA of the 

deposited Cu nanoparticles, we can conclude that using dual pulse electrodeposition a 

bigger surface area is obtained, which will lead to higher activity of the catalyst.  

 

Figure 4-11: Plot of capacitive current against scan rate (A) single pulse; (B) dual pulse electrodeposition in 0.1 
M HClO4 with scan rates going from 150 mv s-1 to 25 mV s-1 with an increment of 25 mV s-1 

As well-known from literature, the particle size of Cu, deposited on GC, can vary from the 

nanometer scale [159], [160] to the micrometer range [161]. In this paper, we were able to 

control the particle size within the same range as literature states for the electrodeposition 

of Cu on GC, only we are using a rough surface. This has the advantage of increasing the 

active surface area and by doing so, higher current densities can be obtained.  

All dual pulse parameters tested in this research have their own effect on the particle size 

and the particle distribution. The same trends were observed performing dual pulse 

electrodeposition of Cu on glassy carbon (smooth substrate).  
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Figure 4-12: Particle size distribution of electrodeposited Cu on HNO3 pre-treated GDE using GDE1 parameter 
set 

From reproducibility tests (Figure 4-12), it is clear that another parameter, namely the 

constantly changing surface, plays an important role. This means, because of the rough 

surface of the GDE, the substrate is not always exactly the same, meaning it is difficult to 

deposit the particles with the same size upon reproduction. Nevertheless, this research 

opens perspectives about the electrodeposition of Cu onto rough surfaces. From this 

research it is clear the effect of the surface cannot be neglected and has to be taken into 

account. 

4.3.3 Stability tests of Cu/GDE 

Cu and its oxides are often used as electrocatalysts for CO2 reduction because of their 

ability to convert it to higher value added chemicals such as methane and ethylene [123], 

[162]. This explains why the stability experiments for the Cu/GDEs, synthesized through 

electrodeposition and spray-painting, were tested under conditions often used in literature 

when investigating the CO2 reduction. A potential of -1 VRHE was applied for 4 h in a CO2-

saturated electrolyte containing 0.5 M KHCO3. The electrolyte was tested with the ICP-MS 

for Cu suggesting possible detachment of Cu and hence instability of the electrocatalyst. 

When calculating the loss of Cu for the electrodeposited and the spray-painted Cu, 0.16 % 

and 0.72 % of Cu detached from the surface, respectively. This enables us to conclude that 
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almost no Cu was present in the solution, thus suggesting they were both stable for 4 h 

under working conditions. However, when compared to each other, the percentage of Cu 

detaching from the surface when using the electrodeposited Cu was 22 % lower than spray-

painted Cu.  

 

Figure 4-13: Current response for stability testing, comparing electrodeposited Cu (black, solid) and spray-
painted Cu (red, dotted) when applying -1 V vs. RHE using a CO2 saturated electrolyte containing 0.5 M KHCO3 

During the first minutes of the experiment using spray-painted Cu, the current decreases 

(to more positive values) drastically, as shown in Figure 4-13. After 30 min, an extreme 

current increase (to more negative currents) was observed. A possible hypothesis is that 

the Cu detaches during the first minutes of the experiment and redeposits after 30 min. 

This explains the fluctuating graph at the beginning of the experiment.  

The reason for the detachment in both cases lies in the production of gases during the 

experiment, which are visible at the GDE surface. The detachment of Cu in regard to the 

spray-painted Cu was larger since it is not chemically bonded to the surface of the GDE as 

it was for electrodeposited Cu. This also explains the sudden drop during the first period of 
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the experiment. Once the detached Cu was redeposited, the current was more stable. 

Additionally, electrodeposition ensured the deposition of Cu in the inner matrix of the GDE. 

Nevertheless, the current drops which could be due to the sintering of the NPs.  

 Conclusions  

This chapter focused on the improvement of Cu deposition onto rough surfaces (e.g. GDE 

substrates). The results in this chapter indicated that pre-treating the hydrophobic GDE 

surfaces can potentially affect the Cu electrodeposition. Comparing the nucleation mode 

of the pre-treatments, TX100 deviated from HNO3, NaOH and MQ (progressive vs. 

instantaneous for the other 3) which reflected itself in the SEM analysis. Whereas on TX100 

pre-treated GDEs hemispherical particles consisting of smaller cubic-like particles were 

obtained, HNO3, NaOH and MQ pre-treated GDEs exhibited more spherical-like particles. 

In addition, differences in surface charge were acquired: NaOH > TX100 > HNO3 with 

decreasing positive charged surface. We hypothesize this could potentially affect the 

nucleation and growth on pre-treated surfaces. Nevertheless, the roughness of the GDE 

surface can initiate defects as such that the electrodeposition was affected as well and 

therefore can potentially contribute to a difference in nucleation of Cu. 

Because of the rough surface of the GDEs, it was more difficult to control the 

electrodeposition of Cu. Reverting to dual pulse can potentially result in an improved 

control over the Cu deposition, as more parameters can be adjusted. By adjusting the 

parameters during the nucleation and growth pulse, a particle size of up to 45 nm could be 

obtained. Despite the improved control and obtaining particles in the nanometer range, 

reproducing the electrodeposition remained challenging. We hypothesize that this had to 

do with the roughness of the GDE surface, which impeded the synthesis of (nano)particles 

within the size range. Therefore, another synthesis approach will be investigated in the 

following chapter in order to obtain reproducible monodisperse Cu NPs.  
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 Supporting information 

 

Figure S 4-1: FTIR spectrum of a TX100 pre-treated GDE substrate 

 

Figure S 4-2: SEM-images of Cu electrodeposition in 0.1 M CuSO4 and 2 M MSA applying -0.3 V on MQ pre-
treated GDE 
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Figure S 4-3: SEM-images of Cu electrodeposition in 0.1 M CuSO4 and 2 M MSA applying -0.3 V on HNO3 pre-
treated GDE 
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Synthesis of Cu-Ag bimetallic 
electrocatalysts 

 

 

 

 

 

In this chapter, the synthesis of highly monodisperse sub-10 nm Cu-Ag bimetallic 

nanoparticles is discussed. Cu core nanoparticles are synthesized through a thermal 

decomposition method, followed by the galvanic displacement of Cu with Ag, resulting 

in a Ag shell. The influence of the capping agent-to-Cu ratio on the Cu particle size is 

investigated. Thereafter, the thickness of the Ag shell is altered by changing the reaction 

temperature, reaction time and concentration of Ag during the synthesis. Improved heat 

distribution positively affected the uniformity of the Ag shell. 

This chapter is in preparation to be published as: L. Pacquets, D. Choukroun, S. Hoekx, S. 

Arnouts, C. Li, N. Daems and T. Breugelmans, Synthesis of sub-10 nm Cu-Ag nanodimers 

and core-shell nanoparticles by thermal decomposition and galvanic displacement, 

Journal of nanomaterials, (2022). 

The Cu-Ag bimetallic nanoparticles have been synthesized by Lien Pacquets and Daniel 

Choukroun. 
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 Introduction   

At present, several methods have been explored for the effective synthesis of Cu cores 

surrounded Ag shells [163]–[166]. Mostly, complex methods involving toxic reducing 

agents were used to synthesize Cu cores [167]–[169] and there is still a need for more 

environmental friendly synthesis routes. Despite the increasing interest in Cu-Ag bimetallic 

particles, also the formation of the Ag shell remains challenging. Synthesis is often 

performed in water [170]–[172], potentially harming the metallic Cu core through 

oxidation, or shell formation occurred too fast hampering control over the shell thickness 

[173]–[175]. Alternatives to galvanic displacement were also reported and these typically 

required higher temperatures, as such inducing the self-nucleation of Ag [176]. 

Unfortunately, the currently available methods for Cu-Ag nanoparticles yield aggregation 

and broad size-distributions with instable shell formation are common [163], [164]. 

Therefore, it is important to design a route to obtain a robust process at which 

monodisperse core-shell nanoparticles with homogeneous Ag distribution across the shell 

can be synthesized. 

In Chapter 4, it was shown that the size of Cu (nano)particles could be controlled by altering 

the double pulse parameters during electrodeposition. Despite electrodeposition being a 

straightforward method, monodispersity could not be obtained due to the rough surface 

of the GDE. In this chapter, we report a facile multi-step synthesis method for Cu-Ag 

nanodimers and core-shells based on the thermal decomposition of Cu-precursor that is 

different compared to common literature. In this manner, it became possible to obtain 

monodisperse sub-10 nm Cu NPs in a reproducible manner. Subsequently, one or two 

galvanic displacement reactions were performed in an organic Ag-trifluoroacetate (TFA) 

solution. As a result, highly monodisperse Cu-Ag NPs with small sizes and different Ag 

concentrations were obtained. Several parameters were investigated to tune the synthesis 

towards the desired properties (i.e. monodisperse, variable  Cu size, uniform Ag shell, shell 

thickness). To this end, the influence of the TDPA-to-Cu (Tetradecylphosphonic acid used 

as capping agent) ratio on the particle size was investigated. Additionally, we investigated 

the effect of heating and stirring on the uniformity of the shell and the influence of the Ag 

concentration and the reaction time during galvanic displacement on the Ag shell thickness 

in Cu-Ag bimetallic NPs. Finally, we also improved the core-shell stability compared to 

particles typically found in literature by performing multi-step galvanic displacement and 

using a capping agent and storing solvent that are almost insoluble. 



Synthesis of Cu-Ag bimetallic electrocatalysts 

 
— 

73 

 Experimental 

5.2.1 Chemicals 

Copper(II) acetate monohydrate (Cu(II)OAc, p.a., Janssen Chimica), Trioctylamine (TOA, 

97%, Acros Organics), Ethanol (99.5% Extra Dry, AcrosSeal®, Acros Organics), iso-propanol 

(99.5%, AcrosSeal® Acros Organics), Tetradecylphosphonic acid (TDPA, 98%, Sigma Aldrich), 

Isoamyl ether (IAE, 99%, Sigma Aldrich) and silver trifluoroacetate (Ag-TFA, 99.99%, trace 

metal basis, Sigma Aldrich) were used without further purification unless stated otherwise. 

5.2.2 Preparation of Cu nanoparticles 

The Cu NPs were prepared using a modified synthesis method based on the approach 

proposed by Hung [116] and Osowiecki [177]. Since Cu is prone to oxidation when exposed 

to air, an air-free environment is crucial to ensure the growth of metallic Cu nanoparticles, 

which is an endothermic process [178]. Typically, 122 mg of Cu(II)OAc was mixed with 16.5 

mg, 82.3 mg or 278 mg TDPA (depending on the used ligand to CuOAc molar ratio; ratio 

0.1, ratio 0.5 or ratio 1.0, which will be further referred to as Cu0.1, Cu0.5 and Cu1.0, 

respectively) in 10 mL of TOA (pre-dried with molecular sieves to reduce the water 

content). Prior to synthesis, the mixture was brought under inert atmosphere using a 

Schlenk line by evacuating and refilling with Ar for several times. Subsequently, the mixture 

was heated to 105 °C and retained there for 1 h, while stirring, which ensured the 

dissolution of Cu(II)OAc and TDPA and eliminated any traces of available water [178]–[180].  

Next, the solution was rapidly heated to 180 °C with an increment of ~3 °C min-1 and 

maintained there for 30 min to ensure the reaction of Cu-precursor with TDPA resulting in 

the formation of an intermediate polymer lamellae (as discussed in Chapter 3). This 

intermediate is crucial for size focusing and monodispersity, indicating the fundamental 

role of TDPA in the pre-nucleation stage. The synthesis is a very robust method owing to 

the slow growth rate that is achieved when using TDPA as a surfactant as compared to 

others [120]. This slow growth rate originates from the strong binding abilities of TDPA with 

the Cu-precursor. Eventually, the temperature was further ramped to 270 °C with the same 

increment of ~3 °C min-1 and maintained at this value for another 30 min, inducing the 

growth of the Cu seeds upon reduction with TOA [181], [182]. After the particle growth, 

the heating block was removed and the 3-neck flask was quenched by immersing it in water 

at room temperature. This Cu NP mixture was then transferred under Ar to a glove box 

(Unilab Pro, MBraun) for particle purification.  
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The Cu NPs were purified using a 1:1 v/v mixture of ethanol and iso-propanol (cleaning 

solvent) and was added using a volumetric ratio of 1.25:1 cleaning solvent:reaction 

solution. Subsequently this mixture was centrifuged for 5-10 min at 5000 rpm and the 

precipitated Cu NPs were redispersed in hexane. This process was repeated three times 

and the cleaned Cu NPs were eventually redispersed and stored in hexane or redispersed 

in IAE as reaction solvent for further synthesis of the Cu-Ag nanocrystals (NCs). In the case 

of Cu0.1, further work-up was required as NPs with a broad size distribution were obtained. 

In order to separate the sub-10 nm NPs, centrifugation of the mixture in hexane was 

performed for 5-10 min at 5000 rpm, where the supernatant, afterwards, contained the 

desired nanoparticles. 

5.2.3 Fabrication of Cu-Ag nanocrystals 

Cu-Ag NPs were synthesized by galvanic displacement where Cu surface atoms are replaced 

by Ag atoms (Figure 5-1).  

 

Figure 5-1: 2-step synthesis process starting with the thermal decomposition of Cu(II)OAc followed by the 
galvanic displacement of Cu with Ag 

To achieve the Cu-Ag NPs, the as-prepared Cu NPs were redispersed in IAE, which serves 

as the reaction solvent during the galvanic displacement. It is an organic non-reducing 

solvent to avoid homogeneous nucleation of Ag (and as such Ag NP growth), allowing the 

dissolution of both TDPA-capped Cu NPs and Ag-TFA. The Ag-TFA salt was dissolved in IAE 

(11 mg in 3 mL) and depending on the original concentration of the Cu NPs solution, 

different volumes were added to the redispersed Cu NPs. An Ag content of 10-20 at.% 

(depending on the synthesis) was aimed for. Additionally, the temperature during the 

galvanic displacement was kept below 120 °C since Ag-TFA thermally decomposes at this 

temperature and would otherwise yield Ag NPs instead of an Ag shell [183]. The Ag 
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containing solution was gradually added to the Cu NPs containing solution while mixing to 

ascertain that the local concentration of Ag was kept low enough to prevent oversaturation 

as this would otherwise lead to homogeneous nucleation of Ag NPs instead of the Ag being 

used to form a shell around the Cu NPs [177], [184]. 

 

Figure 5-2: schematic representation of the different synthesis performed in this work (not to scale) 

The reaction mixture was stirred for 2 h at room temperature using a vortex. Afterwards, 

the Cu-Ag NPs were purified using the same cleaning method as mentioned in the previous 

section. The Cu-Ag NPs were eventually redispersed and stored in hexane, except for the 

Cu-Ag NPs prepared from Cu0.5. These NCs were subjected to a final synthesis step were 

another Ag-containing solution (20 at% Ag) was added and subsequently heated to 90 °C 

on a hot plate for 2 h either stirred or not stirred. In this study nanodimers and core-shells 

were synthesized with different Ag concentration of 14 at%, 15 at%, 22 at%, 23 at%, 41 

at%, 45 at% and 40 at% and will be referred as CuXAgY, were X represents the TDPA:Cu 

ratio and Y the concentration of Ag in at%, respectively. For example Cu0.5Ag41 are Cu@Ag 

core-shell NPs containing 41 at% Ag and descend from Cu NPs where a TDPA:Cu ratio of 0.5 
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was used. A schematic representation of the different syntheses performed is depicted in 

Figure 5-2. 

5.2.4 Characterization 

UV-VIS spectra were recorded using a Hitachi U-2001 instrument in the range of 300 – 800 

nm. All suspensions were diluted 100 to 200 times in hexane. These spectra were a first 

indication of the presence of Ag.  

Oxidation tests were performed to indicate the presence of a full covering Ag shell. For this 

purpose, all Cu-Ag and Cu suspensions were diluted 100 to 200 times in hexane. In a next 

step, hexane was removed by evaporation, exposing the particles to air, after which they 

were redispersed in hexane. If the shell is incomplete this resulted in a change in color of 

the solution before and after redispersion from dark red (metallic Cu) to green (oxidized 

Cu). If the Ag shell was fully covering the Cu core, the solution remained dark red.   

Quantification of the bulk metal concentrations was conducted using an Agilent 7500 Series 

Inductively Coupled Plasma Mass Spectrometer (ICP-MS). 100 µL of the as-prepared Cu-Ag 

and Cu mixtures were digested with aqua regia or nitric acid at 70 °C overnight after which 

the sample was diluted and analyzed.  

Particle size distribution and quantification were deduced from HAADF-STEM images 

combined with EDS and EELS mapping using an aberration corrected Thermo Fischer 

Scientific Titan electron microscope operated at 300kV and a Thermo Fischer Scientific 

Osiris electron microscope operated at 200kV. The TEM samples were prepared by drop 

casting the as-prepared Cu-Ag and Cu solutions on an ultra-thin film Au TEM grid inside the 

glove box. These grids were cleaned in a mixture of activated carbon and ethanol to remove 

the ligands prior to the electron microscopic investigation.  

 Results and discussion  

5.3.1 Importance of the Ligand-to-Cu ratio on the particle size 

In contrast to literature [177], [185], [186], TDPA was elected as surfactant which operated 

as capping agent, ensuring complex formation of the Cu(II)OAc and allowing stabilization 

and storage of the as-prepared Cu NPs in organic solvents by preventing post-synthesis 

agglomeration [187]. 
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In this work, the influence of the TDPA:Cu ratio was investigated employing molar ratios of 

0.1, 0.5 and 1.0. HAADF-STEM images of the as-prepared Cu NPs using different TDPA:Cu 

ratios are provided in Figure 5-3.  

 

Figure 5-3: As-prepared Cu NPs with a TDPA:Cu ratio of (A) 0.5 and (B) 1.0, (C) 0.1 before size selection and 
(D) 0.1 after size selection,  

By employing different TDPA:Cu ratios, the size of the Cu NPs could clearly be altered. A 

ratio of 0.5 resulted in particles which were 6.7 nm (Figure 5-4 (B)) in size compared to a 
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ratio of 1.0 which resulted in a mean particle size of 12.3 nm (Figure 5-4 (C)). After the 

synthesis, a bulk concentration of respectively 1.83 mg mL-1 and 1.81 mg mL-1 was obtained.  

 

Figure 5-4: Particle size distribution Cu NPs with different TDPA:Cu ratios of (A) R=0.1 (Cu0.1 after size 
selection, 7.2 nm ± 0.9 nm), (B) R=0.5 (Cu0.5, 6.7 ± 0.6 nm) and (C) R=1.0 (Cu1.0, 12.3 nm ± 0.7 nm).  

The use of TDPA as a surfactant in this synthesis has thus led to the formation of small 

closely packed monodisperse Cu NPs. Nevertheless, a minimum amount of TDPA is 

required to achieve monodisperse nanoparticles since the use of a TDPA:Cu ratio of only 

0.1 leads to the formation of Cu NPs with a broad size distribution from 5 nm – 50 nm 

(Figure 5-3 (C)). We speculate that the low concentration of TDPA in the pre-nucleation 

stage led to the formation of incomplete intermediate lamellae polymers. Mantella et al. 

investigated the influence of TDPA on particle size/dispersity [182]. The authors concluded 

that TDPA was crucial for size focusing because syntheses performed without TDPA led to 

bigger Cu NPs. A lamellar phase where the Cu-precursor is layered with phosphonate chains 

was crucial for obtaining the monodisperse Cu NPs as shown in Figure 5-3 (A) and (B). 

Therefore, reducing the TDPA:Cu ratio below 0.5 resulted in the formation of Cu NPs with 

different sizes. After an additional centrifugation step removing the NPs above 10 nm with 
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the deposit, monodisperse NPs (7.2 nm; 1.69 mg mL-1) could however be obtained from 

this synthesis approach as well (Figure 5-3 (D)). 

In conclusion, increasing the TDPA:Cu ratio from 0.5 to 1.0 led to an increase in particle size 

[116], while reducing it below 0.5 resulted in Cu NPs with a broad size distribution due to 

the insufficient presence of TDPA to form complete polymer lamellae [188]. We 

hypothesize that the increase in particle size with TDPA content is related to the larger 

collision probability of single micelles at higher TDPA contents as more micelles will be 

present in this case. Upon collision, particles merge resulting in the larger mean size of the 

particles at these higher TDPA contents. 

5.3.2 Evolution of the Ag shell growth  

In this chapter, Cu-Ag nanodimers and core-shells nanoparticles were synthesized using 

different concentrations of Ag. Given the fact that Cu and Ag have a positive mixing 

enthalpy, the formation of bimetallic structures with segregated domains such as core-

shells, crescents and dimers are favored. Indeed, as a consequence of the positive mixing 

energy the separating force will be greater than the interdiffusion force which would 

otherwise promote the inward diffusion of Ag in the Cu core and thus the formation of 

alloys.  

When Ag-ions were added in a controlled manner to the Cu NPs suspension, galvanic 

displacement at the pristine Cu NP surface occurred. Initially, the interdiffusion of Cu to the 

surface and Ag to the core, driven by entropy, was high, while the segregation driven by 

the positive enthalpy of mixing remained small. The further the galvanic replacement 

progressed, the more the unfavorable mixing energy started to prevent Ag from diffusing 

further into the NP until eventually, the mixing energy balanced the interdiffusion force 

and a shell started to form.  

Cu/Ag nanodimers were synthesized through galvanic displacement of Cu0.1 (size-

selected), Cu0.5 and Cu1.0 by dropwise addition of an Ag-TFA/IAE solution at room 

temperature. After two hours of synthesis, the morphology and elemental composition of 

the as-prepared Cu-Ag bimetallic nanostructures were investigated by HAADF-STEM and 

STEM-EDS, as illustrated in Figure 5-5.  
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Figure 5-5: HAADF-STEM images of (A) Cu0.1Ag15, (B) Cu0.5Ag14 (C) Cu0.5Ag23, (D) Cu1.0Ag22 and there 
corresponding EDS maps in (E), (F), (G) and (H) where orange and blue represent Cu and Ag, respectively   

The HAADF-STEM images in Figure 5-5 (A-D) show particles at high magnification. The use 

of HAADF-STEM enabled to correlate the contrast observed in the image, with the atomic 

number Z of the materials in the nanoparticles. The atomic numbers of Cu (29) and Ag (47) 

are apart, which means that high intensity areas can be linked to increased Ag 

concentration and the lower intensity areas to presence of Cu. The nanoparticles were 

seemingly segregated and formed nanodimer-like structures. Nevertheless, one should 

consider the potential presence of remaining diffraction contrast. Therefore, the 

corresponding EDS-maps (Figure 5-5 (E-H)) were investigated as well. They confirmed the 

nanodimer-like structure, which gets more distinct when the concentration of Ag is 

increased. The Cu-Ag bimetallic series contained 15 %, 14 %, 23 % and 22 % Ag (measured 

with EDS and expressed in at%) in Cu0.1Ag15, Cu0.5Ag14 Cu0.5Ag23 and Cu1.0Ag22, 

respectively. These nanodimer structures originate from a difference in lattice constant 

between Cu and Ag leading to a very unfavorable interphase among Cu and Ag [189]. 

Indeed, considering the large lattice misfit of ~12,6 % between Cu and Ag, it is highly likely 

that strain will occur by deposition of Ag onto Cu [190]. This strain can be reduced by  

defects into the Ag shell or by 3D island growth. The latter mechanism will dominate when 

a mismatch larger than 5 % occurs [190], which explains why nanodimers are formed under 

these conditions.  
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Differences in particle size and composition were obtained during the syntheses. This is for 

example clear when comparing Cu0.5Ag14 and Cu0.5Ag23 (the corresponding UV-VIS 

spectra are presented in Figure S 5-1). Both samples originated from the same Cu0.5 batch 

and were prepared in the same manner except for the added amount of Ag-TFA. For the 

latter, the Ag content during the synthesis was doubled. Similar observations were made 

when comparing Cu0.1Ag15 and Cu1.0Ag22. As a consequence and as expected, increasing 

the Ag concentration led to a higher (although not proportionally) Ag content in the specific 

nanodimers, which is also in accordance to literature [184].  

  

  

Figure 5-6: Particle size distribution of (A) Cu0.1Ag15 (7.7 nm ± 1.1 nm), (B) Cu0.5Ag14 (6.3 ± 1.0 nm), (C) 
Cu0.5Ag23 (6.7 nm ± 1.0 nm) and (D) Cu1.0Ag22 (12.8 nm ± 2.1 nm).  

Except for Cu-Ag bimetallic structures originating from Cu1.0 (initial Cu NP size above 10 

nm), all NPs were sub-10 nm. The particle size distribution (PSD) was calculated and is 

presented in Figure 5-6. These results confirm that particles with a narrow size distribution 

(± 1 nm) could be obtained through this synthesis procedure.  
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Figure 5-7 represents the Cu@Ag core-shells Cu0.5Ag41 and Cu0.5Ag45, which were 

prepared with Cu0.5Ag23 as substrate, and performing an additional galvanic displacement 

at 90 °C and room temperature, respectively. This extra step resulted in the production of 

a core-shell structure, which was primarily confirmed by performing an oxidation test (see 

experimental). The absence of the green color in both Cu0.5Ag41 as well as Cu0.5Ag45 after 

the oxidation test ensured the total coverage of the Cu surface by Ag and thus the 

formation of Cu@Ag core-shell NPs (Figure S 5-2).  

 

Figure 5-7: HAADF-STEM images of (A, B) Cu0.5Ag41 and its corresponding EELS map depicted in (C). HAADF-
STEM images of (D) Cu0.5Ag45 and its corresponding EDS map presented in (E).  

Notably, Cu0.5Ag41 (Figure 5-7 (C)) contains a more pronounced ‘spotty’ Ag shell compared 

to Cu0.5Ag45 (Figure 5-7 (E)). This signifies that at room temperature, a more uniform shell 

coverage was obtained, in contrast to the inhomogeneous Ag shell produced at 90 °C 

without stirring. We hypothesize that this descends from the increased mobility rate of Ag 

at the surface, leading to more heterogeneity in the core-shells, which in turn is a 

consequence of the faster nucleation and dissolution rate at elevated temperatures [191]. 
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Finally, it is clear that an elevated reaction temperature did not necessarily lead to a 

significant increase in incorporation of Ag in the shell.  

 

Figure 5-8: HAADF-STEM images Cu@Ag core-shells synthesized at 90 °C (A, B) without stirring (Cu0.5Ag41) 
and (C) with stirring (Cu0.5Ag40) with its corresponding EDS map presented in (D) 

Finally, in an attempt to improve shell homogeneity also at higher temperatures, the 

synthesis of Cu0.5Ag41 was repeated but including stirring during the step at 90°C. As was 

clear from Figure 5-8 and was discussed above, an increase in temperature (in the absence 

of stirring) results in a less uniform shell. From Figure 5-8, it can be observed that 

Cu0.5Ag40 has a more homogeneous distribution of Ag along the surface as the heat was 

distributed more homogeneously during this step.   
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Comparing the PSD of the three Cu@Ag core-shells depicted in Figure 5-9, core-shells of 

7.6 nm, 7.7 nm and 7.8 nm for Cu0.5Ag41, Cu0.5Ag45 and Cu0.5Ag40 could be synthesized, 

respectively.  

 

Figure 5-9: Particle size distribution of (A) Cu0.5Ag41 (7.6 nm ± 0.6 nm), (B) Cu0.5Ag45 (7.7 ± 0.6 nm) and (C) 
Cu0.5Ag40 (7.8 nm ± 1.2 nm). 

To conclude, different Cu/Ag bimetallic nanodimers could be synthesized depending on the 

concentration of Ag-TFA used during the galvanic displacement. By performing a second 

galvanic displacement step, a core-shell structure could be obtained. Additionally, at 

elevated temperatures it was discovered that stirring greatly improves the homogeneity of 

the Ag shell.  

5.3.3 Formation of stable Cu@Ag core-shell nanoparticles 

As previously mentioned, a large lattice misfit exists between the two metals Cu and Ag 

resulting in strain which makes core-shell formation highly unfavorable. This is also the 

reason why this configuration is known to suffer from long term stability issues. As 
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described by Muzikasky et al. [192], they observed Ag leaching from Cu@Ag core-shell after 

12 months. The analysis revealed the formation of small Ag NPs surrounding the original 

Cu@Ag core-shell NPs when the Ag shell synthesis (galvanic displacement) was performed 

at room temperature. They speculate that an increased stability could be obtained after 

performing the galvanic displacement at elevated temperatures of 75 °C due to the 

improved interdiffusion resulting in an increased roughness at the Cu/Ag interface. 

These authors used a comparable synthesis method as the Cu0.5Ag45 batch that was 

synthesized in this paper. Only here, the galvanic displacement was performed in two 

subsequent steps and also the Ag-precursor was different. After 12 months the core-shell 

structure was maintained as is clear from Figure 5-8 (D) and (E). Compared to literature, 

where Ag leached from the shell, our Cu@Ag core-shell nanoparticles revealed to be much 

more stable [192]. We hypothesize this could have to do with one or more of the following 

characteristics. (i) The larger amount of Ag present at the surface, i.e. 45 at% compared to 

25 at% in literature [192]. The presence of an increased amount of Ag in the shell could be 

able to release the strain in the core-shell resulting in a more stable core-shell configuration 

as depicted in Figure 5-8 (D) and (E). (ii) The use of TDPA as surfactant, known to be an 

excellent stabilizing agent [120], can result in an increased stability. (iii) Our Ag shell 

synthesis is based on two subsequent galvanic displacement steps, which ensure the 

formation of a stable intermediate during the first step, followed by the formation of a 

core-shell in the second and last step of the synthesis procedure. This intermediate 

nanodimer is favored due to the large misfit between Cu an Ag lattices [86], [193]. In 

summary, we tuned the synthesis of Cu@Ag core-shell NPs such that the NPs remained 

stable for over 12 months without leaching of Ag, which is an improvement compared to 

literature. 
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 Conclusions  

In summary, a robust and straightforward synthesis method was developed to obtain highly 

monodisperse Cu-Ag bimetallic nanodimers and core-shell nanoparticles containing 

different amounts of Ag. By modifying several synthesis parameters (i.e. TDPA:Cu ratio, Ag 

concentration, reaction time, reaction temperature and the influence of stirring), we 

managed to modify our synthesis approach in such a way that a more uniform Ag shell 

could be obtained, exhibiting a stability against Ag leaching for over 12 months. 

Primarily, varying the TDPA concentration during the thermal decomposition of Cu affected 

the monodispersity of the Cu NPs. An optimum Cu:TDPA ratio was found at 0.5. Higher 

ratios resulted in the production of bigger nanoparticles, which exceeded 10 nm. Lower 

ratios, on the other hand, resulted in NPs with a broad size distribution, which was 

undesired.  

The importance of the initial Ag concentration during the galvanic displacement was also 

demonstrated. Upon increasing the Ag concentration in the solution, the final Ag content 

in the Cu-Ag nanodimers increased from 14 at% to 23 at%. A second galvanic displacement 

step ensured the enrichment of Ag in the shell up to 45 at% and thereby establishing a core-

shell structure. Performing the synthesis at elevated temperatures, enabled us to obtain 

core-shell NPs with an inhomogeneous shell with a Ag concentration up to 41 at%. 

Improving the heat distribution during synthesis, by stirring the reaction solution, resulted 

in a more homogeneous Ag distribution in the shell.  

Finally, despite the large lattice misfit between Cu and Ag, making these configurations 

prone to degradation over time, we were able to synthesize Cu@Ag core-shell 

nanoparticles at room temperature with improved stability compared to literature. We 

hypothesize this was due to the multiple step galvanic displacement procedure. In the first 

step an intermediate nanodimer structure was formed which was the most favorable 

because this led to the highest relief of occupant strain. The second step resulted in a core-

shell configuration with high amounts of Ag resulting in improved stability.    
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 Supporting information  

 

Figure S 5-1: UV-VIS spectra of unoxidized Cu-Ag bimetallic nanostructures where the absorption was 
normalized against the Ag peak in the spectrum 

The optical excitation spectra of Cu0.5Ag23 and Cu0.5Ag41 are represented in Figure S 5-1. 

It is known from literature that both Cu and Ag feature plasmonic resonances which occur 

at two significantly different wavelengths. Combining these two metals, the optical 

behavior can change. Introducing a Ag shell onto a Cu NP, resulted in a redshift in the 

spectrum when the Ag concentration increased from 23 at% to 41 at%, while the specific 

Cu peak significantly decreased in intensity.   
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Figure S 5-2: Cu0.5Ag41 core-shell NPs dispersed in hexane after exposure to air 

An oxidation test was performed by evaporating hexane (operated as solvent) from a 

diluted Cu0.5Ag41 core-shell NPs suspension. After evaporation and exposure to oxygen 

(air), the solution was redispersed in hexane. Figure S 5-2 presented a suspension of 

Cu0.5Ag41 core-shell NPs after the oxidation test where the original color was preserved 

which was a clear indication of the absence of Cu-oxides.  
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Electrochemical CO2 reduction over Cu-Ag 
bimetallic electrocatalysts 

 

 

 

 

 

In this chapter, Cu-Ag bimetallic nanoparticles were investigated for the electrochemical 

CO2 reduction. The reduction of CO2 towards CO has been improved by tailoring the Cu-

Ag bimetallic nanoparticles and reaction conditions. The morphology of the nanoparticles 

(core-shells compared to nanodimers), the electrolyte cation and Ag shell concentration 

have proven to be crucial parameters in the enhancement of the CO production. 

 

This chapter is part of: Daniel Choukroun, Lien Pacquets, Chen Li, Saskia Hoekx, Sven 

Arnouts, Kitty Baert, Tom Hauffman, Sara Bals, and Tom Breugelmans, Mapping 

Composition–Selectivity Relationships of Supported Sub-10 nm Cu–Ag Nanocrystals for 

High-Rate CO2 Electroreduction, ACS Nano, 2021, 15, 9, 14858–14872 

Electrochemical performance measurements have been conducted by Daniel Choukroun. 

The syntheses have been conducted by Lien Pacquets. 
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 Introduction   

In Chapter 5, highly monodisperse sub-10 nm Cu-Ag bimetallic nanocrystals were 

synthesized. Nanoparticles with different sizes and shell thicknesses could be obtained. As 

known from literature, Cu-Ag bimetallic NPs are appealing since they exhibit high faradaic 

efficiencies towards CO using a reduced amount of Ag compared to monometallic Ag NPs 

[64]. Additionally, Cu-Ag bimetallic structures are currently also deployed as catalyst for the 

production of C2-products [88]–[90], highlighting the great application potential of such 

catalysts. 

Despite the great application potential, Cu-Ag bimetallic electrocatalysts remain under 

explored. Literature concerning Cu-Ag bimetallic nanocrystals and their performance, is 

limited and reduces even more when considering sub-10 nm Cu-Ag bimetallic nanoparticles 

[66], [194], [195]. Therefore, this chapter has been devoted to map the composition-

selectivity relationship of unsupported and supported Cu-Ag bimetallic nanocrystals (0 - 41 

at% Ag). The influence of the electrolyte cation, the Ag concentration and the difference 

between a core-shell and nanodimer was investigated.  

 Experimental 

6.2.1 Chemicals 

2-propanol (99.5%, Extra Dry over Molecular Sieve, AcrosSeal® Acros Organics), cesium 

bicarbonate (99.99%, trace metal basis, Sigma Aldrich), potassium bicarbonate (99.99%, 

trace metal basis, Sigma Aldrich), Sigracet® 39BC (SGL Carbon), ENSACO®-350G (Imerys 

Graphite and Carbon), hydrochloric acid (≥37%, TraceSELECT™, Fisher Scientific), nitric 

acid (≥69%, TraceSELECT™, Fisher Scientific), Selemion® DSVN anion exchange membrane 

(AGC Engineering Co., Japan), 

6.2.2 Synthesis of Cu and Cu-Ag bimetallic nanoparticles  

The synthesis has been thoroughly described in Chapter 5 to which the reader is referred 

for a detailed explanation. All experiments in this chapter have been conducted on these 

electrocatalysts.  
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6.2.3 Electrode preparation 

Working electrodes (diameter 2.54 cm) were prepared by drop casting particles directly 

from a Cu-Ag suspension in hexane onto GDEs (Sigracet 39BC, SGL Carbon). Alternatively, 

a given volume of particle suspension was mixed with carbon black (ENSACO®, Imerys 

Carbon) under inert atmosphere to achieve a C/Cu ratio of 14 (0.1 M experiments) and 

electrode carbon loadings of ± 0.35 mg cm-2. The suspension was sonicated under argon 

atmosphere and left to sediment for several minutes after which the hexane was removed 

by evaporation. An identical volume of anhydrous 2-propanol was then used to re-disperse 

the particles. The ink was then sonicated prior to drop casting. Total metal loadings were 

presented in Table S 6-1. 

6.2.4 Electrochemical set-up 

Electrochemical measurements were performed using an Autolab M204 potentiostat 

(Metrohm). Chronopotetiometric electrolysis experiments were conducted in a gas-fed 

hybrid flow-cell with a recycled catholyte stream (2 ml min-1). The CO2 (99.996%, Nippon 

Gases) flow rate, entering the channel, was controlled between 5-7.5 sccm by a mass flow 

controller (GF-080, Brooks Instruments). The backpressure in the gas channel was 

measured by a Gefran TK-series pressure sensor with an accuracy of ±2.5 mbar and range 

of 0-1 barg. Pressure readings were logged using an I/O device (National instruments, 

NI6000) which was interfaced with MATLAB® R2016a for data recording. A 1 mm Ag/AgCl 

leak-free electrode (W3-690053, Harvard Apparatus) was used as reference in the cell. 

Catholyte and anolyte were separated by a Selemion® DSVN anion exchange membrane 

(AEM). On the anode side, a carbon cloth was used as counter electrode with conductive 

Al foil as current collector. The uncompensated resistance (iR) and the resulting ohmic drop 

(IR) were determined using current interrupt and electrochemical impedance 

spectroscopy. All potentials are reported versus the RHE, unless stated otherwise. 

Product analysis was done by (i) feeding the reacted gas stream to an in-line thermo trace 

1300 gas chromatograph (GC) equipped with a TCD detector and a micropacked column 

(ShinCarbon ST 100/120, 2 m, 1 mm ID, Restek) and (ii) quantifying the liquid products by 

means of high-performance liquid chromatography (HPLC) and GC equipped with a flame 

ionization detector (FID). 
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 Results and discussion 

6.3.1 Tuning the product selectivity during the eCO2R 

In this work Cu-Ag bimetallic nanoparticles synthesized and characterized in Chapter 5 were 

used.  

 Influence of the electrolyte during the eCO2R 

To investigate the influence of the cation, two different electrolytes were chosen. The first 

one is KHCO3, which is a very common used electrolyte in literature and was compared to 

CsHCO3. The use of Cs+ as a cation has a clear influence on the CO production, which 

increased significantly from 57.2% to 82.5 % in KHCO3 and CsHCO3, respectively (Figure 

6-1). An original hydrogen production of 20.3 % was suppressed to 7.7 % in the presence 

of Cs+. Additionally, the enhanced CO production was at the expense of primarily methane, 

ethanol and ethylene (full FE presented in Table S 6-2). 

 

Figure 6-1: CO2 reduction reaction selectivity of as-prepared Cu0.1Ag17 at 0.1 A cm-2 in 0.1 M KHCO3 and 
CsHCO3  
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It is clear that the use of Cs+ as a cation, instead of K+, proved to be beneficial for the CO 

production, which is in accordance to literature [196]. The reason behind this is the 

following: since Cs+ has a greater radius and thus smaller relative charge compared to K+, 

the hydration shell is therefore smaller. This results in a smaller repulsion of Cs+ in the 

vicinity of the electrode, resulting in a higher concentration of Cs+ ions at the electrode 

surface, since large hydrated cations are energetically more favorable at the Helmholtz 

plane [197], [198]. This in turn results in a stronger interfacial field, enabling an improved 

stabilization of surface intermediates with a strong dipole moment such as CO2. This 

stabilization decreases the energy necessary for the reduction of adsorbed CO2.  

 Influence of the NP structure on the product distribution during 

eCO2R 

All further electrochemical experiments were conducted in 0.1 M CsHCO3 because of the 

promoting role of Cs+ in multicarbon and carbon monoxide formation over Ag and Cu 

surfaces [196]. Unsupported Cu-Ag bimetallic nanoparticles are used to study the effect 

between nanodimers and core-shells.  

 

Figure 6-2: eCO2R reaction selectivity of as-prepared Cu-Ag NPs-based GDEs at 0.1 A cm-2 in 0.1 M CsHCO3 
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Figure 6-2 shows that the transition from partial (Cu0.5Ag14, nanodimer) to complete 

(Cu0.1Ag17 and Cu0.5Ag41, core-shell) coverage of the Cu cores by Ag was accompanied 

by an increase of CO2 reduction selectivity towards CO, the major product typically formed 

over Ag surfaces. Whereas Cu0.5Ag41 recorded the highest CO selectivity (83.8 %) at -1.2 

VRHE (Table S 6-3), Cu0.1Ag17 was not far off with 82.5 % at -1.14 VRHE. Since Cu0.1Ag17 has 

a complete Ag shell, in contrast to Cu0.5Ag14, the FE towards CO is larger than over 

Cu0.5Ag14.  

Liquid product analysis by HPLC revealed that several C2 and C3 products, such as ethanol, 

acetate and n-propanol, were formed over Cu0.5Ag14 and to a lesser extent over 

Cu0.1Ag17, whereas formate was the only measurable liquid product in experiments 

involving Cu0.5Ag41 electrodes (full FE presented in Table S 6-3).  

To further boost the CO2 reduction and inhibit the HER over Cu-Ag nanocatalysts, we aimed 

at improving the initial spatial distribution of the Cu-Ag NPs. In the specific case of CO2 

reduction over sub-10-nm spherical Cu NPs, inter-particle distance and packing density (i.e. 

loading) are known to be crucial parameters for controlling CO2 reduction selectivity [199]–

[201]. Therefore, we tried to at ameliorate the initial spatial distribution of Cu-Ag NPs at 

the electrode surface by physically mixing nanoparticle suspensions with carbon black.  

 

Figure 6-3: (A) Outline of the dispersion procedure: (A1) mixing of C with a Cu-Ag suspension results in 
adsorption of the particles onto the surface of carbon black after which the Cu-Ag-supporting carbon 
sediments. (A2) slurry obtained after evaporation of hexane under inert conditions (A3) suspension after mild 
sonication in anhydrous 2-propanol without binder addition. (A4) drop-cast film on a gas diffusion electrode 
with a cross-section of ~1 cm2. (B) SEM image of 11 wt.% Cu0.5Ag14/C (C) HAADF-STEM image of Cu0.1Ag17 

NPs on a carbon black nanoaggregate. 

The mixing procedure is outlined in Figure 6-3(A), and representative overview SEM and 

HAADF-STEM images are shown in Figure 6-3(B-C). The SEM and HAADF-STEM images show 

A B C 
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the distribution of Cu-Ag nanoparticles on the carbon black substrate. Compared to the 

HAADF-STEM images of the Cu-Ag series in Chapter 5, they are less closely packed, resulting 

in an improved spatial distribution.  

The selectivity profile as a function of at.% Ag is shown in Figure 6-4. The major products 

formed for all Ag contents were hydrogen, carbon monoxide, methane, ethylene and 

ethanol. Only small amounts of formic acid, acetic acid and n-propanol were detected.  

 

Figure 6-4: Selectivity profile as a function of Ag at.% for Cu-Ag/C electrodes. Experiments were performed at 
25°C in 0.1 M KHCO3. A current density of 0.1 A cm-2 was applied for a duration of 1 hour. Error bars give the 
standard deviation of two-three experiments, in which the gas phase was sampled four times over the course 
of 1 hour and the liquid phase was sampled once after electrolysis ended. 

In general, it is clear that hydrogen suppression is occurring on Cu-Ag/C catalysts as 

compared to the monometallic Cu NPs/C. Ag enrichment in the Cu-Ag thus causes a 

decrease in hydrogen production. The decrease in HER over Cu-Ag electrodes could be 

attributed to a reduced H binding strength on Cu surfaces generated upon introduction of 

Ag [55]. Comparing Cu/Ag nanodimers (Cu0.5Ag14 and Cu0.5Ag23) with Cu@Ag core-shells 
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(Cu0.1AG17 and Cu0.5Ag41), it is clear that hydrogen production is suppressed even more 

in case of core-shell catalysts. Increasing the Ag concentration in Cu/Ag nanodimers as well 

as in Cu@Ag core-shells, reduced the HER.  

As for the CO production, a clear improvement is observed upon addition of Ag, which 

further increased with Ag loading up to a FE of 38.4 % in case of Cu0.5Ag41/C with the 

exception of Cu0.1Ag17. According to Chang et al. [66], the increased CO production could 

be attributed to the tensile strain occurring in the Ag surface leading to an improved *CO 

adsorption at higher Ag contents.  

The increased CO production was accompanied by a decrease in ethylene production over 

Cu-Ag electrodes. The higher the Ag content, the lower the FE to ethylene. Whereas pure 

Cu NPs/C gave a FE of 31.2%, Cu0.5Ag0.41/C only resulted in a FEEthylene of 12.6%. 

Additionally, the share of methane appears to grow at the expense of ethylene in the Cu-

Ag series, with the exception of Cu0.5Ag23 (due in part to its lower electrode potential) 

where it decreased again. The reduction of ethylene as a function of increasing Ag 

concentration was already observed in literature [38], [95]. They showed that there is a 

balance between Cu core and Ag shell for the electrochemical CO2 reduction performance. 

They hypothesize Cu-Ag nanoparticles operate as a tandem catalyst where the CO2 

reduction will pursuit as a two-step reaction process. CO2 will first adsorb and convert to 

CO on the Ag surface, and subsequently be converted to C2+ products on the Cu surface. If 

the concentration of Ag is too high, the rate of the CO production is much bigger than the 

rate of the C-C coupling.  

Furthermore, it was noted that the ethanol and acetic acid production were promoted 

when Ag was added to the catalyst and this at the expense of the ethylene production. 

Researchers have demonstrated that the selectivity determining intermediate between 

ethanol and ethylene is likely *CH2CHO, which is claimed to bond weakly through an oxygen 

atom to the surface of Cu and even more weakly to Ag and Au [46]. According to Clark et 

al. [45], the enhanced oxygenate production along with the suppression of the HER over 

Cu-Ag catalysts could be attributed to the reduced oxophilicity and H binding strength of 

Cu surface atoms, which is induced by compressive strain, imposed by the larger 

neighboring Ag atoms. Alternatively, Li et al. [47] calculated that doping Cu(111) with Ag 

increases the number of different binding sites 4-fold, yielding Cu atoms in the vicinity of 

Ag with a lower affinity to carbon, rather than to oxygen, which was claimed to destabilize 

the ethylene pathway and thus to promote ethanol formation. Enhanced ethanol 
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selectivity was also linked to a higher local *CO concentration and to CO spillover from Ag 

ensembles to Cu ensembles [89], [94].  

 Conclusions  

The performance of the Cu-Ag bimetallic catalysts, synthesized in Chapter 5, was 

investigated. First, the influence of the electrolyte was demonstrated. Replacing K+ with Cs+ 

led to a shift in selectivity which increased the CO production, whereas the selectivity 

towards hydrogen, methane and ethanol decreased.  

Secondly, dispersing the nanoparticles on carbon black at high packing densities, facilitated 

considerably the mapping of the composition-selectivity relationship in the range of Ag 

atomic percentages between 14 and 41 at.%. Consequently, the Ag/Cu ratio can be 

regarded as an imaginary slider button that lowers the average binding energy of *CO in 

the entire system, resulting in an increased CO production when increasing the Ag 

concentration. This was accompanied by the suppression of the HER. Subsequently, CO2 

reduction reaction selectivity shifted from ethylene formation to ethanol between Cu 

NPs/C and Cu-Ag/C based electrodes. Remarkably, the production of methane was boosted 

over Cu@Ag core-shell nanoparticles, in contrast to Cu/Ag nanodimers.  

To conclude, variations of the Ag concentration in Cu-Ag nanocatalysts could alter the 

product selectivity. By tuning the Cu-Ag nanocatalysts, the product distribution can be 

shifted between CO and C2+ products, which highlights their great application potential. In 

addition, integration of sub-10 nm Cu-Ag nanocrystals into more advanced carbon-based 

CO2 reduction interfaces could enable further optimization of the product selectivity over 

Cu-Ag nanocatalysts. 
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 Supporting information 

Table S 6-1: Overview of Cu and Ag loading measured by ICP-MS 

Sample Cu loading  /µg cm-2 Ag loading  /µg cm-2 

Cu NPs/C 29 - 

Cu0.5Ag14/C 36 7 

Cu0.5Ag23/C 28 28 

Cu0.5Ag41/C 19 13 

Cu0.1Ag17/C 18 5 

 

Table S 6-2: Performance of Cu@Ag0.17 electrodes in 0.1 M CsHCO3 and KHCO3 at 0.1 A cm-2 

 Faradaic efficiency (%) 

Catalyst Gas phase Liquid phase 

           

 H2 CO CH4 C2H4 EtOH Formate Acetate PrOH Acetaldehyde Glyoxal 

KHCO3 20.3 57.2 8.4 4.0 7.6 3.0 1.0 1.0 - - 

CsHCO3 7.7 82.5 1.7 3.6 3.6 2.4 0.3 0.3 - - 

 

Table S 6-3: Performance of Cu-Ag electrodes in 0.1 M CsHCO3 at 0.1 A cm-2 

  Faradaic efficiency (%) 

Catalyst |E| Gas phase Liquid phase 

 (VRHE)           

  H2 CO CH4 C2H4 EtOH Formate Acetate PrOH Acetaldehyde Glyoxal 

Cu0.5Ag14 1.08 11.2 49.5 5.7 17.9 15.0 1.6 1.4 1.4 0.7 traces 

Cu0.1Ag17 1.14 7.7 82.5 1.7 3.6 3.6 2.4 0.3 0.3 - - 

Cu0.5Ag41 1.2 12.7 83.8 - - - 1.2 - - - - 

 

Table S 6-4: Performance of Cu-Ag/C electrodes in 0.1 M KHCO3 at 0.1 A cm-2 

  Faradaic efficiency (%) 

Catalyst |E| Gas phase Liquid phase 

 (VRHE)           

  H2 CO CH4 C2H4 EtOH Formate Acetate PrOH Acetaldehyde Allyl 

alcohol 

Cu NPs/C 0.77 29.9 12.7 7.8 31.2 8.7 3.4 0.6 3.0 0.7 - 

Cu0.5Ag14/C 0.8 19.6 26.4 3.5 25.6 15.9 1.5 1.4 4.9 - - 

Cu0.1Ag17/C 0.89 12.3 20.5 11.3 19.7 23.5 1.6 4.5 2.9 - - 

Cu0.5Ag23/C 0.75 17.6 33.5 2.6 16.4 11.3 2.4 1.8 3.2 - 1.4 

Cu0.5Ag41/C 0.9 11.5 38.4 15.1 12.6 13.6 1.4 2.0 2.0 - - 
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Structural transformation of Cu@Ag core-
shell nanoparticles under CO2 operating 

conditions  

 

 

 

 

 

This chapter elucidates the structural tranformation mechanism of Cu@Ag core-shell NPs 

during the eCO2R. The Cu@Ag core-shell NPs are analyzed under CO2 operating 

conditions. The structural changes are mapped by electron tomography at different 

stages during operation. Accordingly, the performance of the electrocatalyst is linked to 

the morphological transformation observed within the electron tomography series. 

This chapter is in preparation to be submitted as: Daniel Arenas-Esteban§, Lien Pacquets§, 
Daniel Choukroun, Saskia Hoekx, Jonathan Schalck, Nick Daems, Tom Breugelmans, Sara 
Bals, 3D characterization of the structural transformation undergone by Cu@Ag core-
shell nanoparticles during CO2 reduction reaction, ACS Nano, 2022, submitted 

§These authors contributed equally to this work. Daniel Arenas-Esteban performed the 

microscopic, Lien Pacquets conducted the electrochemical analysis, Daniel Choukroun 

designed the hybrid flow cell and assisted with the synthesis of the NPs, Saskia Hoekx 

performed the TEM analysis of the Cu NPs, Jonathan Schalck designed the batch cell. 
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 Introduction   

In Chapter 5, the differences between core-shells and nanodimers and the influence of 

electrolyte cation and the concentration of Ag were investigated. By switching between a 

fully and a partially covered Ag shell, the selectivity towards CO could be tuned. Upon 

increasing the Ag concentration, the CO production was promoted and the core-shell 

structure yielded the highest amount of CO. Additionally, introduction of these NPs into a 

carbon structure has led to the decrease of the HER.  

Despite the promising research on altering the product selectivity and boosting the activity 

of the Cu-Ag bimetallic electrocatalysts, the morphological changes and the their effect on 

the  electrochemical performance of the bimetallic electrocatalyst remains underexplored 

[202]. These structural changes can cause unreliable electrocatalytic performances, which 

is why the correlation between selectivity and morphology of the electrocatalyst is of 

crucial importance to create insights into structural transformation pathways in order to 

potentially anticipate on this and be able to progress towards highly stable electrocatalysts.  

It is already known that catalysts used during electrochemical experiments exerience 

destabilization [200], [203], [204] and recent literature showed the crucial role of CO 

formation in the degradation of Cu-based catalysts [205]. Nevertheless, the 3D 

characterization of the core-shell particles and the link with the changing selectivity profile 

is still missing. Therefore this chapter has been devoted to investigate the effect of 

electrochemical stress on Cu@Ag core-shell NPs morphology/structure by electron 

tomography at different stages of the electrochemical CO2 reduction. Their 

morphological/structural changes were analyzed in 3D and linked to the selectivity profile 

of the CO2 reduction. These new insights allow a better understanding on how this type of 

NPs behave during its catalytic performance and how this restructuring can potentially be 

prevented.  

 Experimental 

7.2.1 Chemicals 

Copper(II) acetate monohydrate (Cu(II)OAc, p.a., Janssen Chimica), Trioctylamine (TOA, 

97%, Acros Organics), Tetradecylphosphonic acid (TDPA, 98%, Sigma Aldrich), Isoamyl ether 

(IAE, 99%, Sigma Aldrich), silver trifluoroacetate (Ag-TFA, 99.99%, trace metal basis, Sigma 
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Aldrich), Ethanol (99.5% Extra Dry, AcrosSeal®, Acros Organics), iso-propanol (99.5%, 

AcrosSeal® Acros Organics), Potassium bicarbonate (Chem-Lab, 99,5%), Sigracet® 39BC 

(SGL Carbon) and Selemion® DSVN anion exchange membrane (AGC Engineering Co., 

Japan) were used during this research. All solutions were prepared with ultra-pure water 

(MQ, Milli-Q grade, 18.2 MΩcm). 

7.2.2 Preparation of Cu@Ag core-shell NPs 

A detailed description of the preparation can be found in Chapter 5.  

7.2.3 Grid preparation 

The electrochemical degradation of Cu@Ag core-shell NPs under CO2 reduction 

environment, caused by applying a current, was explored. Therefore, charges of 17.8 mC, 

23.5 mC and 70.6 mC were imposed onto a TEM grid in an in-house made electrochemical 

batch set-up (Figure 7-1) to analyze the intermediate steps.  

 

Figure 7-1: Electrochemical batch set-up 

This set-up can be divided into two compartments of which a cathodic and anodic one. The 

cathodic compartment consisted of a glassy carbon WE with a, Cu@Ag core-shell NPs 

containing, TEM grid attached. The RE was placed in the vicinity of the WE to limit the ohmic 

resistance. CO2 gas was fed into the catholyte (1 M KHCO3) at 7.5 sccm, where it could react 
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on the Cu@Ag catalyst. The anodic compartment consisted of an H-type half-cell with a 

carbon cloth serving as a CE. A Selemion® DSVN anion exchange membrane separated the 

anolyte (1 M KHCO3) and catholyte. Afterwards, the TEM grid was washed with Milli Q and 

dried with an Ar flow.  

7.2.4 Electron microscopic investigation  

HAADF-STEM has been performed on an aberration-corrected cubed FEI Titan microscope 

operating at 300 kV. Electron tomography tilt series were acquired using a Fischione 2020 

tomography holder between -75° and 75° with a tilt step of 3°. The projection images were 

acquired using 5 frames at 0.5 µs dwell time, while the image resolution was set to 

2048x2048 pixels. The obtained series were aligned using cross-correlation and 3D 

reconstructions were obtained using the Expectation Maximization (EM) algorithm, as 

implemented in Astra Toolbox [206], [207]. EDS analysis were performed by acquiring at 

least 100 frames at a higher dosage of  2·104 e/A2 to ensure enough counts. 

7.2.5 Electrochemical investigation  

The electrochemical behavior of the as-prepared Cu@Ag core-shell NPs was investigated 

in first instance by cyclic voltammetry with a multi Autolab n204 potentiostat. A three 

electrode system was used employing a glassy carbon (GC) with dropcasted Cu@Ag core-

shell WE, an Ag/AgClsat RE and a carbon cloth CE. All potentials in this work will be presented 

vs the RHE. A stated potential range was scanned at 100 mV s-1 between 0.21 VRHE and 1.7 

VRHE, which comprises the different oxidation states of Cu and Ag in an Ar saturated 0.1 M 

KOH solution at room temperature. 

The degradation of Cu@Ag core-shell was electrochemically evaluated by a CP experiment, 

using the in-house made hydrid flow cell as described in Chapter 6. 1 M KHCO3 was used as 

anolyte and catholyte, with a catholyte flow of 0.2 mL min-1. CO2 was fed in flow-by mode 

at a flow rate of 7.5 sccm.  

 Results  

7.3.1 Electron microscopic characterization 

Sub-10 nm Cu@Ag core-shell NPs were successfully synthesized using a TOA thermal 

decomposition method with subsequently two galvanic displacement reaction steps. As 



Structural transformation of Cu@Ag core-shell nanoparticles 

 
— 
105 

discussed in Chapter 5, the thermal decomposition allowed the formation of highly 

monodisperse sub-10 nm Cu NPs, as presented in Figure 7-2.  

 

Figure 7-2: HAADF-STEM image of monodisperse sub-10 nm Cu NPs 

Subsequently, a first galvanic displacement step was performed at room temperature for 

two hours and was ensued by a second replacement with Ag at 90 °C. The latter reaction 

ensured the formation of a core-shell structure with a composition determined by EDS of 

40 at% and 60 at% of Ag and Cu, respectively. 

The core-shell nanoparticles obtained, following the abovementioned method, show a high 

degree of homogeneity in shape and size as can be observed in the low magnification 

HAADF-STEM image as well as in the particle size distribution analysis presented in Figure 

7-3a, showing a narrow average particle size of 6,27 nm. 
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Figure 7-3: (A) Low magnification HAADF-STEM image of the Cu@Ag NPs and particle size distribution 
analysis. (B) EDS analysis performed on  few Cu@Ag NPs demonstrating its core-shell element distribution. (C) 
Atomic resolution detail and inset FFT performed over the nanoparticle marked by a yellow square where the 
uneven and polycrystalline Ag shell can be visualized. 

The EDS maps in Figure 7-3 (B) show that most NPs indeed yield a core-shell structure 

although occasionally, bare Cu NPs are observed (indicated with the orange arrow). The 

high resolution HAADF-STEM image in Figure 7-3 (C) clearly shows a polycrystalline Ag shell. 

This observation is confirmed by the FFT of the part of the image marked with a yellow 

square, in which a quasi-circular diffraction diagram can be observed. In addition, we 

observed that the polycrystalline Ag shells yield a non-uniform thickness. For example, the 

blue arrows in Figure 7-3 (C). indicate parts of a shell with a thickness of 3 nm versus 1 nm.   

7.3.2 Electrochemical performance 

The performance of the Cu@Ag core-shell nanoparticles was tested for the electrochemical 

CO2 reduction (eCO2R) by performing a chronopotentiometry experiment at 75 mA cm-2 for 

600 s in a hybrid-flow reactor. The corresponding selectivity profile is depicted in Figure 

7-4, along with the potential distribution during the experiment.  

Initially, a potential of -2.06 VRHE was recorded after 10 s of measuring and remained stable 

until 30 s. The potential then increased up to -2.45 VRHE at 60 s and finally after 600 s, a 

potential of -2.53 VRHE was recorded as presented in Figure 7-4. The increase in potential 

by 0.47 VRHE, can possibly be attributed to structural changes in the initial Cu@Ag structure 

A B 

C 
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(e.g. changing availability of Cu at the surface of the NP, changing size due to possible 

agglomeration,..), as Cu is known to have a higher resistivity compared to Ag [208].  

 

Figure 7-4: Evolution of the gas-phase selectivity of unsupported Cu@Ag core-shell NPs at 75 mA cm-2 during 
a 600 s long experiment with gas-phase analysis at 10 s, 30 s, 60 s, 300 s and 600 s. Experiments were 
performed in 1 M KHCO3 with a CO2 flow rate of 7.5 sccm and a catholyte recycle flow of 0.2 mL min-2. 

After 10 s of applying a current density of 75 mA cm-2 in a CO2 reduction environment, 

hydrogen and CO accounted for 2403 ppm and 6747 ppm, respectively. Their 

concentrations increased after 30 s without any major changes in potential (0.01 VRHE 

difference). Thereafter, no major concentration changes for CO were observed, whereas 

the hydrogen concentration kept decreasing slowly to 5835 ppm after 600 s. 

Remarkably, these Cu@Ag core-shells can produce up to 232 ppm of methane during a 

short time window. Nevertheless, the concentration dropped to 44 ppm after 30 s and 

remained stable during the remaining time of the experiment. Finally, an increase in the 

ethylene production can be observed from 61 ppm (10 s) to 97 ppm (600 s).  

To explain the evolution in performance for the eCO2R and potentially link the impact of 

electrochemical stress with core-shell structural changes, their behavior was further 

analyzed using cyclic voltammetry.  The experiment was performed in an Ar saturated 0.1 

M KOH solution, scanning in a potential window from 0.68 VRHE to 1.78 VRHE at a scan rate 
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of 100 mV s-1. These boundaries were chosen such that they contain the different oxidation 

states of Cu and Ag, as presented in Figure 7-3.  

 

Figure 7-5: Cyclic voltammogram of Cu@Ag core-shell in Ar-saturated 0.1 M KOH at 100 mV s-1 within a range 
of 0.68 VRHE to 1.78 VRHE of the first (blue), second (red), third (orange) and seventh (green) scan. The 
oxidation/reduction of Ag (B) and the reduction peaks of Cu (C) and (D) are highlighted. 
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Unsupported nanoparticles were used, which means they are free to move across the 

surface of the electrode when the experiment is performed, which is preferred to 

accurately study the structural transformation pattern of the nanoparticles, eliminating the 

influence of an additional (typically carbon) support. 

During the first scan, a broad convoluted oxidation peak appeared between 1.13 VRHE and 

1.47 VRHE (presented in Figure 7-3 (B)), indicating the formation of Cu+ and Cu2+, consisting 

of the formation of Cu+ and Cu2+, as observed previously in sub-10 nm Cu@Ag core-shell 

NPs [54]. In addition, a very weak anodic feature appeared at 1.72 VRHE, corresponding to 

the oxidation of Ag. This anodic feature increased in strength as the number of scans 

increased to seven, as shown in Figure 7-3 (E). This, in turn, provoked the presence of a Ag 

reduction shoulder around 1.65 VRHE with increased scan number (indicated by the green 

arrow). 

In the cathodic scan, the Cu reduction peak at 1.04 VRHE (highlighted in Figure 7-3 (C)) was 

preceded by a smaller one at 1.20 VRHE (presented in Figure 7-3 (D)), representing the 

reduction of the Cu+ to metallic Cu0 and Cu2+ to Cu+, respectively. Both cathodic peaks 

encountered an anodic shift with increased cycle number. The reduction peak at 1.20 VRHE, 

present in the first scan, lost its intensity already in the second scan. Moreover, during the 

third scan, the reduction peak was preceded by a cathodic shoulder, which increased in 

intensity when reaching the seventh cycle. Finally, the reduction peak located at 1.04 VRHE 

increased in magnitude at higher scan number. This evolution in cathodic peaks can 

potentially be attributed to the reconstruction of the Cu+ surface [209] and possible Cu 

enrichment at the surface [45]. This is a first indication that electrochemical stress causes 

the Cu@Ag core-shell structure to change. However, the investigation of structural details 

such as crystallinity and interface strain require a 3D characterization of these complex 

core-shell nanoparticles at the atomic level. 

7.3.3 Structural transformation of Cu@Ag core-shell nanoparticles 
under CO2 operating conditions 

To couple the observations obtained by cyclic voltammetry with possible restructuring of 

the  Cu@Ag core-shell structure, an in-depth 3D characterization by TEM was performed. 

First, the initial Cu@Ag core-shell structure was reconstructed in 3D by electron 

tomography. A high resolution HAADF-STEM tilt series was acquired over a tilt range 

between ±75° with a tilt increment of 3°. In order to obtain atomic resolution in 3D, a 
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recently developed approach was used for which we acquired a time series of images for 

every tilt angle at a short dwell time [210]. Next, we used these images as input for a non-

rigid registration method in combination with a convolutional neural network (CNN) [210]. 

 

Figure 7-6: (A) 3D visualizations of an electron tomography reconstruction of two connected Cu@Ag core-shell 
NPs imaged along different viewing directions. (B) Orthoslices through the 3D reconstruction reveal the 
presence of defects such as twin planes or (C) edge dislocations in the Cu core. (D) An intensity line scan 
acquired from an orthoslice across the core-shell interface shows different distances along the 111 direction 
corresponding to the fcc crystal structure of Ag and Cu. 

After aligning all projection images, a 3D reconstruction was obtained by using the EM 

algorithm. 3D visualizations of the reconstructed data set are presented in Figure 7-6 (A) 

and Supporting movie 7-1. These results show that the Cu NPs appear to be spherical, but 

because of the non-uniformity of the Ag shell, the Cu@Ag core-shell system yields an oval 

shape. Moreover, we observed that for some nanoparticles, the Ag shell is not uniform and 

small pin holes in the Ag shell were present as highlighted in the image by white dashed 

circles. These findings are consistent with theoretical studies, which indicated that Ag can 

form a complete stable shell around Cu nanoparticles, despite the fact that the 

construction of a perfect Janus core shell structure is not energetically favored [211]. From 

A 
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orthoslices through the 3D reconstruction of one of the Cu@Ag NP, the atomic lattice of 

the core and shell could be visualised. The orthoslices moreover show several crystal 

defects that were present in the interior of the Cu core, such as twin planes and edge 

dislocations (Figure 7-6 (B) and (C), respectively). It is likely that these defects induced the 

polycrystalline character of the Ag shell. From one of the orthoslices, an intensity line 

profile across the Ag-Cu interface was acquired as illustrated in Figure 4d. For uncoated Cu, 

oxidation is likely to occur after exposure to air, leading to the formation of CuO.  The (111) 

interplanar distance of CuO is close to that of Ag (i.e. 0.24 nm, Fm-3m). However, from 

Figure 7-6 (D), a (111) interplanar distance was observed that corresponds to the expected 

distance for metallic Cu (i.e. 0.20 nm, Fm-3m).  These observation suggest that the presence 

of the pinholes is insufficient to oxidize the core of the Cu@Ag NP.  

 

Figure 7-7: (A) Low magnification HAADF-STEM image and particle size distribution analysis of the Cu@Ag 
NPs from figure 1 after being exposed to a total charge of 70.6 mC. (B) EDS analysis performed on one of the 
new structures where the elementary distribution in the core shell seems to be inverted, identifying the Cu as 
the low intensity material in the HAADF-STEM image. (C) High resolution detail of the NPs showing Cu 
leaching, and (D) an agglomeration of solid Ag NPs where Cu can be detected scattered around it. 

In order to understand the evolution of the Cu@Ag core-shell nanostructure during 

electrocatalysis, a total charge of 70.6 mC was applied to the same TEM grid as used for the 

characterization in Figure 7-3 and Figure 7-6Error! Reference source not found.. The low 

magnification HAADF-STEM image in Figure 7-7 (A) shows a higher degree of agglomeration 

between NPs as compared to their initial appearance shown in Figure 7-3. Consequently, 

the particle size distribution is much broader than in the previous case resulting in a mean 

particle size of 10.5 nm. A more detailed investigation of the sample revealed that different 

A B 
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nanostructure transformations had occurred. The EDS map in Figure 7-7 (B) shows a NP 

fow which the core-shell elemental distribution was inverted. It can be seen that the Cu 

(low intensity in the HAADF-STEM image) was covering an Ag solid core (high intensity in 

the HAADF-STEM image). Moreover, different structures were also found where Cu was 

partially leaching from the original core-shell structures (Figure 7-7 (C)) and was 

segregating from the core-shell structure as smaller nanoparticles (Figure 7-7 (D)). 

From these observations, we conclude that the transformation of Cu@Ag nanoparticles 

under electrical current did not occur in a synchronized manner. To obtain further insights, 

we again performed atomic resolution electron tomography, in this case for different 

selected nanoparticles.  

 

Figure 7-8: 3D reconstruction and their respective orthoslices for the Cu@Ag NPs proposed degradation 
mechanism. The pinhole area where the leaching starts is highlighted by a yellow dashed circle. 

The results are presented in Figure 7-8 and in Supporting movie 7-2. Starting from the 

previously characterized Cu@Ag core-shell structure with high shell coverage (Figure 7-8 

(A), before electrocatalysis), the transformation process seems to start with the Cu leaching 

from the nanoparticle core through one of the thinner Ag shell areas where atomic size 

pinholes where observed (Figure 7-8 (B)). The Cu later oxidizes on the outside forming CuO 

A B C D 
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as can be observed in the crystallographic analysis shown in the Supporting Information 

(Figure 7-9) carried out in the projection image corresponding to 0 degrees from the tilt 

series.  

 

Figure 7-9: HAADF-STEM image projection obtained at 0 degrees for the reconstruction shown on Figure 5b 
where the FFT performed over the Cu area (low intensity) highlighted by a yellow dashed square show the 011 
zone axis for the CuO structure. 

Hereafter, CuO rearranges to cover the Ag nanoparticle in a completely inverted Ag@Cu 

core-shell structure (Figure 7-8 (C)).  If close to other Ag nanoparticles, merging of the 

Ag@Cu core-shell structures was observed (Figure 7-8 (D)). This conversion pathway is 

supported by the 2D images from Figure 7-7, which show that Cu will eventually fragment 

into nanoclusters throughout the substrate (Figure 7-7 (D)), meanwhile, the Ag will 

continue to agglomerate and self-sinter into long chains (Figure 7-7 (A)) [19].  

7.3.4 Discussion 

It is clear that the transformation of Cu@Ag core-shell nanoparticles occured in two stages. 

The first stage is characterized by the leaching of Cu from the core-shell through pinholes 

in the Ag shell . Recent studies showed CO adsorption to be the key factor in destabilization 
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of Cu [212]–[214]. Since the formation of a complete homogeneous Ag shell is not 

energetically stable, CO molecules (generated on the Ag shell) can always find their way to 

the Cu surface, where their negative Cu-CO interface energy represents a strong driving 

force towards Cu leaching and hereafter CuO is formed [203]. The second stage of the 

transformation is the agglomeration of the Ag shells. Such a two-step process has recently 

been observed for CuZn nanoparticles under CO2 reaction conditions, where Cu degrades 

immediately, Zn degradation progresses slowly [215].  

This two-step conversion mechanism could potentially be the cause for the changes 

observed during the eCO2R (Figure 7-4) and the CV (Figure 7-5) experiment. The ethylene 

production increased along the course of the experiment due to the modification of the 

Cu/Ag interface and the increased availability of Cu at the surface [54], [66], which is crucial 

for the C-C coupling [45], [216]. The rapid decrease in methane production can be related 

to the changing Ag/Cu ratio along the experiment. During the first stages of the experiment, 

the Ag/Cu ratio decreases rapidly, due to leaching of Cu to the surface, increasing its share 

at the surface. Recent research showed that increasing the concentration of Cu, in Cu-Ag 

as well as Cu-Au, suppressed the methane formation [54], [217]. Note that the changes in 

methane production can also be attributed to the availability of CO at the electrocatalyst 

surface. Low local CO concentration promote the methane production. The CO production 

increased after 10 s, which led to the drop in methane. CO production remained stable 

after 300 s, which could potentially be explained by the already good performance of 

monometallic Ag catalysts towards CO. This will ensure a certain amount of CO to be 

produced even after structural conversion occurred at this early stage of the CO2 reduction 

process. By combining electron microscopy and electrochemistry we were able to obtain a 

more in-depth study on structural transformation of core-shell NPs and its effect on the 

electrocatalyst performance. Here we found that despite the morphological 

transformation, electrocatalyst performance towards CO was promoted, whereby this 

destabilization can actually be interpreted as some sort of activation of these core-shell 

NPs.  
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 Conclusions 

Cu@Ag core-shell nanoparticles have been successfully obtained by Ag galvanic 

replacement on thermal decomposed Cu nanoparticles. EDS analysis and dose-controlled 

electron tomography demonstrate their core-shell structure and oval shapes, which can 

potentially be attributed to the heterogeneity of the Ag shell coverage. The 3D structural 

transformation pathway of Cu@Ag core-shells during the electrochemical CO2 reduction 

has been investigated at atomic resolution level by electron tomography, and the results 

were correlated with the electrochemical insights observed. The key factor causing the 

transformation changes was found to be the heterogeneous coverage of the Ag shell on 

the nanostructures, as it was observed that Cu leached from the atomic-size pinholes of 

the Ag shell. This Cu leaching potentially caused an increased ethylene production and a 

decreased methane production, both effects originating from the changing Cu/Ag interface 

and Cu enrichment at the surface. Remarkably, the transformed Cu-Ag core-shell structure 

practically doubles the production of CO, which is the mean product generated on 

monometallic Ag surfaces. These observations can contribute significantly to state-of-the-

art research on morphological transformation, since it has been established that metal 

leaching is the commence of the structural transformation. Often in literature the focus of 

improving electrocatalyst stability is preventing agglomeration. In order to take the new 

insights of this study into account, metal leaching must be studied in conjunction with 

agglomeration prevention. This way, a proper and dependable tailored approach can be 

created enabling the study of the original electrocatalyst structures for the eCO2R. This will 

be elaborated more in Chapter 8. 
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 Supporting information 

 

Supporting movie 7-1: 3D reconstruction of Cu@Ag core-shell nanoparticle before electrochemical stress is 
applied  (https://drive.google.com/file/d/1zI9IUHRrPwlFEl4pUhcrOQY4yWXt-rTg/view?usp=sharing)  

 

Supporting movie 7-2: 3D reconstruction of degradation process of Cu@Ag core-shell NPs due to 
electrochemical stress (https://drive.google.com/file/d/10JxvQKQ8TMK2TCVIQ-
qHV0bJbH2mSHC2/view?usp=sharing)  

  

https://drive.google.com/file/d/1zI9IUHRrPwlFEl4pUhcrOQY4yWXt-rTg/view?usp=sharing
https://drive.google.com/file/d/10JxvQKQ8TMK2TCVIQ-qHV0bJbH2mSHC2/view?usp=sharing
https://drive.google.com/file/d/10JxvQKQ8TMK2TCVIQ-qHV0bJbH2mSHC2/view?usp=sharing
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HER inhibition and stability strategy using a 
nanoscale carbon layer 

 

 

 

 

 

In this chapter, the effect of an amorphous carbon layer on the HER inhibition and catalyst 

stability during the eCO2R was investigated. Ag-based gas diffusion electrodes were used 

as a proof of concept and the carbon layer thickness was optimized. Hereafter, the best 

performing catalyst was subjected to stability measurements. 

 

This chapter has been submitted as: L. Pacquets, J. Van den Hoek, D. Arenas-Esteban, R. 

Ciocarlan, P. Cool, K. Baert, T. Hauffman, N. Daems, S. Bals and T. Breugelmans, The Use 

of Nanoscale Carbon Layers on Ag-Based Gas Diffusion Electrodes to Promote CO 

Production, ACS Applied Nano Materials, 2022, 5, 7723-7732. 

Lien Pacquets performed the electrochemical, contact angle, SEM and EDS experiments, 

Järi Van den Hoek designed the flow reactor and assisted with the stability 

measurements, Daniel Arenas-Esteban performed the TEM and EELS analyses, Radu 

Ciocarlan performed the Raman measurements and Kitty Baert performed the XPS 

measurements. 
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 Introduction   

Up until today, the challenge remains to develop a catalyst to efficiently reduce CO2 by 

lowering the large overpotential necessary for this reduction along with the inhibition of 

the competing HER and therefore tuning the selectivity in aqueous environments [218]. 

Various studies have been conducted to suppress the HER by catalyst structure [219], 

alloying catalyst metals [220], [221], electrolysis in alkaline media [222], [223], reactor 

design [224], electrode design [224] and catalyst protective layers [62], [63], [225]–[227]. 

The latter are often surface modifiers which primarily aim for changes in selectivity by 

effectively modifying the electrocatalytic surface properties. Ahn et al. tuned the selectivity 

of Cu foam by adsorption of poly-amides and thereby stabilizing the CO dimer which is 

essential for the formation of C2 products [63]. Buckley et al. applied organic modifiers on 

Cu surfaces in order to alter the selectivity between CO, H2 and formic acid [225]. Hsieh et 

al. used halide anions at Ag surfaces influencing the rate-determining step [228]. Recently, 

researchers started to explore the applications of carbon films and the effect on product 

distributions, but they mainly focused on high layer thicknesses [229], [230]. 

In this chapter, we demonstrate the effect of an ultrathin protective layer based on 

amorphous carbon without additional functional groups. By using a carbon layer, the 

chemical nature and the EASA of the electrocatalyst does not change, which is in contrast 

to previously mentioned literature. Additionally, by the application of a carbon layer, 

difficult synthesis methods that add functional groups to tune the product distribution, can 

be avoided.  

As a proof of concept, we investigate the effect of the carbon layer and its thickness on Ag-

based GDEs for the CO2 electrochemical reduction to CO. Afterwards, the ideal layer 

thickness was selected to investigate its performance over a longer period of time, showing 

the beneficial role of the carbon layer on the durability of Ag-based GDEs.  

 Experimental 

8.2.1 Chemicals 

Potassium bicarbonate (Chem-Lab, 99,5%), potassium hydroxide (Chem-Lab, 85%), 

Sigracet® 39BB (SGL Carbon), Selemion® DSVN anion exchange membrane (AEM, AGC 

Engineering Co., Japan), Nafion 117 (Fuel Cell Store) cation exchange membrane (CEM) 
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were used during this research. All solutions were prepared with ultra-pure water (MQ, 

Milli-Q grade, 18.2 MΩ cm) 

8.2.2 Electrode preparation 

Ag is a well-explored electrocatalyst in literature and is therefore selected for this proof of 

concept study. Consequently, a 70 nm thick Ag layer was deposited by magnetron sputter 

coating onto a gas diffusion electrode (GDE, sigracet), using a Leica EM ACE600 employing 

35 mA of current, 4.0 .10-2 mbar of Ar pressure. Subsequently, a nanoscale carbon layer 

was added by pulse mode evaporation with thicknesses varying between 0 nm and 30 nm 

referred to as Ag70Cx (with x indicating the carbon layer thickness on top of the Ag-based 

GDE) in all experiments (a schematic representation of the synthesis approach and 

photographs of the different samples can be found in Figure S 8-1 and Figure S 8-2, 

respectively). The source was angled 25° towards the sample stage.  

The samples were neither cooled nor heated during the depositions, while the sample 

stage continuously rotated during the sputtering/evaporation and the target-to-substrate 

distance was maintained at 50 mm. 

8.2.3 Electrochemical set-up 

Electrochemical measurements were performed with a multi Autolab M204. CP 

measurements of one hour were conducted using an in-house made hybrid flow cell where 

the anolyte performs in batch and the catholyte is recirculated through a gas-liquid divider 

(a more detailed configuration can be found in Figure S 8-4 and Figure S 8-6). Both 

compartments were separated by a Selemion® DSVN anion exchange membrane, this 

membrane was chosen to allow hydroxyl ions (formed at the cathode) to migrate to the 

anode and avoid CO2 consumption. CO2 was fed into the gas channel at the cathode in a 

flow-by configuration at 7.5 sccm controlled by a mass flow controller (GF-080, Brooks 

Instruments) with a catholyte flow of 0.2 mL min-1. The back pressure was measured by a 

Gefran TK-series pressure sensor and logged by a I/O device (National instruments, 

NI6000), which was automatically read out with MATLAB® R2016a. The reacted gas stream 

was fed to an in-line thermo trace 1300 gas chromatograph (GC) equipped with a TCD 

detector and a micropacked column (ShinCarbon ST 100/120, 2 m, 1 mm ID, Restek). 

Finally, the gas stream was fed to a mass flow indicator to record the outlet flow, which 

was used for FE calculations. For both catholyte and anolyte, 1 M of KHCO3 was used as the 

electrolyte.  
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A carbon cloth served as CE and a leak-free Ag/AgCl electrode (W3-690053, Harvard 

Apparatus) was used as a reference electrode (RE) to control the applied current and to 

measure the corresponding potential in a three electrode set-up where the Ag-based GDE 

functioned as a WE. During all measurements, the ohmic resistance in the set-ups remained 

between 6 and 8 ohms, evidencing that the additional carbon layer does not significantly 

alter the resistance of the cell. The iR-drop was measured at the end of the experiment by 

the current interrupt method (CI) which applies a lower current and measures the 

corresponding potential. All potentials are reported versus the RHE, unless stated 

otherwise.  

The accessibility of water at the Ag surface was investigated using CV. The Ag70C15 sample 

was submersed in a 0.5 M KOH solution and analyzed within a potential range of -0.5 V and 

0.7 V at a scan rate 50 mV s-1. The reduction and oxidation peaks of Ag were investigated. 

8.2.4 Electrode surface analysis 

Contact angle measurements were performed with a Krüss GmbH DSA 10-mk2 device by 

drop-casting 2 µL of Milli-Q at a rate of 24.79 µL min-1 with a syringe plunger on the 

electrode surface at room temperature. The angle between the catalyst surface and the 

water droplet was measured by a drop-shape analysis software, repeated for several times 

and thereafter the average of these measurements was calculated.  

The sample was further investigated from 2 different morphological perspectives. First, the 

surface was analyzed with a SEM (FEI Quanta 250) at 20 kV using secondary electrons. 

Subsequently, cross-sections were taken from the Ag-based GDE electrodes using a focused 

ion beam dual beam microscope (FIB, ThermoFischer Scientific FEI Helios Nanolab 650). 

Primarily, a Pt protective layer was deposited (by ion beam induced platinum deposition at 

30 kV with 0.23 nA) onto the different Ag-based GDEs in order to prevent any FIB induced 

damage. Thereafter, three subsequent thinning steps were performed at 30 kV, 8 kV and 2 

kV, respectively, to obtain a FIB lamella. HAADF-STEM and electron energy loss 

spectroscopy (EELS) measurements were performed using an aberration-corrected cubed 

ThermoFischer Scientifc Titan electron microscope, operated at 300 kV. 

Next, Raman spectra were recorded in air at room temperature using a Micro-Raman 

Horiba (Xplora Plus Microscope) equipped with a green 532 nm laser, in the range of 100 

cm−1 to 3000 cm−1 Raman shift. This technique was used to indicate the presence of an 
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amorphous carbon layer and investigate the evolution of the carbon layer thickness. All 

samples were sputtered on a glass substrate to eliminate the contribution of the GDE 

(carbon based). 

Finally, XPS measurements were performed using a PHI - VersaProbe III using an Al X-ray 

source (1486.6 eV) and an automatic electron neutralizer. The samples were analyzed 

across an area of 100 µm in diameter. High resolution scans were recorded with a pass 

energy of 26 eV and a step size of 0.05 eV. Due to the low penetration depth of XPS, Ag70 

and Ag70C5 were the only two samples investigated, as thicker carbon layers would block 

the Ag signal. 

8.2.5 Stability measurements  

Electrochemical durability measurements were conducted using an in-house made flow 

set-up, allowing to operate in a three-electrode configuration (a schematic overview is 

presented in Figure S 8-5 and Figure S 8-6). A CO2 flow of 25 sccm, controlled by a Brooks 

Instrument GF-40/100 mL min-1 mass flow controller, entered the cell in flow-by mode at 

the cathode side. Both the catholyte and anolyte flows were set to 2.6 mL min-1 containing 

respectively 0.5 M aqueous KHCO3 and  2 M aqueous KOH solutions, with a total volume of 

100 mL catholyte and 500 mL anolyte, which were recycled during the experiment. A 1 cm2 

Ag-based GDE functioned as the WE, while the cathodic current was controlled by a leak-

free Ag/AgCl reference electrode (Innovative Instruments, Inc.) with a multichannel 

Autolab potentiostat M204. A Nafion® 117 cation exchange membrane (CEM) was used to 

separate the cathode from the anode. Since a KOH solution was used as anolyte for the 

stability measurements (as opposed to the one hour CP measurements where KHCO3 was 

used on both sides), a cation exchange membrane was preferred as otherwise hydroxyl 

ions would transport to the cathode and react with gaseous CO2. The alkaline anolyte was 

preferred because of its benefits towards the oxygen evolution reaction (counter reaction). 

The reacted CO2 stream traveled through the catholyte buffer container which served as a 

gas-liquid divider (G/L divider) to prevent liquid from entering the GC, an in-line Shimadzu 

2014 series GC equipped with a TCD detector and a micropacked column (Restek 

Shincarbon ST, 2 m length, 1 mm internal diameter, 100/120 mesh). The reacted CO2 

stream was sampled into the GC every 20 minutes throughout the entire experiment.  
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 Results and discussion  

8.3.1 Physical properties of the catalyst  

To perform efficient and selective eCO2R tests, a 70 nm Ag layer was deposited onto a GDE 

(Ag70) by magnetron sputter coating using ionized Ar. SEM images showing the planar view 

of the sample are depicted in Figure 8-1 (A-C). The Ag sputtered layer showed a rather 

uniform appearance with an interconnected micro-pore structure [231]–[233] (indicated 

by the red circles in Figure 8-1(C)), even on a large scale. 

 

Figure 8-1: SEM images of a sputtered Ag-based GDE with a thickness of 70 nm and with a 15 nm thick carbon 
layer at different magnifications 

A nanoscale carbon layer was deposited through carbon evaporation. Layer thicknesses of 

5, 15, 20 and 30 nm (Ag70C5, Ag70C15, Ag70C20 and Ag70C30, respectively) on top of the 

Ag sputtered layer were obtained. Using the SEM for a top-down comparison between the 

Ag70 sample (Figure 8-1 (A-C)) and the Ag70C15 (Figure 8-1 (D-F)) did not show clear 

differences before and after the application of the carbon layer. As a result, the 

microporous Ag architecture remained visible even after applying the carbon coating. SEM-

EDS data (Table S 8-1) of the resulting structures however clearly indicated a difference 

between Ag70 and Ag70C15 in terms of the Ag/C ratio. The latter resulted in a ratio of 0.027 

in contrast to the Ag70 sample where a ratio of 0.045 was obtained. This is a clear indication 

of a carbon layer being present at the surface of Ag70C15. In conclusion, the planar view 

of AG70 and Ag70C15 indicated that the addition of a carbon layer did not affect the 

structure of the Ag coating itself.   
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Figure 8-2: Cross-sectional HAADF-STEM images of sample (A) Ag70C5, (B) Ag70C15, (C) Ag70C20 and (D) 
Ag70C30, indicating the Ag layer with the red arrow and the increased thickness of the carbon layer in each 
sample with yellow arrows 

To further confirm the presence of the carbon layer, a cross-section of each sample was 

prepared by FIB milling (Figure 8-2 and Figure S 8-3). Although the electrode surface 

appears to be quite rough, an homogeneous Ag layer of ⁓70 nm is clearly observed in each 

sample, as well as a carbon layer with increased thickness of 5, 15, 20 and 30 nm for the 

Ag70C5, Ag70C15, Ag70C20 and Ag70C30 samples respectively. Importantly, for the 

thinner layers an inhomogeneous distribution of the carbon layer over the rough Ag surface 

was observed. Underneath the Ag layer, the porous GDE (carbon paper) was visible in the 

HAADF-STEM cross-sectional images. 

To investigate the graphitization degree of the carbon layers, EELS measurements were 

performed on sample Ag70C30 (Figure 8-3(A)). As it has the thickest carbon layer, it is easier 

to obtain a reliable measurement of the carbon layer without other possible contributions 

from the background. The obtained EELS spectrum is shown in Figure 8-3(B) where the 

characteristic shape of a sp2-rich amorphous carbon can be observed [234]. The well-

defined π peak indicate the presence of sp2 C, whereas the broad σ peak indicates a lower 
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level of crystallinity. From these results, it can be concluded that the carbon layers are 

composed of disordered graphene-like carbon, which are well known for their high degree 

of porosity [235], [236]. This high porosity is preferred, as it allows H+ carriers to travel to 

the Ag catalyst layer. 

 

Figure 8-3: (A) High-resolution HAADF-STEM image of the carbon layer from the Ag70C30 sample and (B) EELS 
spectrum obtained from the red cross point indicated in the image on A, where the π and σ contribution of the 
C–K edge for sp2 amorphous carbons can be observed. (C) Raman spectrum of Ag70Cx before electrochemical 
CO2 reduction giving insight on the graphitization degree of the carbon layers. 

Figure 8-3(C) illustrates the Raman spectrum of the as-deposited carbon layer onto the Ag-

based GDE electrode before the eCO2R. As shown in the graph, one main peak appears at 

1568 cm-1 and one shoulder at 1361 cm-1, which correspond to the G (E2g) and D (A1g) bands, 

respectively [237]–[240] and are visible in all carbon samples. The D maximum originates 

from the movement of neighboring atoms in radial directions in the plane and is caused by 

structural defects, often called the disorder-induced mode. The G maximum corresponds 

to the movements of atoms in opposite directions perpendicular to the plane and causes 

C-C bond stretching [241], [242]. These two bands are typical features present in 

amorphous carbon materials and combined with the absence of the 2D band (at about 

2700 cm-1, characteristic to bulk or multilayer graphite/graphene-related materials) [238], 

[243], clearly indicate that a thin amorphous carbon surface layer is present at the Ag-based 

GDE electrode. In addition, upon increasing the carbon layer thickness, the intensity of the 
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carbon related maxima increased, an observation which confirms the trend already proven 

by the HAADF-STEM experiments. It however appears that at a certain point saturation of 

the signal occurs as the maxima of Ag70C20 and Ag70C30 were similar. From this spectrum 

it can also be noted that metallic Ag is Raman insensitive as it is not polarizable during the 

molecular vibration. The signal that was visible during the measurements originated from 

the glass substrate. 

To further confirm this, a CV measurement of Ag70C15 in 0.5 M KOH was performed to 

investigate the porosity of the carbon layer. The oxidation and reduction of Ag manifests 

itself in Figure S 8-10. This demonstrates that the Ag catalyst layer is accessible for an 

electrochemical reaction. 

 

Figure 8-4: High-resolution spectra of Ag3d and C1s. Ag70C5 is represented in red and Ag70 in blue 

In order to investigate the nature of the Ag catalyst layer and the influence of the carbon 

layer on Ag, XPS measurements were performed. Figure 8-4 shows the XPS spectra of Ag3d 

and C1s, respectively. Two asymmetric Ag peaks, separated by 6 eV, at 368.5 eV (Ag3d5/2) 

and 374.5 eV (Ag3d3/2) could be observed. This indicates that Ag0 is predominantly present 

in the sample of each spin-orbit component for Ag metal. These peaks were both 

accompanied by low loss features to their higher binding energy side. Comparing both 

samples, the Ag signal was more pronounced for the Ag70 sample, whereas the carbon 

signal was increased in the Ag70C5 sample. 
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Nevertheless, no clear difference between the two samples can be observed (Figure S 8-9), 

which most likely means that Ag and C do not bind directly to each other. This is further 

confirmed by the absence of additional peaks at lower binding energies in the Ag3d 

spectrum, as they typically occur in literature reports where Ag-C bonds are formed.[244] 

These findings thus support our hypothesis that the Ag catalyst is not chemically bonded 

to the carbon layer and that the carbon layer will not interfere with the selectivity of the 

Ag layer towards eCO2R but rather solely serves as a protective layer. 

 

Figure 8-5: Contact angles as a function of the amorphous carbon layer thickness on Ag-based GDEs prior to 
CO2 reduction experiments with layer thicknesses reaching from 0 nm to 30 nm 

Contact angles of Ag70, Ag70C5, Ag70C15, Ag70C20 and Ag70C30 were measured prior to 

the electrochemical CO2 reduction reaction. A contact angle of 135.3° was measured at 

Ag70, where a carbon coating was absent. This angle decreased upon addition of a 5 nm 

carbon layer to 90.6° and declined to 58.5° at 30 nm of carbon coating, as shown in Figure 

8-5 (images of the corresponding contact angles are depicted in Figure S 8-7). We 

hypothesize that the difference in contact angle between Ag70 and the Ag70Cx can be due 

to (i) the varying roughness of the surface [245]–[248]. When the surface roughness 

increases, the contact angle increases as well, as was reported by Wenzel on non-wettable 

surfaces [249]. The GDE substrate is known to be a rough surface and by depositing the Ag 

layer by sputtering, this layer also expressed a certain roughness. Upon addition of a carbon 

layer, the roughness however decreased, which might seem a contradiction but can be 

explained as follows. The carbon layer was applied by evaporation, which is a different 
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method compared to the Ag layer deposition (which was deposited by sputtering). This 

type of method is typically used to obtain better ‘step coverage’ with a smoother surface 

as a result. At first the carbon layer is very thin (only 5 nm thick), but increasing the layer 

thickness, created a better step coverage, leading to an even smoother surface yielding 

lower contact angles [250], [251]; or (ii) the sputtered Ag film did not fully cover the 

hydrophobic GDE, whereby the influence of the GDE during the contact angle 

measurements was not completely eliminated.  After applying an additional carbon layer, 

the influence of the GDE diminished.  

8.3.2 Nanoscale carbon layers and their effect on the performance 
of Ag-based GDEs 

Electrochemical experiments were executed in a hybrid flow reactor as depicted in Figure 

S 8-4. The FEs of compounds in the gas phase were recorded during a period of 1 hour with 

intermediate sampling every 15 min, starting at 5 min after applying a current of 100 mA 

cm-2. The evolution of the FE over time of the Ag-based GDEs with altering carbon layer 

thickness are shown in Figure 8-6. 

Considering the electrolysis experiment of Ag70, a pronounced amount of H2 was already 

formed at the beginning of the measurement. The H2 increased over time from 19.6 % at 

the beginning to 31.4 % after 50 min of running time. The gradual increase in H2 production 

impacted the CO formation with a consequent reduction in its FE over time. Initially, the FE 

of CO reached up to 79.5 % which waned to 69.0 %. Additionally, methane was also 

detected as a reaction product and along with the H2 experienced an increase in FE up to 

4.5 % after 50 min of electrolysis. We hypothesize that this development in methane 

production is related to the migration of Cu to the surface during electrolysis, which was 

already reported in literature on Cu-Ag bimetallic surfaces [205]. Ethylene was also present 

in the reacted flow, but only in very low amounts resulting in a FE of 0.3 % (not represented 

in the graph). The production of methane and ethylene can be attributed to the trace 

amount of Cu (originating from the sputter equipment) present inside the Ag layer, as 

shown in Figure S 8-8. 
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Figure 8-6: Evolution in FE of H2 (blue); CO (red); CH4 (orange) and C2H4 (green) during an 1 h electrolysis 
experiment for samples (A) Ag70; (B) Ag70C5; (C) Ag70C15; (D) Ag70C20 and (E) Ag70C30 

Compared to the literature of Ag-based GDEs [252]–[256], the FE of CO was rather low and 

a considerable amount of H2 was produced at the end of the experiment. This can be 

attributed to the intensive flooding occurring throughout the experiment, as a 

consequence of the lower Ag loading present on the substrate compared to literature. 

Flooding is a well-known problem within this field of research. Literature states that this is 

due to electro-wetting [257], [258], which is a possible cause for the increasing amount of 
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H2 produced during the electrolysis. It is known that the passage of faradaic current 

accelerates flooding and is consistently reported in literature [257], [259]. Increasing the 

current density seemed to be beneficial for appearance of flooding, which initiates 

carbonate precipitation and eventually can lead to GDE failure [257].  

In order to inhibit the production of hydrogen, an amorphous carbon layer was deposited 

onto the existing Ag-based GDEs with altering layer thicknesses. The amorphous carbon 

layers in this paper differentiate themselves from other studies in terms of their simplicity 

and thickness. Often, the chemical nature of the catalyst surface was modified by either 

additives during the catalyst synthesis [63] or by modifying the existing electrode surface 

[62], [76], [225], [226], [260]. These catalyst adaptions severely influenced the 

hydrophobicity of the surface and participate in the stabilization of the intermediates, 

altering the product distribution. On the contrary, here, only a very nanoscale amorphous 

carbon layer was deposited and additional functional groups were absent preserving the 

intrinsic function of the electrocatalyst. This is a cost-efficient, easy and faster way to 

prepare electrocatalysts with HER inhibiting properties.  

As a result, as shown in Figure 8-6 (B), only a 5 nm thick carbon layer was necessary to 

inhibit the HER. At the beginning of the measurement, hydrogen formation was reduced to 

a FE of 0.5 % leading to a FE of 99.5 % of CO. Throughout the experiment, the FE of H2 

increased slowly and eventually accounted for 2.1 % which was accompanied by a small 

decrease in FE of CO to 97.9 %. The HER suppression could be attributed to the diffusion-

selective carbon layer [261]. This porous carbon layer acts as a physical barrier between 

the catalyst layer and the electrolyte, preventing direct contact. The carbon layer drastically 

lowers the diffusion of proton carriers to the Ag catalyst surface. The CO2 molecules are 

supplied from the backside of the GDE and can easily reach the Ag catalyst layer. Due to 

the limited amount of protons at the Ag interface, CO2 reduction is promoted and the HER 

is suppressed [262]. In addition, liquid passing through the outlet gas channel was absent. 

Despite the contradiction of the decrease in contact angle, the carbon layer seems to 

prevent flooding (this difference was elucidated in 3.1). Nevertheless, since carbon is more 

hydrophobic than Ag, a decrease in flooding is observed. This flooding was visible with the 

naked eye in all experiments in the hybrid cell where the carbon layer was absent and 

disappeared upon deposition of a carbon layer 
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Depositing a carbon layer of 15 nm resulted in a FE of 2.4 % for H2 and 97.6 % for CO, which 

were thus within the same range as the previous layer thicknesses. Interestingly, the 

addition of an amorphous carbon layer also lowered the cathodic working potential from  

-1.71 V (Ag70) to -1.60 V (Ag70C15), which is a reduction of 0.16 V comparing both GDEs.  

Increasing the thickness even further, entailed a decrease in the FE towards CO and in 

addition the total FE no longer reached 100 %. Total FE’s of around 69.5 % and 71.3 % were 

observed when depositing 20 nm and 30 nm of carbon, respectively. This discrepancy could 

not be accounted for by analyzing the liquid phase, as only traces of formate were 

observed. Since these layer thicknesses underperformed, they were not considered for 

further investigation.   

 

Figure 8-7: SEM images of AG70C20 (A) before and (B) after 1 h of electrolysis and the corresponding SEM-

EDS maps of (C) potassium and (D) oxygen after 1 h electrolysis 

Additionally, Figure 8-7 (A-B) depict the SEM images of the Ag70C20 sample before and 

after the electrolysis experiment and after thoroughly rinsing the electrode with milliQ at 

the end of the measurement. Comparing both SEM images, it is clear that still an additional 

layer exists after using the Ag-based GDE in the hybrid flow cell. To confirm the presence 

of KHCO3 deposits, SEM-EDS maps (Figure 8-7(C-D)) were recorded. These maps indeed 

indicated that the additional layer consisted of potassium and oxygen, which was absent 
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prior to the experiment. This indicates the precipitation of salt from the electrolyte onto 

the electrocatalyst surface.  

In addition, Raman spectra were collected on the same sample to support the SEM and 

SEM-EDS data. The Raman spectra, depicted in Figure 8-8, show a clear difference between 

the two samples which supported the SEM and SEM-EDS data from Figure 8-7. The 

Ag70C20 sample before the experiment was in accordance with Ag70C15 (Figure 8-3 (C)) 

when comparing both Raman spectra. Nevertheless, investigating the sample after the 

electrolysis, a clear difference could be observed (Figure 8-8). In this case, the presence of 

CO3
2- could be confirmed due to the characteristic peaks at 681 cm-1 and 1047 cm-1, which 

were absent before electrolysis [263]. These results, in combination with the SEM-EDS 

maps, prove the presence of an electrolyte salt layer deposited on top of the Ag70C20 

sample.  

 

Figure 8-8: Raman spectra of Ag70C20 (dashed – red) before and (solid – blue) after 1 h electrolysis 

In conclusion, the amorphous carbon layer seemed to be beneficial for the inhibition of the 

HER and CO formation, at least in terms of FE. A decrease in overpotential was ensured and 

the EASA was preserved, despite the deposition of an additional layer on top of the Ag 

catalyst layer. A carbon layer thickness beyond 15 nm resulted in a decrease in total FE 

which could not be accounted for by analyzing the liquid phase. A thickness of 15 nm was 
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selected to be most ideal to pursue further experiments because of the persistence in FE 

compared to the other layers.  

8.3.3 Superior durability of carbon coated Ag-based GDEs 

Ag70 and Ag70C15 were both subjected to more industrially relevant conditions over a 

longer period of time. The production of H2 and CO were logged every 20 min during 6 

hours.  

 

Figure 8-9: Inhibition of H2 by an nanoscale carbon layer on Ag-based GDEs expressed in the evolution of the 
faradaic efficiency of CO and H2 during the experiment 

Figure 8-9 depicts the evolution in H2 and CO production over time. A distinct difference 

existed between Ag70 and Ag70C15. Ag70 showed a precipitous increase in H2 production, 

which consequently led to a faster decrease in CO production. At Ag70C15, the HER was 

inhibited by the additional carbon layer on the Ag-based GDE. A difference of 21 % in FE of 

H2 was present between Ag70 and Ag70C15 at the end of the 6 hours of measurement, 

with FE reaching 60 % and 39 % for Ag70 and Ag70C15, respectively. The FE of CO decreased 

to 55 % over Ag70C15 and 28 % over Ag70, which is a difference of 27 % between the two 

electrocatalysts. The FE of CO diminished by 54.4 % at Ag70 compared to 30.2 % at 

Ag70C15. Additionally, an overall increase in HER of 56.9 % was observed at Ag70, which 

was only 37.9 % at Ag70C15. It is clear that the amorphous carbon layer inhibits the HER 

production over longer periods of time.  
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Figure 8-10: SEM image of (A) Ag70 after 3 hours of experiment, (C) Ag70C15 after 5 hours of experiment and 
(B and D) their corresponding SEM-EDS map. 

Comparing the surfaces of Ag70 and Ag70C15 after 3 h and 5 h of the experiment, 

respectively, clearly indicated a difference between the two electrodes. As depicted in 

Figure 8-10, clustering of Ag on the surface of the electrode, indicated by the red circles, 

was visible. This clustering is absent on the Ag70C15 surface. This proves the stabilizing 

effect of the amorphous carbon layer, since it inhibits the movement of the Ag particles on 

the surface and thereby prevents the clustering of the Ag on the surface. 

 Conclusions  

In this study we investigated the inhibition of the HER by applying a carbon top layer on a 

typical CO2 reduction catalyst as it typically lowers the overall energy efficiency of the 

process. At the same time, we also explored the stabilizing effect of porous low loading 

electrocatalysts (~70 µg cm-2). As most studies use surface modifiers to alter the chemical 

nature of the surface and use very thick protective layers, we investigated the effect of 

nanoscale amorphous carbon layers on the HER and stability, preserving the chemical 
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nature of the electrocatalyst itself. In comparison with previously mentioned literature, this 

is a straightforward and fast modification that can be done after catalyst synthesis and 

deposition on the GDE.  

In this investigation, we used Ag-based GDEs as a benchmark, which were synthesized by 

magnetron sputtering. Additionally, porous amorphous carbon was added by carbon 

evaporation. By using Ag-based GDEs, we were able to highlight the effect of carbon on the 

HER inhibition since they are not prone to produce products other than H2 and CO. In 

addition, the porous carbon layer allows the H+-carriers to diffuse to the Ag catalyst layer, 

without any excess of protons. Since the CO2 is supplied from the backside of the GDE, it is 

sufficiently available at the Ag catalyst surface. 

Upon applying a porous amorphous carbon layer onto the Ag-based GDEs, we noticed that 

the Ag catalyst is attainable, since Ag oxidation and reduction could be observed during the 

CV measurements. It has also been perceived during the XPS measurement that the Ag 

catalyst layers was not chemically bonded to the carbon layer. This carbon layer resulted in 

the inhibition of the HER and preventing the catholyte from traveling through the GDE.   

Carbon layers thinner than 15 nm already showed to be less stable after 1 hour. Increasing 

the layer thickness to 30 nm or even 50 nm led to a decrease in total faradaic efficiency. 

Considering the above, a layer thickness of 15 nm is most ideal to perform long term 

experiments.  

By comparing the bare Ag-based electrode, after a measurement of 6 hours, against the 

carbon coated Ag-based GDE, a remarkable difference in the pronounced amount of 

hydrogen produced was obtained. The HER accounted for 39 % on the latter electrode in 

contrast to 60 % at the former electrode. This is an increase in FE of 56.9 % using the Ag70 

catalyst and only 37.9 % when carbon was applied. Additionally, the carbon layer ensured 

that the distribution of Ag catalyst across the electrocatalyst surface was maintained 

throughout the experiment. This is in contrast to the bare Ag electrode, which encountered 

destabilization due to sintering.  

As this nanoscale carbon layer was able to prevent agglomeration of the electrocatalyst, 

along with its ability to inhibit HER, it highlights its potential as protective layer during 

electrochemical conversion of CO2.  This approach can potentially be extended to other 

electrocatalytic processes.  
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 Supporting information 

 

Figure S 8-1: Illustration of the sputter coating principle and the formation of nanoscale carbon protected Ag-
based GDEs by Ag magnetron sputtering and carbon evaporation. 

 

Figure S 8-2: Ag70Cx samples used during electrochemical experiment. Note the difference in color upon 
increasing the carbon layer thickness. 
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Figure S 8-3: (top) Low and (bottom) high magnification cross sectional HAADF-STEM images of samples (A) 
Ag70, (B) Ag70C5, (C) Ag70C15, (D) Ag70C20 and (E) Ag70C30. The cross-sectional images show the layered 
structure of the Ag-based GDE electrodes with altered carbon layer thicknesses.  

 

Figure S 8-4: Schematic representation of the hybrid flow cell. With FC being the (mass) flow controller, PI the 
pressure indicator, FI the (mass) flow indicator and GC the in-line gas chromatograph. 
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The hybrid flow cell contains three compartments which are (i) the gas channel where CO2 

is provided as feedstock; (ii) the cathode chamber which is filled with a CO2 saturated 

KHCO3 solution and (iii) the anolyte compartment containing a CO2 saturated KHCO3 

solution. An Ag-based GDE operates as the WE and is connected to a graphite current 

collector. This GDE separates the CO2 flow from the catholyte and allows CO2 to travel to 

the electrocatalyst. A carbon cloth is used as a CE which is connected to an Al current 

collector. The CE is pressed together with the AEM (Selemion DSVN) to reduce the ohmic 

resistance. The catholyte is recycled using a gas-liquid divider (G/L divider) which is also 

used to separate liquid from the reacted CO2 stream and the anode compartment performs 

in batch mode. 

 

Figure S 8-5: Schematic representation of the flow reactor used during the durability measurements. With FC 
being the (mass) flow controller, FI the (mass) flow indicator and GC the in-line gas chromatograph. 
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This set-up has a three electrode flow-by configuration where WE and CE are separated by 

a CEM (Nafion). The Ag-based GDE (WE) is connected to a copper current collector, 

whereas the CE consists of a nickel foam which is electrically connected to another copper 

current collector. A CO2 flow is fed into the gas channel in flow-by mode and subsequently 

into the G/L divider before being injected into the GC to prevent liquid from entering the 

column of the GC. Catholyte as well as anolyte are being recycled. 

 

Figure S 8-6: Photograph of (A) the hybrid flow cell land (B) the flow reactor used for the 1 h experiment and 
the stability measurements, respectively.  
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Table S 8-1: Comparison of the at% of Ag and carbon between Ag-based catalysts Ag70 and Ag70C15 effecting 
the Ag/C ratio 

Catalyst At% Ag (%) At% C (%) Ag/C ratio 

Ag70  3.75 84.00 0.045 

Ag70C15 2.34 88.00 0.027 

 

 

 

 

Figure S 8-7: Images taken during contact angle measurements of the sessile droplets of MilliQ on top of the 
Ag-based GDEs prior to the CO2 reduction reaction with (A) 0 nm, (B) 5 nm, (C) 15 nm, (D) 30 nm and (E) 50 
nm of carbon 
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Figure S 8-8: SEM-EDS spectrum of the Ag70 sample depicted in Fig. 1C indicating the presence of Cu impurities 
inside the Ag layer 

 

Figure S 8-9: : Normalized high resolution spectra of Ag3d. Ag70 presented in red and Ag70C5 presented in 
blue. 
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Figure S 8-10: CV measurement (10th scan) of Ag70C15 in 0.5 M KOH, at a scan rate of 50 mV s-1 
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Conclusions and future perspectives 

 

 

 

 

 

 

The final chapter of this work summarizes the scientific conclusions of this doctoral 

dissertation. The different synthesis methods used in this work, their electrochemical CO2 

reduction performance, the stability of Cu@Ag core-shell nanoparticles and a possible 

stability strategy are evaluated. Finally, some perspectives on future research are 

presented.   
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 Conclusions   

The disastrous effects of global warming are catching up on us. As the sense of urgency 

seeps in, one has been striving to find new technologies. One very promising strategy to 

combat global warming, is the electrochemical conversion of CO2 to value-added products. 

In order to efficiently convert CO2, the design of an electrocatalyst is of essence since this 

enables tuning of the final product. Therefore, a reliable synthesis method is key to obtain 

good control over morphology, size and composition. The behavior of electrocatalysts, 

more specific bimetallic ones, is not fully understood up until today. In addition, it has been 

observed that electrocatalysts suffer from stability problems under electrochemical 

reaction conditions. Hence, the aim of the work was to optimize the synthesis routes 

towards reproducible electrocatalysts (in this work we focused on Cu and Ag) to be able  

unveil the structure-performance relationships of bimetallic nanoparticles. Furthermore, 

the structural transformation pattern was investigated in order to be able to improve the 

electrochemical performance of electrocatalysts in general. To pursuit this goal, the 

experimental section of this dissertation was divided into two parts: (I) Cu-Ag bimetallic 

catalysts for the CO2 reduction and (II) stability.  

This work focused on exploring possible synthesis routes to design different 

electrocatalysts in a reproducible manner. As discussed in Chapter 1, Cu-Ag bimetallic 

catalysts are promising candidates for the CO2 reduction towards CO as well as 

hydrocarbons and alcohols.  

In Chapter 4, the electrodeposition was investigated to deposit Cu nanoparticle 

electrocatalysts on rough surfaces. Electrodeposition is known for its outstanding control 

over electrocatalyst design, since various parameters can be tuned. Nevertheless, this 

technique is primarily used on smooth surfaces, whereas in Chapter 4, a gas diffusion 

electrode was used as deposition substrate. This entailed several challenges:  

• The hydrophobicity of the substrate complicated the deposition of Cu. The 

hydrophobicity can be altered by pre-treating the surface, inducing differences in 

surface charge, as evidenced by the CV measurements where a peak potential shift 

was observed. These changes instigated differences in nucleation modes, thereby 

leading to differences in morphology and size of the Cu particles.  
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• The roughness of the substrate surface hampered the reproducibility of the 

synthesis of Cu particles when using analogous parameters. Despite the fact that 

the particle size and density could be adjusted by varying the nucleation potential, 

growth charge and electrolyte composition, electrodeposition remains inconsistent 

on rough surfaces. Apparently, the surface roughness is an additional parameter 

that needs to be accounted for during the electrocatalyst synthesis by means of 

electrodeposition. 

As electrodeposition on rough surfaces has shown to be inconsistent, another approach 

was explored in Chapter 5. Thermal decomposition was used to synthesize highly 

monodisperse Cu nanoparticles. Various Cu-Ag bimetallic nanoparticles (e.g. different 

compositions and configurations) could be obtained by applying a Ag shell, using galvanic 

displacement. Several parameters, listed below, influence the synthesis of these 

nanoparticles.  

• The role of the ligand: Since TDPA (the preferred ligand during the Cu nanoparticle 

synthesis) interacts strongly with the Cu-precursor, it ensured monodispersity and 

good self-assembling. Nevertheless, experiments showed the concentration has an 

influence on the size focusing of the nanoparticles as well as on the particle size. 

An optimum TDPA:Cu ratio was found at 0.5. Higher ratios resulted in the 

production of bigger nanoparticles, which exceeded 10 nm. Lower ratios, on the 

other hand, resulted in NPs with a broad size distribution.  

 

• The Ag concentration: The Cu:Ag ratio in the bimetallic particles can be tuned by 

changing the initial concentration of Ag during the galvanic displacement. 

Depending on the initial size of the Cu core nanoparticle, one or two galvanic 

replacement steps are required, which is attributed to the altered interfacial 

energy.   

 

• The temperature and heat distribution: The galvanic displacement can also be 

performed at elevated temperatures. It is of crucial importance that the applied 

heat is properly distributed in the entire sample. If not, elevated temperatures 

result in the formation of an inhomogeneous shell with local Ag enrichment on the 

nanoparticles.   
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In this work, Cu0.5Ag45 bimetallic nanoparticles showed to be stable during storage for 

over 12 months despite the large lattice misfit between Cu and Ag, making these 

configurations prone to degradation over time. The improved stability could possibly be 

attributed to: 

• The solvent, in which these nanoparticles were stored. A solvent should be selected 

in which the preferred ligand is poorly soluble. In this work hexane is preferred 

because TDPA is poorly soluble in this solvent.  

 

• The high Ag concentration in the bimetallic nanoparticles. The presence of an 

increased amount of Ag in the shell could be able to release the strain in the core-

shell resulting in a more stable core-shell configuration 

 

• The multi-step galvanic displacement, where in the first step a stable intermediate 

is formed. Afterwards the formation of the shell is completed by a second galvanic 

displacement.  

The thermal decomposition and subsequent galvanic displacement allowed the synthesis 

of Cu-Ag bimetallic nanoparticles differing in size, morphology and composition. The effect 

on their performance was elucidated in Chapter 6. It was shown that the CO production 

could be boosted when considering the effect of: 

• Ag concentration: Introducing Ag in the bimetallic system resulted in an increase in 

CO production, which improved even further upon Ag enrichment. It is evident that 

the Ag:Cu ratio can be regarded as an imaginary slider button that lowers the 

average binding energy of *CO in the entire system, enhancing the production of 

CO. The increase in CO production was accompanied by a suppression of the HER, 

which could be attributed to a reduced H binding strength on Cu surfaces generated 

upon introduction of Ag. In addition, the share of methane appeared to grow at the 

expense of ethylene in the Cu-Ag series. 

 

• Ag coverage: Comparing Cu/Ag nanodimer and Cu@Ag core-shell structures with 

comparable Ag:Cu ratio it was evident that core-shell structures were generally 

more selective towards CO than nanodimers. Accordingly, production of ethylene, 

methane and ethanol was lower on core-shell structures compared to the 

nanodimers.  
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• The electrolyte: Literature recently showed that the electrolyte can influence the 

product distribution. When CsHCO3 instead of KHCO3 was used during the 

electrochemical CO2 reduction over Cu@Ag core-shell nanoparticles, a selectivity 

shift towards CO occurred. On the other hand, the selectivity towards hydrogen, 

methane and ethanol decreased. 

The Cu-Ag series experienced structural changes during the CO2 reduction due to 

electrocatalyst reconstruction. Nevertheless, the exact structural tranformation pathway 

remained indistinct, which is key in postulating a proper strategy to prevent these changes 

and enable the investigation of the original electrocatalyst structures. Therefore, Chapter 

7 was devoted to unravel the early stages of structural transformation and its effect on the 

eCO2R over Cu@Ag core-shell NPs. In this chapter electron tomography at atomic 

resolution was used to investigate the Cu@Ag core-shell structure. Since Cu and Ag were 

beam sensitive, it imposed some challenges concerning beam-induced reconstruction. 

Consequently, decreasing the dwell time and increasing the scan rate enabled the 

acquisition of the tilt series for tomography and avoided damaging the nanoparticles.  

3D reconstructions demonstrated an oval Cu@Ag core-shell structure due to the 

inhomogeneous shell ranging from 2.5 nm to 1 nm, in contrast the literature reports that 

were based on 2D projections images. Investigation of the orthoslices revealed several 

defects in the interior of the Cu core, which most probably induced the polycrystalline 

character of the Ag shell. Applying electrochemical stress under CO2 reaction conditions 

revealed that electrocatalyst reconstruction proceeded in two consecutive steps. Firstly, 

the Cu leached from the core through the thinner parts of the Ag shell, where pinholes 

were located. This leaching was caused by the adsorption of CO, inducing the 

reconstruction of the Cu surface and eventually leading to the formation of an inverted 

core-shell structure. Subsequently, the nanoparticles agglomerated to form bigger 

nanoparticles. Nanoparticle reconstruction could also be derived from the CV 

measurements, where the Cu reduction peak current increased and an anodic peak shift 

was observed. In addition, Cu leaching promoted the production of ethylene and 

suppressed the production of hydrogen.  

Given the unique and multistep electrocatalyst reconstruction pathway and the persistent 

production of hydrogen, Chapter 8 focused on the use of nanoscale carbon layers to 

prevent electrocatalyst reconstruction and inhibit the HER. To evaluate the behavior of 
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these carbon layers, Ag-based electrodes were used to serve as a benchmark. Remarkably, 

the nanoscale carbon layer served as an excellent HER inhibitor and preserved a 

homogeneous distribution of the catalyst layer over time.  

To conclude, this thesis showed that the synthesis approach is crucial in obtaining proper 

electrocatalysts particles and depending on which application, a different synthesis method 

should be addressed. In addition, electrochemistry and electron microscopy prove to be 

complementary techniques which allows the in-depth study of electrochemical processes. 

This enables to combat electrocatalytic challenges, such as electrocatalyst reconstruction, 

in a tailored way.  

 Future perspectives  

This thesis has demonstrated the successful design of spherical-like electrocatalysts in 

Chapter 5, with altered composition and size. Despite the improvements on the synthesis 

method in terms of particle/composition control, the environmental aspects still have to 

be considered. As discussed in 5.1, often toxic components are employed. In this respect, 

a first step has already been taken, as TDPA was used as stabilizing agent during the Cu 

synthesis. Nevertheless, there is still room for improvement since for example TOA is a toxic 

solvent. Alternatives such as plant-based components are currently being described in 

literature [264]. 

The synthesized nanostructures where analyzed by combining the use of electrochemistry 

and electron tomography. The latter field rapidly evolved during the last decade. Electron 

tomography was primarily used to obtain information about a nanostructure which could 

not be obtained in performing 2D analysis. Nevertheless, even for seemingly simple 

structures, valuable information (e.g. how the structure actually looks like, interior 

information) is still missing. The time required to obtain a tilt-series is the major limitation 

when using electron tomography, which can be quite challenging when using beam 

sensitive materials as used in this thesis. Tremendous efforts have been made to analyze 

such materials by (i) reducing the electron dose when using undersampling (using higher 

tilt increment, measuring randomly selected pixels); (ii) decreasing the acquisition time fast 

tomography (continuous image acquisition with intermediate refocusing and 

repositioning). The latter also enables the analysis of dynamic processes such as NP 

reconstruction during electrocatalysis.  
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In addition, it should be stressed out that the product distribution during the CO2 reduction 

can, apart from size and composition, also be tuned by morphology. It is therefore 

worthwhile to investigate the possibility of modifying the existing synthesis route to be able 

to obtain for example cubic and octahedral structures. Note that the surfactant can play a 

key role in designing different electrocatalyst structures. By incorporating different ligands, 

the shape can be altered since some ligands preferentially bind to a crystal facet. In 

addition, by changing the ligand-to-Cu ratio in the existing synthesis method the dispersity 

and size can be tuned even further. 

In this work, the performance of various Cu-Ag series were tested in a hybrid flow reactor. 

Despite the relatively small gas and liquid volume, the analysis of primarily liquid products 

remained challenging. A next step in future research could be the investigation of the 

electrocatalyst performance using differential electrochemical mass spectrometry (DEMS).  

This technique combines electrochemistry and spectroscopy and enables the detection of 

electrochemically synthesized products by mass spectroscopy. This technique allows in-situ 

detection of gaseous or volatile reaction products. The set-up that is used consists of an 

electrochemical half-cell that is separated from a vacuum system by a membrane. The 

products are ionized and separated by their mass-to-charge ratio. The advantage of this 

technique is the usage of a 25 µL cell, which allows real-time analysis of the products. In 

addition, small amounts of product can be detected that were maybe undetectable in the 

current reactor. This approach will allow a more accurate detection of all products that can 

possibly be synthesized by using a Cu-Ag bimetallic electrocatalyst. 

DEMS analysis could also be an asset in determining the evolution of product distribution 

in the early stages of electrocatalyst restructuring. In Chapter 7, the effect of catalyst 

restructuring on the product distribution was investigated. Nevertheless, the analysis was 

currently hampered by the relatively large liquid and gas volume in the reactor. Therefore, 

it is suggested to use DEMS in order to obtain insights in the product distribution during 

the first few seconds of the electrolysis. This could determine the selectivity of the initial 

Cu@Ag core-shell nanoparticles.  

Nanoscale carbon layers proved to be an excellent HER inhibitor and improved the stability 

of Ag-based electrocatalysts. The effect of a carbon layer on Cu-Ag bimetallic nanoparticles 

should be further explored. Recently published research showed the benefit of a carbon 

shell in preventing Cu restructuring. The carbon layer used in this work, could potentially 

avert the leaching of Cu from the bimetallic nanoparticles and prevent agglomeration.  
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