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Chapter 1.        

 An introduction to electrochemical conversion of 

sustainable feedstocks 
 

 

 

 

 

 

 

Abstract: This chapter provides a background on the use of electrochemistry 

to convert abundant and sustainable feedstock such as Carbon dioxide (CO2) and 

biomass-derived molecules into value-added products using renewable energy. 

In the first part a motivation is presented for the use of renewable energy in 

electrochemical processes. Following, the impact of greenhouse gases such as 

CO2 on climate change is discussed as well as the use of carbon dioxide as 

feedstock for electrochemical conversion into value-added products. 

Furthermore, the utilization of pyrolysis oil-based molecules is considered as 

well as upgrading to allow utilization as an additive to fossil fuels for the 

transport sector. Finally, the outline of this thesis is presented with a summary 

of the main results obtained in each individual chapter. 
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1.   Storing the surplus of renewable energy into chemical bonds 

The ever growing global energy demand, coupled with concerns on the 

impact of fossil fuel based technologies on the environment, has increased 

interest in renewable technologies for energy production1,2. The use of renewable 

energy sources like solar and wind is attractive due to its CO2-free nature, but 

presently only accounts for~5% of the world total energy consumption3,4.  

One of the reasons that these sources do not find wider application are 

regional politics, and technological restrictions due to fluctuations in availability 

of sun light and wind, both on a seasonal, and daily basis. Storage of renewable 

energy is essential to  mitigate these fluctuations5. Seasonal storage represents 

an opportunity to develop and commercialize technologies based on the concept 

of “Power-to-Chemicals”, converging the needs for faster decarbonization 

processes with an environmentally friendly utilization of remnant green energy6. 

The technology behind “Power-to-Chemicals” is electrochemistry, 

which is the field of chemistry in which the interrelation of electrical energy and 

chemical reactions is studied7. More specifically, an external electrical potential 

drives chemical reaction on the surface of an electrode through electron transfer. 

An electrochemical system involves at least two electrodes and an electrolyte, 

where the electrodes (anode and cathode) are connected via an external electric 

circuit which conducts electricity8. 

 Electrical current flows from one electrode to the other making them 

positively (anode) or negatively (cathode) polarized. The electrolyte usually 

consists of a liquid phase containing ionic species and conducts charges via the 

movement of ions. Such a system allows for the separation of reduction and 

oxidation, the so-called half reactions.  
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Essentially, electrochemical processes involve the occurrence of the 

following 6 steps on each of the electrodes: 

 

i. Diffusion of the reactants to the electrode-electrolyte interface 

ii. Chemical adsorption of the reactants on the electrode surface 

iii. Electron transfer and/or proton migration to cleave and form chemical 

bonds 

iv. Rearrangement of products according to the preferred reaction 

mechanism 

v. Product desorption from the electrode surface 

vi. Product diffusion to the gas phase and/or the electrolyte 

 

Interestingly, electrochemistry can be used to convert renewable 

feedstock by the oversupply of green energy to create value-added chemicals; 

water can be converted into hydrogen (H2) or hydrogen-peroxide (H2O2) while 

potential greenhouse gases such as carbon dioxide (CO2) and methane (CH4) can 

be transformed to produce ethylene (C2H4) or carbon monoxide (CO), paramount 

chemicals in industries of plastics, coatings and steel/cement9–11. In addition, 

biomass-derived components containing cellulose and lignin-based molecules 

can be utilized to produce biomaterials and biochemicals used as cosmetics, food 

additives and bio-fuels12,13.  

In this thesis, we will focus on carbon dioxide and biomass-derived 

molecules as feedstock for electrochemical conversion, advancing technology to 

convert such feedstock selectively, efficiently, and continuously.  
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2.  Carbon dioxide as source for renewable value-added products 

The world urgently needs to reduce its carbon footprint to avoid severe 

effects of global warming. Reduction of 40% of gas emissions is required by 

203014–16. Carbon dioxide (CO2) is the most notorious of earth's long-lived 

greenhouse gases and the main driver of today’s climate change. The 

accumulation of CO2 in the atmosphere is rapidly rising due to the increasing 

global energy demand as an effect of population and economic growth17. In this 

line, strategies to reduce CO2 emissions have been proposed towards a more 

efficient and renewable energy system for the sustainable growth of society: 

decarbonization, carbon sequestration, and carbon recycling18.  

Decarbonization is based on the exclusive utilization of renewable 

energy sources (solar, wind, tides) to provide energy to society. Sequestration of 

CO2 accepts some continued production of CO2 but seeks to prevent release to 

the atmosphere19. The CO2 has, for example, to be pumped underground and 

there are still challenges to verify the feasibility of the geologic and oceanic sinks 

for CO2, at the same time overcoming the environmental and safety concerns.  

Sequestration becomes interesting when combining it with carbon 

recycling20. In this option, the captured CO2 would not be stored but converted 

into products. Thus, electricity could be provided while achieving net-negative 

emissions and regenerating the CO2 into new products. One of the approaches to 

reduce the CO2 is through electrochemical processes using electrical energy21. 

The electrochemical reduction of CO2 (CO2RR) involves multi-step 

reactions at different electrode potentials and occurs on the cathode side of an 

electrochemical cell (half-reaction). The anode side performs the oxygen 

evolution reaction (OER) providing the required number of electrons and 

protons to the cathode side. Many products can be formed during the CO2RR 

process (i.e. hydrocarbons and CO), according to the electrode nature and 
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applied potential22–24. The main reactions and products in electrochemical CO2 

reduction are described in equation (1)-(16), as shown in table 1.  

The electron transfer to CO2 (eq (16)) requires a very high overpotential 

(-1.90 V vs SHE), inducing rearrangement of the thermodynamically stable 

linear molecule (O=C=O) to a bend configuration of its radical ion (•CO2
-) on 

the electrocatalyst surface23. An ideal catalyst for this complex reaction must be 

able to cope both with kinetic and thermodynamic barriers since the redox 

potential of hydrogen evolution reaction (HER) as shown in (15) is very close to 

other intended products. 

 

Table 1. Electrochemical reactions and products in CO2RR in aqueous solution 

(pH 7.0 at 25 oC) with the respective standard potential vs RHE (1)-(14), 

hydrogen evolution reaction (HER) (15), electron transfer to adsorbed CO2 (16). 

Reaction 
Estd vs 

RHE (V) 

Estd vs 

Ag/AgCl (V) 

Equation 

CO2 (g) + 2H+ + 2e- → HCOOH (l) -0.19 -0.82 (1) 

CO2 (g) + H2O (l) + 2e- → HCOO- (aq) + OH- -0.01 -0.64 (2) 

CO2 (g) + 2H+ + 2e- → CO (g) + H2O (l) -0.11 -0.74 (3) 

CO2 (g) + H2O (l) + 2e- → CO (g) + 2OH- -0.10 -0.73 (4) 

CO2 (g) + 4H+ + 4e- → HCHO (l) + H2O (l) -0.06 -0.69 (5) 

CO2 (g) + 3H2O (l) + 4e- → HCHO (l) + 4OH- -0.47 -1.09 (6) 

CO2 (g) + 6H+ + 6e- → CH3OH (l) + H2O (l) 0.04 -0.59 (7) 

CO2 (g) + 5H2O (l) + 6e- → CH3OH (l) + 6OH- -0.39 -1.02 (8) 

CO2 (g) + 8H+ + 8e- → CH4 (g) + 2H2O (l) 0.18 -0.45 (9) 

CO2 (g) + 6H2O (l) + 8e- → CH4 (g) + 8OH- 0.17 -0.45 (10) 

2CO2 (g) + 12H+ + 12e- → C2H4 (g) + 4H2O (l) 0.48 -0.15 (11) 

2CO2 (g) + 8H2O (l) + 12e- → C2H4 (g) + 12OH- 0.08 -0.55 (12) 

2CO2 (g) + 12H+ + 12e- → C2H5OH (l) + 3H2O(l) 0.50 -0.13 (13) 

2CO2 (g) + 9H2O + 12e- → C2H5OH (l) + 12OH- 0.09 -0.54 (14) 

2H2O + 2e- → H2 + 2OH- 0.01 -0.62 (15) 

CO2 + 2e- → CO2
-o -1.48 -2.11 (16) 
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Different metal catalysts have been employed for the selective formation 

of specific reaction products, depending on the binding energy of intermediate 

species (*CO and *CHO), as shown in Figure 1. Essentially, carbon monoxide 

is produced preferably on Au and Ag surfaces, formate species are favored on 

Sn and Pb electrodes and CxHyOz molecules such as hydrocarbons and alcohols 

are formed on copper surfaces25. 

 

Figure 1. Main reaction pathways to different products on various metal electro-

catalyst surfaces. Au, Ag, and Zn, produce carbon monoxide (CO) while Sn, Hg, 

Pb, In produce formate (HCOO-). The unique catalyst (Cu) promotes formation 

of hydrocarbons (CxHy). (Adapted from DD. Zhu, et al. 2016).  

 

2.1.  Recent developments in CO2 reduction reaction 

It is known that carbon dioxide has a low solubility in aqueous solutions 

(2 𝑔/𝑘𝑔𝐻2𝑂, 20℃), ultimately leading to CO2 diffusion limitations towards the 

electrode surface26. That becomes more evident in studies employing 

electrochemical cells that rely on CO2 dissolved in the electrolyte as the CO2 

supply, as commonly observed in H-type and undivided cell reactor 

configurations.  

Furthermore, H-cells operate with a relatively high electrolyte resistance 

due to the distance between electrodes, which leads to limiting currents in the 
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order of ~10 mA/cm2. To achieve high current densities, an ideal electrochemical 

cell fulfills some general requirements22,27,28: 

 

i. Feasible to scale-up (stack assembly) and stable operation 

ii. Enables high energy efficiency 

iii. Enhances CO2 concentration at the electrode surface 

iv. Provides better temperature, pressure, and process parameters control  

v. Efficient H+ transfer and no cross-over of liquid products across the 

electrolyte 

 

An electrochemical CO2 reduction process is considered economically 

viable when current densities of ~200 mA/cm2 can be achieved (red lines in 

Figure 2) together with a high faradaic efficiency (FE) and energy efficiency 

(EE)29. An overview of the most recent reports on the electrochemical reduction 

of CO2 is presented in Figure 2.  

CO2 reduction studies conducted with CO2 dissolved in the aqueous 

phase (hollow bullets) exhibit less attractive performance in terms of current 

density (~10 mA/cm2), even though high faradaic efficiencies (FE) towards 

CO2RR products can be achieved30. On the other hand, vapor-fed CO2 reduction 

studies (solid bullets) present superior results, enabling current densities in the 

order of hundreds of mA/cm2 with outstanding FECO2RR.  

Products such as formate and carbon monoxide could be produced with 

high partial current densities and faradaic efficiencies close to 100%, while 

ethylene exhibits a maximum FE of ~65%, indicating that the selectivity of 

ethylene still suffers from competitive reactions on Cu-surfaces31. In terms of 

energy efficiency, we observe a limitation in combining a high EE with high 
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current densities due to kinetic losses and overpotentials, regardless the desired 

product.  

 

 

Figure 2. Highlighted are state-of-the-art reports on CO2 reduction using gas 

diffusion electrodes toward various products. (a) Partial current density vs 

faradaic efficiency. Solid bullets represent vapor-fed reactor and hollow bullets 

stand for aqueous-fed reactor. (b) Partial current density vs energy efficiency. 

Both graphs are based on different reactor design and electrode compositions 

(copied and adapted from D. Higgins, et al. 2019). 

 

Continuous-flow reactors relying on gas feedstocks have been preferred 

over electrochemical cells based on CO2 dissolved or bubbled batch experiments 

(such as H-cells), due to their higher energetic efficiency and proper 

scalability32,33. The most studied electrochemical continuous vapor-fed reactors 

for CO2 reduction can be classified into three types as shown in Figure 3.  

Figure 3.a exhibits a reactor configuration containing two electrolyte 

flow channels separated by an ionic exchange membrane (IEM). This reactor 

architecture is highly versatile, allowing the use of different types of electrodes 

(i.e., disk, plate, foil, porous electrodes) and enabling the addition of reference 
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electrodes in one or both electrolyte channels to control individual electrode 

potentials. The disadvantage of this reactor configuration is a higher cell 

resistance due to the larger distance between the electrodes, which is still 

significantly smaller than the previously discussed H-cell configuration.  

 

 

Figure 3. Three types of commonly used electrochemical vapor-fed continuous 

flow reactors: (A) zero-gap assembly without liquid electrolyte, (B) zero-gap 

assembly at the anode (or the cathode), and (C) reactor with two electrolyte 

channels (adapted from J. Vennekoetter, et al). 

 

Another alternative is to eliminate one of the electrolyte flow channels, 

decreasing the cell resistance while still maintaining one port for a reference 

electrode, as shown in Figure 3.b. These cell configurations (Fig. 3.a and 3.b) 

are mostly used in catalyst screening studies to enable a better control of process 

parameters (i.e., CO2 flow, electrolyte flow, temperature, pressure, electrode 

potential), while assessing the performance of various electro-catalysts for the 

selected electrochemical reaction. A third reactor configuration is known as a 

zero-gap cell and promises superior energetic efficiency due to the close distance 

between anode and cathode and the use of solid polymer electrolyte membranes 

(PEM) as ions transport layer between the electrodes in replacement for liquid 

electrolytes, as showed in Figure 3.c. These PEM-based systems are derived 

from configurations of fuel cells (PEMFC) and are comprised of a conductive 
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ionic membrane sandwiched between two conductive porous electrodes. 

Humidified CO2 is fed from the back of the porous electrode and diffuse until to 

the electrode-electrolyte interface with the polymer membrane, where protons 

generated at the anode are transported through the membrane to the interface 

coupling with electrons provided by current collectors placed at the back of the 

porous electrodes34.  

The most widely used porous electrodes in continuous flow cell designs 

are known as gas diffusion electrodes (GDE)35. A GDE is essentially comprised 

of a catalyst layer (CL) coated onto a gas diffusion layer (GDL), as shown in 

Figure 4. The GDL contains a macroporous layer (200-400𝜇m thick) made of 

graphite to allow fast CO2 transport and a microporous layer (10-100𝜇m thick) 

made of PTFE + carbon black for hydrophobicity and water management at the 

electrode surface36.  

 

 

Figure 4. Cross sectional illustration of a typical gas diffusion electrode (GDE) 

between the gas flow field and membrane. Macroporous and microporous layer 

form a gas the diffusion layer with PTFE (hydrophobic) coated on top. The 

catalyst layer is deposited onto GDL and forms a triple phase boundary (TPB). 

 

There are two main methods to fabricate GDEs, either with the catalyst 

coated on the membrane (a CCM) or the catalyst coated on the carbonaceous, 
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gas diffusion substrate. For preparation of a CCM, a catalyst ink is sprayed (air-

brushing) onto a membrane, while for a GDEs, the same method is typically 

used, spraying the catalyst on the carbon substrate. Alternative to spraying, there 

are other methods of catalyst immobilization, such as dry/wet impregnation, or 

hand painting, all impacting porosity, particularly in GDEs, as well as long term 

degradation37.  

The hydrophobic or hydrophilic properties of a catalyst layer can be 

controlled via chemical interactions on the nano-scale between the components 

of the catalyst ink formulation (catalyst + ionomer + solvent) and the GDE 

surface substrate, enabling to fine tune the CO2RR towards desired products over 

other competing reactions38,39.  

There are three main interactions that may occur within an ink dispersion, 

namely catalyst | ionomer, catalyst | solvent, and ionomer | solvent, as depicted 

in Figure 5. These nano-scale interactions have a direct impact on the macro-

structure of the catalyst layer, such as the morphology, wettability and available 

electrochemical surface area (ECSA) of the catalyst40. Dixit et al described the 

effect of ink components on the aggregation behavior of catalyst particles on 

GDE surfaces41. They reported significant impact of ionomer-solvent 

interactions on coverage of catalyst particles by the ionomer, directly influencing 

the stability of the catalyst layer.  
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Figure 5. Different interactions of catalyst and polymer, catalyst | solvent, and 

polymer | solvent. All interactions lead to different configuration, structure, and 

morphology of the final catalyst/polymer composite. (Adapted from MB. Dixit, 

et al. 2018). 

 

2.2.  Process Parameters affecting CO2RR performance 

There are several reaction parameters that can affect the performance of 

catalysts in the electrochemical CO2RR. Some examples are the type and 

delivery of the CO2 feedstock (pure CO2/mixture, dry/humidified CO2, flow 

by/flow through), the anode half-reaction, and the nature of the electrolyte 

(aqueous/non-aqueous).  

It was found that a higher CO2 feed concentration sharply reduces mass 

transport limitations and causes local pH changes, leading to higher CO2RR 

rates, while diluted gas mixtures of CO2 can enhance side reactions such as the 

HER42. This is from extreme importance since industrially applicable gas 

mixtures (such as flue gas from steel industries) contains a limited amount of 

CO2, requiring very efficient catalysts and extra process steps (i.e. gas 

separation/recirculation) if highly concentrated CO2 needs to be supplied to the 

electrochemical cell43. Moreover, the efficient CO2 supply to the catalyst surface 
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has been found to significantly impact the stability of the catalyst layer and the 

selectivity towards specific products44.  

In a flow by reactor configuration, such as fuel cells and zero-gap 

electrochemical systems, CO2 is fed to the electrode-electrolyte interface from 

the back of the porous electrode via diffusive forces, where after reaction the 

products diffuse back to the gas stream alongside with the reaction products32. 

The main advantage of flow by electrochemical systems is the easy scalability 

(cell stacks) and superior energy efficiency, while the disadvantage is the 

occurrence of flooding of the catalyst surface, a process reflecting the triple-

phase boundary to be shifted back to the gas diffusion layer, leading to a decrease 

in performance. Pressure/wettability/surface tension are parameters affecting 

stability8,45,46.  

In a flow through configuration, CO2 is supplied to electrode surface 

through the electrode pores via convective driving forces, resulting in improved 

mixing of dissolved CO2 with the electrolyte at the catalyst layer, maximizing 

CO2 concentration at the active sites47. In addition, convective forces allow a 

faster product removal from the surface, enabling to fine tune product selectivity 

according to the required proton-electron transfer steps (low for CO and formic 

acid – 2 H+ / 2e-) and high for multi-carbon products (> 4 H+ / 4 e-)48,49.  

The anode half-reaction is highly important in determining the cell 

voltage. and therefore, the energy efficiency of the electrochemical system. 

Normally, aqueous electrolytes containing alkaline bicarbonates or hydroxides 

are employed as anolyte to provide high ionic strength and a low cell resistance. 

However, the product of H2O oxidation at the anode is O2, which has not yet 

found a high value-added application in industry, besides commercial O2 

cylinders.  
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In that sense, new anodic reactions are investigated aiming to 

simultaneously provide enough H+ ions to the cathode, while converting less 

valuable molecules into products of aggregated value at lower anodic 

potentials50. Examples of such anodic reactions are the oxidation of glycerol to 

glyceraldehyde and the oxidation of methanol to formaldehyde51. In addition, 

upgrading of pyrolysis oil can be performed by oxidation of acids, as will be 

discussed in the next section. 

The electrolyte also plays an important role in determining the reactive 

species on the catalyst surface52. In aqueous electrolytes, both cations and anions 

have their intrinsic role in the electrochemical reaction steps. Initially, a higher 

electrolyte concentration leads to higher current densities (and energy 

efficiency), showing a lower cell resistance (Rc) and charge-transfer resistance 

(Rct) for concentrated electrolytes53. For the cations, a size dependency was 

found, in which smaller cations (such as Na+ and K+), due to their better 

hydration properties, present lower catalyst adsorption rates than larger ionic 

cations (Rb+ and Cs+). By adsorbing to the electrode surface, these larger cations 

would hinder H+ adsorption, thus stabilizing the ∙CO2
- intermediate, resulting in 

superior CO2RR performance54. For the anions, research groups have reported 

higher partial current densities towards desired CO2RR products when using the 

hydroxides (OH-) instead of bicarbonates (HCO3
-) or inert (Cl-, ClO-), due to 

local pH stabilization and better surface adsorption by OH- ions55,56. 

In non-aqueous electrolytes, such as dimethyl-sulfoxide (DMSO) or 

acetonitrile, ionic liquids (ILs) have drawn special attention due to their superior 

ability to stabilize the ∙-CO2 intermediate, leading to outstanding cell 

overpotentials and very high faradaic efficiencies57. These ionic liquids were 

first reported in CO2RR in 2011 by Rosen et al, using 1-ethyl-3-methyl 

imidazolium tetrafluoroborate [EMIm+][BF4-] as electrolyte58. ILs are room 
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temperature molten salts, and the most studied class of molecules is the family 

of imidazolium species. Considerable amount of efforts have gone into 

understanding the source of this reduced overpotential and the overall reaction 

scheme, especially the mechanistic steps59,60. There is still a debate on whether 

the stabilization of the CO2 radical intermediate really occurs. Some authors 

argue that the CO2 radical is stabilized by the coupling to a imidazolium carbene 

at the C2 position, while others suggest the formation of a tetrahedral carbon-

adduct at the C2 position, or that this stabilization is not performed by the ILs at 

all61. Despite the uncertainties on the mechanistic path of -CO2 radical 

stabilization, several studies have seen a positive effect on the CO2RR rates in 

the presence of small amounts of water in the ILs electrolytes62. However, the 

addition of a good proton donor could, conversely, promote HER, requiring the 

development of very stable and selective electrocatalysts to the electrochemical 

reduction of CO2
63. 

 

3.    Biomass-derived molecules as source to renewable chemicals 

Biomass-based fuels are emerging as excellent renewable additives to 

fossil based fuels, increasing the efficiency of the heavily petroleum-dependent 

transport sector, while reducing the overall carbon footprint64. Moreover, 

biomass-derived components are platform molecules for several products 

utilized in industries of fine chemistry, food/agriculture 65.  

Biofuels can be classified in generations by their origin. So called first-

generation (1G) fuels are made from food crops, such as ethanol and biodiesel 

made from sugar cane and vegetable oils, respectively. Their disadvantage is the 

high concentration of oxygenates compared to petroleum, leading to a reduction 

in energy density and further incompatibility issues with power units of cars66. 

Second-generation (2G) biofuels are made from lignocellulosic biomass and, 
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unlike 1G crops, do not necessarily have to be cultured on arable land and do not 

require additional water and fertilizer. Whereas 1G fuels are produced by 

relatively mild processes, lignocellulosic biomass requires more harsh 

thermochemical conversion, such as gasification and fast pyrolysis, that have not 

fully matured yet67.  

In gasification, the biomass in converted to syngas by rapid heating to 

high temperatures above 900 °C under a controlled oxidizing atmosphere68. The 

gas is further processed to liquid fuels by Fisher-Tropsch synthesis. Even though 

this technology is comparable to the mature coal to liquids (CTL) and gas to 

liquids (GTL) processes, integration of biomass remains a challenge. In 

comparison to the CTL and GTL processes, syngas produced by biomass 

gasification requires extra cleaning and upgrading steps reducing the 

profitability of the process69.  

In the process of fast pyrolysis, the biomass undergoes rapid heating to 

temperatures between 450 and 600 °C in the absence of oxygen. A short vapor 

residence time, typically below 2 - 5 seconds, and rapid quenching is required to 

prevent further cracking of the vapors and yields the highest fraction of liquids. 

In this process, approximately 65% of the initial biomass is recovered in a liquid 

phase, called pyrolysis oil, while the remaining 35% is related to char and non-

condensable gasses70. 

Pyrolysis oil is a complex mix of oxygenated compounds and water. 

Three main types of oxygenated compounds are present: (1) aldehydes, ketones 

and acids, (2) sugar derived compounds like sugars and furans and (3) lignin 

derived phenolics. The oxygen content of pyrolysis oil can reach 50 wt.%, 

including a water content of 25 wt.%, that results in thermal instability, a low 

heating value, and a high corrosiveness70.  
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Over the years, several technologies for the upgrading of pyrolysis liquid 

have been subject of research, where two main technologies have been preferred: 

non-hydrogenative catalytic cracking and catalytic hydrotreatment71. The first is 

often carried out over zeolites and has the benefit to be performed at similar 

conditions to the conventional pyrolysis process and does not require additional 

hydrogen. Nevertheless, the high degree of coking and the low carbon yield do 

not allow for sustainable upgrading. Therefore, catalytic hydrotreatment is the 

current preferred technology over zeolite cracking72. In this process the liquid is 

treated at moderate temperatures and hydrogen pressures up to 200 bar, leading 

to hydrogenation, hydrodeoxygenation (HDO) and hydrocracking reactions.  

In multistep hydrotreatment, the oil is first pre-conditioned by mild 

hydrogenation at relatively low temperature. During this process, the compounds 

which are most prone to polymerization, i.e. sugars and aldehydes, are 

hydrogenated to alcohols, generating the an upgraded pyrolysis liquid, that can 

be stored or further processed without risk of polymerization, increasing the 

carbon efficiency over the whole process73. 

 

3.1.  Electrochemical upgrading of pyrolysis oil 

Although very effective, the catalytic hydrotreatment to produce SPO is 

a very energy intensive process with substantial hydrogen requirement, in which 

H2 is usually obtained via methane steam reforming, producing large quantities 

of CO2. In the path towards a more efficient, renewable and sustainable energy 

sector, the electrochemical upgrading of bio-oils emerge emerges as an 

alternative to the current catalytic hydrogenation. When intermittent electricity 

supplied by renewable sources is combined with biomass valorization, a very 

sustainable process can be designed, simultaneously aggregating value to 
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sustainable resources and minimizing (or eliminating) greenhouse gas 

emissions74–76.  

Initially, at the anode side, oxidation reactions take place, such as 

alcohols being oxidized to aldehydes, and aldehydes to organic acids. These 

reactions increase the oxygen content, which is undesired. One method to 

decrease the oxygen content, is to oxidize acids, known as the so-called Kolbe 

electrolysis process. Organic acids are converted to alkanes (or olefins or 

aromatics), releasing CO2 as by-product, as well as protons and electrons 

(reaction R1)77.  

 

R1-COOH + R2-COOH → R1-R2 + 2H+ + 2e- + 2 CO2   (R1) 

 

A one-electron oxidation at the anode results in the decarboxylation of 

an organic acid, leading to the formation of an alkyl-radical. Typically, the alkyl 

radicals dimerize, but disproportionation to shorter alkanes and alkenes can also 

occur and are also considered Kölbe products. Alternatively, further oxidation 

of the radical to a carbocation can occur, in turn reacting further to alcohols (the 

so-called Hofer-Moest reaction). The production of alcohols at the anode is 

undesirable as they can reoxidize to aldehydes and subsequently acids, or react 

with the present organic acid to esters78.  

It is attractive to pair the anodic oxidation of acids with the 

hydrogenation of aldehydes on the cathode (electrocatalytic hydrogenation 

(ECH)). Electrons generated at the anode are transported through an external 

circuit to the cathode while protons migrate through the electrolyte towards the 

cathode surface. According to the cathodic potential, protons are adsorbed to the 

electrode surface via electron transfer, after which the adsorbed hydrogen 

reduces the reacting compound, as in R2. Whereas conventional hydrogenation 
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processes rely on high pressure hydrogen to reach reasonable hydrogen coverage 

of the catalyst, in an ECH reaction the hydrogen coverage is controlled by the 

applied potential: 

 

R-C=O + 2H+ + 2e- → R-CH-OH      (R2) 

 

Combining the redox reactions R1 and R2 results in the overall 

electrochemical bio-oil upgrading reaction, as in R3.  

 

2 R1-COOH + R2-C=O → R1-R1 + 2 CO2 + R2-CH-OH   (R3) 

 

3.2.  Process and mechanistic steps affecting the ECH reaction 

Multiple research groups have reported a range of carbonyl compounds 

that can readily undergo ECH including sugar, aldehydes and furanic 

compounds, such as furfural79,80, glucose81, levulinic acid82 and phenol83. These 

compounds all have their origin in biomass and have the potential to be a bio 

based platform chemical, or as a constituent of fuel. Table 2 presents some recent 

studies on ECH employing metal electrodes. It can be observed that reaction and 

operation conditions have a huge effect on activity and product selectivity, such 

as i) the electrode material, ii) the cathodic potential and iii) the nature of the 

electrolyte.  

Essentially, all tested metals are active towards HER, while only a few 

metals can indeed reduce carbonyl bonds. Platinum group metals produced 

mostly H2, while late transition metals such as Cu, Ni and Pb have shown 

promising results, for example in the conversion of glucose into sorbitol and 2-

deoxysorbitol. The nature of the electrolyte and the bulk pH also influence 

product selectivity in ECH reactions. For ECH of levulinic acid, 100% 
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selectivity towards γ-valerolactone was obtained in neutral pH, while no activity 

was observed in acidic conditions, attributed to easier desorption of 

intermediates due to optimum hydrogen coverage under neutral conditions and 

lower overpotentials. 

 

Table 2. Literature studies in biomass-derived molecules electrochemical reduction. 

 Catalyst Product 

selectivity (%) 

FE (%) Electrolyte Electrolysis 

conditions 

Ref. 

Glucose Pt, Ir, Ru 

Au, Cu  

 

 

Sn, Pb, 

Zn 

H2 (100) 

Sorbitol 

 

 

Sorbitol/2-

deoxysorbitol 

Au and 

Cu high 

yield 

 

Pb&Sn: ↑ 

selectivity 

0.5 M 

Na2SO4 

-1 to -16 

mA/cm2 

81 

Levulinic 

acid 

Pb pH0:Valeric acid  

pH7:Valerolactone   

95% 

100% 

0.5 M 

H2SO4  

-1.3 V vs 

RHE 

82 

Furfural Cu 

Pt, Ni 

C, Fe, Al 

2-MF / FAL 

FAL / 2-MF  

Pinacol  

80%/10% 

40%/25% 

60-80% 

0.5 M 

H2SO4 

-10 mA/cm2 84 

 

Another bio-oil-derived molecule that has been significantly investigated 

is furfural, from which the intermediate product furfuryl alcohol can be produced 

via a coupled 2 H+/2e- process and the final products 2-methyl furan and pinacol 

can be obtained in a 4H+/4e- mechanism. Like levulinic acid, the product 

distribution of furfural ECH is also dependent on the catalyst. Furfuryl alcohol 

is produced preferably on C, Fe, Pb and Al electrodes (due to their high HER 

overpotential), while 2-MF is the main product found using Cu84. Specially on 

Cu electrodes, product selectivity could be tuned via pH changes, where 2-

methyl furan was preferred at low pH, and furfuryl alcohol was mostly produced 
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at neutral to basic pH. The rationale behind this behavior is based on the ECH 

reaction mechanism, which starts with the electron-assisted proton adsorption on 

the electrocatalyst surface (R4). The following steps involve the electrochemical 

hydrogenation of desired species or undesired side-reactions such as Tafel (R5) 

and Heyrovsky (R6)85.  

 

H+ + e- + M → MHads (Volmer)       (R4)  

2 MHads → 2 M + H2 (Tafel)        (R5)  

MHads + H+ + e- → M + H2 (Heyrovsky)     (R6) 

 

As observed from R4, the HER can be controlled by pH changes 

(determined by the nature and concentration of the employed electrolyte) 

alongside with the cathodic potential and electrode material. Essentially, a low 

pH increases the H+ adsorption but also enhances the HER (R6). The electrode 

material has a larger influence on R5 and R6, particularly related to the hydrogen 

adsorption energy and whether the adsorbed hydrogen can migrate over the 

electrode surface. The hydrogen coverage is dependent on the potential and 

consequently the current density. At high potential the hydrogen coverage is 

higher, increasing R5 rates.  

It is clear that advanced cathode materials that efficiently inhibit R5 and 

R6 and selectively shift the reaction mechanism towards the desired product, 

need to be developed and employed in this electrochemical process. On Cu 

electrodes, it is generally accepted that HER occurs via Tafel reactions, yet 

whether Hads or H+ is the reactive species in ECH, remains unsolved85. 
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4.    Outline of this thesis 

The main focus of this thesis is to investigate the electrochemical 

valorization of sustainable feedstocks such as carbon dioxide and biomass 

(through model molecules – butanal and crotonaldehyde) on metal electrodes. In 

that sense, this Chapter 1 provides a literature review of the main technological 

breakthroughs and most recent scientific advances in the field of CO2 reduction 

and bio-oil upgrading. 

In Chapter 2, we aim to evaluate and optimize catalyst ink formulations 

for copper-based gas diffusion electrodes (Cu-GDEs) to enhance ethylene 

selectivity during electrochemical CO2RR. By manipulating the solvent polarity, 

it is possible to obtain different catalyst layer morphologies, in which non-polar 

solvents such as NMP and DMSO produce homogeneous catalyst/polymer 

(Nafion) distributions leading to high ethylene selectivity, while polar solvents 

such as IPA and EG induce ionomer polymerization embedding some catalyst 

particles, resulting in lower ethylene productivity and positively effecting CO 

production.  

In Chapter 3, we further explore the use of Cu-GDEs on the 

electrochemical CO2RR employing bicarbonate electrolytes, by evaluating the 

effect of reaction parameters such as type of CO2 supply (diffusive or 

convective), the nature of the ionic membrane; cationic (Nafion) or anionic 

(Sustainion) and ionomer concentration on selectivity towards CO and catalyst 

stability. Interestingly, an optimum performance can be achieved in a reactor 

configuration containing a flowing catholyte with convective CO2 supply (flow 

through) and anionic membranes, which despite the slightly higher cell 

resistance, is able to provide better mixing and fast products (CO) removal, 

preventing further multi-step reactions towards ethylene. In addition, an 
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optimized ionomer concentration within the ink formulation can enhance the 

catalyst stability while maintaining high faradaic efficiencies towards CO. 

In Chapter 4, we investigate the effect of the addition of organic, 

imidazolium-based cations to bicarbonate (0.3 M KHCO3) electrolyte, on the 

performance of Au-based electrodes in the electrochemical CO2RR. In non-

aqueous systems, imidazolium-based molecules have shown spectacular 

performance in decreasing the activation energy for the formation of the CO2
- 

radical leading to reduced overpotentials and outstanding FECO (99%). However, 

in common CO2RR electrolytes such as bicarbonate, imidazolium molecules 

tend to bind HCO3
- ions to the Au surface, inducing bicarbonate reduction, 

increasing HER rates. We employ spectroscopic techniques such SERS to 

identify intermediate species and elucidate the role of imidazolium cations in 

promoting the HER in a specific potential range. 

In Chapter 5, we turn our investigation to the electrochemical 

hydrogenation (ECH) of biomass-derived components, such aldehydes, into 

value-added biochemicals. We present a detailed catalytic and spectroscopic 

investigation on the effect of the chemical structure of aldehyde molecules such 

as butanal (saturated) and crotonaldehyde (unsaturated) on their adsorption 

behavior on polycrystalline copper electrodes. We assess how reaction 

conditions such as the nature and concentration of the electrolyte and applied 

potential influence the electrochemical reduction of separate aldehydes and their 

mixtures. Surprisingly, we can identify distinct adsorption behavior, where 

saturated molecules (butanal) adsorb perpendicularly to the copper surface 

through the C=O group, resulting in selective 1-butanol formation, while 

unsaturated molecules (crotonaldehyde) adsorb via both the C=C and C=O 

functional groups, decreasing the alcohol product selectivity (crotyl alcohol). 
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We confirm the catalytic data through Raman spectroscopy, identifying 

intermediate species and mechanistic routes.    

Finally, in Chapter 6, we present a summary and a conclusion with the 

main findings of the research and provide an outlook with future perspectives. 
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Chapter 2.       

 Optimizing the ink formulation for preparation of Cu-

based GDEs yielding ethylene in electroreduction of CO2   

 

 

 

Abstract: In the present chapter, we describe how ethylene selectivity is 

affected by the nature of the solvent in ink formulations containing Nafion-

ionomer and micrometer-sized copper particles. Isopropanol (IPA), dimethyl 

sulfoxide (DMSO), ethylene glycol (EG), or N-methyl-2-pyrrolidone (NMP)) 

were used. The GDEs prepared using DMSO and NMP resulted in significantly 

higher Faradaic Efficiency (FE) towards ethylene at -1.1 V vs RHE than EG or 

IPA-based GDEs (23.5% and 19.2% vs 10.2% and 13.4%, respectively). 

Microscopic analysis of the Cu-GDEs demonstrate that due to a better 

interaction with Nafion ionomer, surface exposed copper islands are formed and 

present on the GDE surface, with Nafion acting as inter-particle binder or thin 

film covering the catalyst particles, in agreement with a relatively high 

electrochemical surface area (ECSA) and a low charge-transfer resistance (Rct). 

The lower ethylene FE for Nafion covered systems, is tentatively attributed to 

the acidity of Nafion; ethylene formation is generally known to be favored by a 

high local pH. 
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1.  Introduction 

Electrochemical reduction of CO2 utilizing renewable electricity sources 

(i.e. wind and solar) will contribute to the mitigation of climate change 1–4. 

Different metals have been used to tune selectivity towards various products, 

with copper being unique in showing a variety of products including CO, CH4, 

C2H4 and CH3CH2OH3,4. However, mass transfer limitations typically result in 

limited availability of CO2 (solubility is typically 34 mM.g-1 in H2O)5 and induce 

local pH changes near the electrode surface, affecting reaction selectivity. 

Copper-containing gas diffusion electrodes (GDE) have emerged as efficient 

alternatives for copper-based flag-electrodes, minimizing mass transfer 

limitations, in particular when incorporated in suitable flow cell-type reactors6.  

For the preparation of a GDE, a conductive ionomer is typically mixed 

with the electrocatalyst in a solvent to prepare an ink, followed by spraying of 

the mixture onto a gas diffusion layer (GDL) of a carbon cloth or carbon paper. 

This procedure should result in Cu particles in a homogeneous distribution, and 

low degree of agglomeration7. Several studies have discussed the solvent 

properties of the ink in relation to Pt/C catalysts applied in proton exchange 

membrane fuel cells (PEMFC), for example focusing on the prevention of the 

formation of cracks in the catalyst layer (CL), which is caused by non-uniform 

solvent evaporation8. Isopropanol is most commonly used as solvent in GDE 

preparation for both PEMFC systems (Proton Exchange Membrane Fuel Cells) 

and CO2 electroreduction applications, due its low boiling temperature (82 oC) 

and formation of a catalyst ink with high stability9,10. 

Alternative solvents have also been utilized, leading to different 

performance of the formed electrocatalyst layers 11,12. Nafion, a perfluoro 

sulfonic acid ionomer composed of a large hydrophobic backbone and 

hydrophilic sulfonate groups, is by far the most used polyelectrolyte ionomer in 
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preparation of gas diffusion electrodes13,14. Uchida et al. conducted one of the 

first studies dedicated to ionomer/solvent interactions, showing that the 

dielectric constant (ε) of the solvent significantly influences Nafion 

agglomeration. The effect of the dielectric constant (polarity) on ionomer 

dispersion within ink solvents can be summarized as follows: i) precipitation (ε 

< 3), ii) formation of a colloid suspension (3 < ε < 10), or iii) formation of a 

homogeneous solution (ε > 10)15. Similar results were found by Kim et al. who 

discuss how solvents with low dielectric constants resulted in better catalytic 

performance of PEMFC reactors12.  

Orfanidi et al. have shown that the pore size of the catalyst layer and 

ionomer distribution were affected by the water content of the ink composition, 

where a relatively high water content produces large Nafion patches, blocking 

pores and increasing mass-transfer resistances, thus resulting in poor 

performance16. Dixit et al. have proposed classes of catalyst/polymer 

interactions, including polymer-bridge types of interactions.7. Different types of 

conformations have also been identified and quantified for Pt/C aggregates by 

Morawietz et al. using atomic force microscopy (AFM)17.  

Electrochemical properties such as double layer capacitance (DLC), 

charge-transfer resistance (Rct) and electrochemical surface area (ECSA) are 

affected by catalyst/Nafion interactions, as shown by Sharma and Andersen18. 

These authors have suggested correlations between the DLC and catalyst 

wettability, and ECSA and accessibility of active sites, pointing again to the 

importance of controlling ink composition to tune electrochemical properties of 

the catalyst layer18.  

The previous summary of studies was mostly performed to optimize 

energy efficiency in PEMFC systems, involving carbon-supported Pt particles. 

Relatively little studies have investigated the effect of ink composition on the 



 

44 

performance of Cu-based GDLs in electrochemical reduction of CO2, while 

besides activity, selectivity of Cu particles towards CO2 reduction products 

needs to be carefully optimized19.  

In this study, we investigate how different solvents affect the morphology of 

Cu/Nafion deposits, and how this determines the performance of the obtained 

CL. We focused on copper particles with an average particle size of ~1µm, to i) 

use particles with high electrochemical stability, ii) to avoid effects of Nafion-

carbon interactions on performance, potentially the case for nanosized carbon 

supported Cu particles, and iii) to facilitate the visualization of the Cu-Nafion 

distributions. We used a Nafion membrane in the cell to synchronize proton (or 

cation) transport through the membrane and the potentially formed Nafion layer 

after GDE preparation. The catalyst performance was evaluated at potentials 

where the reactions indicated in Scheme 1 take place, i.e., the formation of 

carbon monoxide and ethylene, respectively.  

 

Scheme 1. Reactions and standard potentials for CO and C2H4 formation. 

CO2 + H2O + 2e- → CO + 2OH-                            Eo: -0.11 V vs SHE 

2CO2 + 8H2O + 12e- → C2H4 + 12OH-                   Eo: 0.08V vs SHE
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2. Experimental section 

2.1. Metal-based GDEs preparation 

Copper particles were purchased from Skyspring Nanomaterials Inc.  

(99.8%,), which provided an average particle size of ~1µm. Iridium black (99%, 

Thermo Fischer) was used to prepare the anode. For both, the preparation of the 

cathode and the anode, the composition of the ink was fixed to 70 wt.% of 

catalyst (25 mg), 30 wt.% of ionomer (Nafion 5% in a solution of water and 

lower aliphatic alcohols, Sigma-Aldrich) and 1 ml of solvent. For the anode, 

isopropanol (IPA, 70% v/v in water) was used as solvent whereas for the 

cathode, isopropanol, dimethyl sulfoxide (DMSO, 99.5%), ethylene glycol (EG, 

99%) or N-methyl-2-pyrrolidone (NMP, 99%), all purchased from Sigma-

Aldrich, were used in the ink formulation to generate ~1 mL of ink, typically 

sufficient to prepare two GDE composites. Table 1 shows the main physico-

chemical properties of the solvents hereby studied.  

 

Table 1. Physico-chemical properties of the ink solvents used in this work20. 

 Viscosity 

(cP) 

Dielectric 

constant 

Dipole 

moment (D) 

Dymetil sulfoxide 2 47 3.96 

Ethylene glycol 20 41 2.27 

Isopropanol 2 20 1.66 

N-Methyl-2-pyrrolidone 1.6 33 4.1 

 

 

The ink was mixed for 30 min using an ultrasonic bath and then spray-

coated, using an air-gun operated at 2 bar pressure, onto a carbon substrate 

(Freudenberg H23C6, a carbon paper Gas Diffusion Layer (GDL) with a 
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Microporous Layer (MPL), and surface-modified by a hydrophobic treatment), 

providing a geometric area of 2 cm2. After spray-coating was finished, the 

solvent was evaporated for 16 h at 160 ℃, until mass changes were no longer 

observed. The catalyst loading for all Cu-GDEs was 0.7 ± 0.1 mgCu/cm2
geo and 

for the IrO2-GDE 1.0 ± 0.1 mgIrO2/cm2
geo. A schematic view of the preparation 

process can be found in Figure S1 in supporting information.  

 

2.2.  Ink characterization 

Dynamic light scattering (DLS) was used to evaluate the effect of the 

solvent on the hydrodynamic copper particle size (d) and polydispersity within 

an ink. Prior to the analysis, inks were prepared using the same composition as 

described in section 2.1 and diluted in 5 mL of solvent and mixed in an ultrasonic 

bath for 30 mins to avoid multiple scattering and viscosity effects. A Zetasizer 

Nano ZS particle sizer (Malvern, United Kingdom) was used to conduct the 

experiments using a laser with fixed wavelength. Measurements were performed 

in triplicate for each sample at room temperature for 1 minute, from which the 

average copper particle size and polydispersity were calculated.  

 

2.3.  Electrode characterization 

Catalyst morphology, catalyst agglomeration and surface composition 

were evaluated on a Zeiss MERLIN high-resolution scanning electron 

microscope (HRSEM), containing High Efficiency Secondary Electron Detector 

(HE-SE2) for standard low energy electron topographical mapping, an Inlens 

detector for higher energy secondary electrons for clear topographic mapping 

and Energy Dispersive X-ray with shutter (EDX) for elemental mapping. Images 

were recorded using magnifications of 1000x and 10000x for morphology 

analysis and of 500x for HRSEM-EDX.  X-ray diffraction (XRD) measurements 
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were performed using a Bruker D2 Phaser diffractometer to analyze structural 

changes of copper crystalline phases after GDE preparation. The conditions were 

set to a 2θ range between 20o and 80o, with a 0.05 θ/min increment and 0.1 s per 

step.  

The electrochemical surface area (ECSA) was estimated by following the 

method of Qiao, et. al21, which is derived from the capacitance of a copper coated 

GDL and the capacitance of copper in NaClO4 solution (Cs = 30 µF/cm2), 

representing the relative surface roughness factor of each copper sample. Firstly, 

the double-layer capacitance was measured by running cyclic voltammetry (CV) 

experiments on different scan rates (20, 50, 80, 120 mV/s) in a potential range 

in which no-Faradaic processes occur (usually around open circuit potential). 

CV measurements were performed in the range of  

-0.05V until -0.35V in He-saturated 0.1M NaClO4 electrolyte, as shown in 

Figure S2. ECSA was estimated by multiplying the electrode area (2 cm2) by the 

surface roughness factor and dividing by the total amount of catalyst (1.4 mgCu), 

as shown in equation 1.  

 

ECSA (cm2/mgCu)  =
𝐶GDE

𝐶S
𝑥

2 cm2

1.4 mgCu
                                                 Equation 1 

 

Electrochemical impedance spectroscopy (EIS) was used to determine 

ohmic cell resistance (RO) and charge-transfer resistance (Rct) of GDE samples, 

according to described methodology22. Polarization/corrosion resistance 

measurements at open circuit voltage (OCV) and at -0.94 V vs RHE were 

performed in a continuous flow-cell, under same reaction conditions as during 

an electrochemical test. A detailed description of the electrical circuit and 

experimental conditions is found in Figure S3. 
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2.4.  Electrochemical reduction of CO2 

A homemade continuous flow cell was used to conduct the experiments 

in electrochemical reduction of CO2 at room temperature and pressure 

conditions, as depicted in Figure 1. The cathode side (Cu-GDE) was fed with 5 

mL/min of pure Argon (99.999%, Linde) or CO2 (99.99%, Linde) whereas the 

anode side (IrO2-GDE) was left open to the air. Both GDEs were attached to the 

cell using copper tape as current collector and were sandwiched between Viton 

gaskets. 

The two electrode compartments were separated by a Nafion 117 

membrane (Fuel cell store) previously activated23, which was placed on the 

cathode side to avoid crossover of products to the anode. A 4 mm thick 

electrolyte chamber was used in between the membrane and the anode, to allow 

connection with an Ag/AgCl (3.5 M KCl, eDaq) mini-reference electrode, and 

to flow the anolyte 0.3 M KHCO3 (99%, Sigma-Aldrich) at a rate of 5 mL/min.  

Prior to each experiment, the electrolyte 0.3 M KHCO3 (pH 8.2) was 

saturated with CO2 for 30 min, reaching a final pH of 7.2. Linear sweep 

voltammetry (LSV) curves were obtained under Argon or CO2 flow of 5 

mL/min, using a 20 mV/s scan rate. Chronoamperometry experiments were 

performed for 1 h at each potential, requiring 5 minutes to reach steady state, 

after which gas chromatograph (GC) measurements were started. All results 

were plotted using iR-compensated electrode potentials.  
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Figure 1. Schematic view of the homemade electrochemical cell with CO2 vapor 

as feed, and continuous flow of KHCO3 electrolyte (A). Zoom out of the flow 

channels and cross-sectional illustration of the membrane electrode assembly 

(MEA) at the cathode side (B). There is intimate contact of the GDE and the 

membrane (C). 

 

Liquid samples were collected after 1 hour of experiment and analyzed 

by high performance liquid chromatography (HPLC). Gas products were 

analyzed using a Global Analyzer Solution gas chromatograph containing two 

channels for simultaneous detection of reaction products: one channel contained 

a Parabond column and a flame ionization detector (FID) for determining 

hydrocarbons (CH4, C2H4, C2H6 and C3) and the other channel a Mol Sieve 

column connected to a thermal conductivity detector (TCD) for determining H2 

and CO concentrations. Gas samples were taken every 10 min through an in-line 
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gas tube connected to the reactor. Product concentrations (ppm) were calculated 

using a calibration curve and averaged over 5 samples at each electrode potential 

to determine the overall Faradaic efficiency. 

 

3.  Results and discussion 

3.1. Ink characterization and catalyst layer structure/morphology 

Dynamic light scattering (DLS) was employed to study the effect of the 

solvent on the hydrodynamic copper diameter and agglomeration behavior 

within a catalyst ink (see Figure 2, which shows the average of three 

measurements). The Y-axis in Figure 2 represents the intensity of scattered light, 

indicative for a certain particle size. 

1 2 3 4
0

5

10

15

20

25

30

In
te

n
s
it
y
 (

%
)

Particle size (µm)

 DMSO

 EG

 IPA

 NMP

 

 

 

Figure 2. Hydrodynamic particle size distribution within an ink for different 

solvents as obtained by DLS measurements. 

 

Table 2 summarizes the results of the hydrodynamic particle size (d) and 

polydispersity index (PDI) for inks containing different solvents. The average 

particle diameter (d) indicates the level of agglomeration within an ink, whereas 

the polydispersity index may be a good indication of ink homogeneity (the lower 
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the value the more homogeneous is the ink). DMSO, EG and NMP-based inks 

consist of similar average particle sizes at 0.8, 0.7 and 0.8 µm, respectively. For 

the IPA-based ink, the mean particle size is 1.3 µm, indicative of a higher 

polymerization of Nafion. Three samples show a low value for polydispersity, 

around 0.1, indicative of high homogeneity. The value for IPA is significantly 

larger, indicating some inhomogeneity of the suspension, in agreement with the 

larger average particle size. 

 

Table 2. Average copper particle size and polydispersity index of catalyst inks. 

 Cu particle size average (µm) Polydispersity index PDI (-) 

DMSO 0.8 ± 0.1 0.119 

EG 0.7 ± 0.1 0.124 

IPA 1.3 ± 0.2 0.175 

NMP 0.7 ± 0.1 0.102 

 

Nafion ionomers usually polymerize more easily in protic solvents24,25, 

while aprotic solvents (DMSO, NMP) result in Nafion suspensions containing 

morphologies in random-coil conformation, homogeneous in solution 26. While 

indeed IPA results in high degree of polymerization, it is interesting to note that 

EG exhibits different behavior despite the protic character, producing an ink with 

a small mean diameter of 0.7 µm. One possible reason for this behavior is the 

high viscosity (20 centipoise) of EG, which could limit movement of primary 

Nafion particles due to Brownian motion, resulting in a lower degree of Nafion 
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particle agglomeration27. In summary, only for the IPA solvent relatively large 

Nafion-Cu agglomerates are present in the ink before spraying.  

X-ray diffraction and scanning electron microscopy (SEM/EDS) were 

used to evaluate both crystal phases, morphology, crack formation and the 

Nafion/Cu morphologies after coating of the catalyst ink on the GDLs. X-ray 

diffractograms of all samples as well as the bare carbon substrate and copper 

powder are shown in Figure S4. X-ray diffractograms were very similar between 

all samples, showing one major peak at 26.6o assigned to graphite (the carbon 

paper) and three main peaks of metallic copper at 43.6, 50.8 and 74.4o, 

corresponding to the (111), (200) and (220) facet orientation. Cu2O or CuO 

peaks were not identified. Although no significative differences were observed 

in the XRD profiles, we observed slightly higher normalized intensities for EG 

and IPA-based GDEs, indicating more accentuated agglomeration after drying. 

Figure 3 exhibits high-resolution SEM images obtained at 500x 

magnification from a top view combined with EDS detector analysis to illustrate 

catalyst dispersion and surface coverage of Cu particles with Nafion. The 

micrography of the CL prepared using DMSO as solvent is presented in Figure 

3a (top) and exhibits localized copper islands over the GDE surface (bright 

spheres). The morphology of the CL coated with DMSO-based ink also revealed 

(dark) regions exposing predominantly Nafion patches.  

The spatial separation between Nafion and Cu particles, is more clearly 

resolved by EDS mapping, comparing distributions of copper (middle) and 

fluorine (bottom) as the element-specific identification of Nafion. The color 

code (red) for copper demonstrates clear areas of higher copper exposure, 

accompanied by the absence of fluorine where copper is most accentuated. The 

fluorine color map clearly shows an inverse image of the copper distribution. 

Similar behavior was observed for the NMP-based CL (Figure 3d), exhibiting 
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exposed copper domains surrounded by segregated areas in which fluorine is 

dominant at the GDE surface. 

 

 

Figure 3. HRSEM images obtained at 500x magnification and Cu (red) and F 

(green) EDS mapping for (a) DMSO, (b) EG, (c) IPA and (d) NMP. 

Representative images were taken from 5 different spots in each sample. Dark 

parts in F (green) EDS images indicate higher copper exposure at surface. 

 

Opposed to DMSO and NMP, both ethylene glycol (EG) and isopropanol 

(IPA) (the protic solvents) exhibited less segregation of Nafion and copper 

particles, as shown in Figure 3b and Figure 3c. EDS mapping also revealed a 

rather homogeneously mixed catalyst-Nafion layer with just few areas of higher 

copper or Nafion exposure.  

To further elucidate copper-Nafion distributions, high-resolution SEM 

images for both surface (left) and cross-sections (right) of the samples, are shown 

in Figure 4. Magnifications of 10k x (large picture) and 50k x (small picture) 

were used for surface HRSEM images, while 10k x magnification was used for 
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cross-section screenshots. All SEM data are representative of 5 measurements at 

different spots at the GDE sample surface. 

By using a higher microscope magnification, we were able to confirm 

and better develop the findings obtained in Figure 3 for all Cu-GDE samples. 

For the DMSO-based CL, we observed copper particles (1µm size) exposed at 

the surface, with Nafion acting mainly as an inter-particle binder and mainly 

covering the carbon surface. DMSO is known to have a high dielectric constant 

and a high dipole moment, contributing to the formation of only small Nafion 

particle sizes in the ink formulation, and a homogeneous Nafion film after 

drying12. The polymerized Nafion film induced by the drying process can be 

seen in the cross-sectional view, residing mostly on top of the surface.  

High magnification images of the EG-based CL show that most of the 

copper particles/agglomerates are embedded into the Nafion film, while the 

cross-sectional image clearly reveals a significant (film) thickness of 

polymerized ionomer over the particles. As discussed in regard to the DLS 

experiments, the protic character of EG promotes polymerization of Nafion in 

solution, during which primary particle agglomeration is limited by the high 

viscosity of ethylene glycol (20 cP) in comparison to IPA, inducing the 

formation of very small rod-shape micelles of Nafion in the ink28.  

Like EG-based GDEs, protic IPA-based inks induced the formation of 

copper particles embedded in Nafion films, while the coverage by the Nafion 

film appears less continuous. This agrees with the DLS measurements, showing 

significantly larger particle dimensions, indicative of interaction of Cu particles 

with polymerized Nafion in the ink before spraying, leading to the observed 

distribution after drying. 
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Figure 4. HR-SEM images of Cu-GDEs from top (left) view at 10kx and 50 kx 

mag and cross-section (10 kx mag) for DMSO, EG, IPA and NMP-based inks.  
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Compared to DMSO, NMP completely solubilizes Nafion in the ink. The 

distribution of Nafion on the surface of the GDE surface is thus likely formed 

during evaporation, and therefore a function of the interaction of the solvent with 

the hydrophobic layer of the GDE. The applied spraying procedure likely 

homogeneously wets the surface, with the Cu particles residing in a film of 

NMP/Nafion solution. Polymerization takes place upon drying, leading to a 

homogeneous film thickness, exclusively on the hydrophobic layer of the GDE, 

thereby stabilizing the connection between the GDL and the Cu particles.   

In summary, the microscopy-EDX analysis shows the following 

(qualitative) order in extent of surface exposed copper: NMP~DMSO >> IPA > 

EG. Aprotic solvents prevent Nafion polymerization/agglomeration in the ink 

before spraying and drying, resulting in an exposed Cu surface, while of the 

protic solvents the high viscosity of EG in comparison to IPA explains the 

difference between these two obtained morphologies. The implications of these 

distributions on the electrochemical performance, will be discussed in the 

following paragraph.  

 

3.2. Electrochemical characterization of the Cu-GDE samples 

The effect of the ink composition on electrochemical resistances of 

copper-based GDEs was determined by electrochemical impedance 

spectroscopy (EIS). To analyze EIS data, we used an equivalent circuit 

containing i) a resistance Ro to model the ohmic resistance of the liquid 

electrolyte, ii) a constant phase element (CPE) accounting for the 

electrode/electrolyte interface through the DLC and iii) a charge-transfer 

resistance Rct component to model the electrochemical electron transfer to a CO2 

molecule. Figure 5.a depicts a Nyquist plot for different dispersion solvent-based 

GDEs, where the high frequency intercept on the X-axis stands for the ohmic 
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resistance (Ro) while the semi-circle diameter represents the charge-transfer 

resistance (Rct). Open circuit voltage (OCV) showed only a diffusion profile 

(straight line) without semi-circle (reaction) for all samples. The experiments 

relevant for electrochemical reduction of CO2 were conducted at -0.8 V vs RHE, 

within the potential range of interest in this study (-0.4 to -1.1 V vs RHE).  
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Figure 5. Nyquist plots for solvent-based Cu-GDE samples obtained by 

Electrochemical impedance spectroscopy (a) and DLC-Rct correlation (b). 
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The ohmic resistance is similar for catalyst layers prepared using 

different dispersion solvents. A general ohmic resistance of 9 Ω (i.e., 18 Ω.cm2) 

was obtained for all electrodes. On the other hand, the charge transfer resistance 

followed an increasing order from 1.6 to 2.6 ohm for NMP < DMSO < IPA < 

EG. This is the exact same order as observed for the extent of Nafion coverage, 

a higher coverage leading to a higher CT resistance. Likely, a lower coverage of 

the copper particles leads to improved wetting of the particles by the electrolyte, 

and therefore a lower CT resistance. Similar conclusions were reported by Kim 

et al. for Pt/C aggregates, where higher Rct values for IPA-based CLs as 

compared to DMSO and NMP-based layers were obtained. They attributed the 

difference in resistance to the formation of thicker films and large agglomerates 

of Nafion over the surface of the GDL28.In addition to the EIS data, we 

performed double layer capacitance (DLC) measurements in order to evaluate 

the electrochemical surface area (ECSA). We considered the specific charge of 

copper in 0.1 M NaClO4 solution as 30 µF/cm2. 

In Figure 5.b, a correlation between the (Rct) and the double layer 

capacitance (DLC) is shown, in which Rct represents the catalyst/electrolyte 

interfacial resistance, while DLC provides an indication for the degree of carbon 

wettability. Obviously, the lower degree of wettability of the DMSO and NMP 

samples correlates well with the higher Rct. DMSO and NMP samples exhibited 

higher values of ECSA (188 and 153 mg/cm2, respectively), compared to EG 

and IPA-based GDEs (74 and 71 mg/cm2, respectively). High ECSA values are 

generally the result of intimate contact between catalyst and electrolyte18.  

 

3.3. Electrochemical activity of Cu-GDE samples 

Cu-GDE samples prepared using different ink solvents (DMSO, EG, IPA 

and NMP) were submitted to electrochemical reduction of CO2 under 
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atmospheric pressure and room temperature. Figure 6 depicts linear sweep 

voltammetry (LSV) curves obtained under CO2 flow in dynamic potential 

conditions in the range of -0.4 V to -1.3 V vs RHE in a 0.3 M KHCO3 electrolyte. 

All electrode potentials were previously iR-corrected and are expressed in the 

RHE scale (pH 7.2), while current densities were based on GDE geometric areas 

averaged over 3 experiments, with an error margin of ± 2.5 mA/cm2.  

As shown in Figure 6, a small reduction peak is observed around -0.3 V 

vs RHE for all samples, probably due the reduction of a thin CuxO layer on the 

Cu particles formed by its contact with aqueous electrolyte30. A slight off-set in 

current density for the various GDEs can be observed at low potentials (-0.3 V 

to -0.6 V), while at more negative potentials the slope in the voltammetry 

becomes dependent on the layer composition, leading to the highest current 

densities for IPA, followed by DMSO, EG and NMP. Some mass transfer 

limitations can be observed around -1.2 V vs RHE for the IPA derived electrode. 
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Figure 6. Linear sweep voltammetry curves for different solvent-based catalysts.  

 

We speculate that diffusion of CO2 through cracks of the IPA-based 

GDE, explains the high current density observed in Figure 6. What should be 



 

60 

mentioned is that this electrode also results in rapid deactivation, likely due to 

the highest flooding degree, which is also evident from performance comparison 

after one hour of operation, to be discussed, based on Figure 7. 

Regarding reaction products, at relatively low potentials hydrogen is 

formed with as high as 95-100% Faradaic efficiency for all GDL samples, while 

increasing cathodic potential results in carbonaceous products, such as carbon 

monoxide (CO) and ethylene (C2H4). The high faradaic efficiency towards 

hydrogen (about 50%) at -1.1 V vs RHE might be attributed to the low CO2 

conversion activity of the large copper particles (1 µm) used, when compared to 

nanoparticles, such as utilized by Reske et al., although electrolyte effects due to 

the relatively low buffer capacity of 0.3 M KHCO3 might also play a role31,32. 

Figure S5 exhibits 1-hour chronoamperometry (-1.1 V vs RHE) results for all 

tested catalysts, showing that within the 1-hour experiment, currents are stable, 

indicating that flooding does not occur during the experiment. 

Figure 7 depicts the faradaic efficiency towards CO and C2H4 obtained 

at -1.1 V vs RHE after 1 hour of operation in 0.3 M KHCO3 for each ink-solvent 

combination tested. The overall faradaic efficiency (higher than 90% for all 

samples) at different cathodic potentials for the obtained reaction products (i.e., 

H2, CO, CH4, C2H4 and C3), including formic acid (accounting for less than 1% 

for all samples), can be found in Figure S6 in the supporting information. Figure 

7 shows the total current density as a function of the ink solvent at –1.1 V vs 

RHE. We can observe a dependency of faradaic efficiency on copper surface 

exposure, again increasing for ethylene as a function of exposed copper surface. 

The sum of C2H4 + CO (around 40% FE) remains practically constant, and the 

remaining 60-65% FE can be attributed to the formation of hydrogen.  
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Figure 7. Variation of faradaic efficiency and current density for different 

solvent-based catalysts obtained during chronoamperometry tests at –1.1 V vs 

RHE for 1 hour in 0.3 M KHCO3. The mass balance could be closed by H2 as 

the dominant product (approximately 60-65% FE). 

 

Due to the weak buffer capacity of the used electrolyte (CO2/HCO3
-), an 

increase in the number of exposed active sites (ECSA) results in a higher 

consumption of protons, increasing the local pH, favoring ethylene formation34, 

even though the ionomer (Nafion) might also provide for acidity28. We anticipate 

the transport of CO2(g) through the diffusion layer towards the catalyst layer is 

effective35, although the presence of an ionomer over the catalyst surface could 

result in polarization overpotentials36, and diminish catalyst effectiveness.  

To further investigate how the ionomer-solvent interaction influences 

local pH and hence ethylene selectivity, we prepared IPA and DMSO-based inks 

containing the same catalyst loading (0.7 mg/cm2), but with variable ionomer 

concentration (in wt.% within an ink composition). The results for IPA-based 

GDE samples are shown in Figure 8 and are representative of current densities 
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of 42 ± 2 mA/cm2 along 1 h tests. DMSO-based GDEs showed a slightly higher 

current density, about 45 ± 2.5 mA/cm2, for which the Faradaic Efficiency data 

are shown in the supporting information (Figure S7).  
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Figure 8. Faradaic efficiency-dependency on Nafion concentration for IPA-

based catalyst obtained during chronoamperometry at – 1.1 V vs RHE for 1 

hour.  

 

Figure 8 shows there is clearly a positive effect from increasing the 

Nafion concentration on the FE towards CO (ranging from 12 to 20%), the trend 

in ethylene FE is less clear, with the highest value (15%) obtained at (2 wt.% 

Nafion / 98 wt.% catalyst).  For DMSO-based GDEs, lowering the Nafion 

content (to 2 wt.%) increased ethylene selectivity from 23.5% up to 27.9% while 

maintaining similar results for CO (within the error margin). Moreover, the total 

faradaic efficiency for CO2 reduction products (CO, C2H4 and C2+) was also the 

highest at 2 wt.% Nafion, reaching levels of 50% for DMSO-based GDEs (see 
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Figure S7 in supporting information). We speculate that different Nafion film 

thickness (lower Nafion content results in a thinner film) and different ionic 

conductivity (higher Nafion loading results in higher ionic conductivity) may 

explain the performances of 2 wt% and 30 wt% Nafion catalysts. For 2 wt% 

Nafion, we observed higher FE towards ethylene due to lower intrinsic acidity 

from the Nafion ionomer (Nafion turns very acidic when in contact with water). 

The performance of 30 wt% Nafion might be explained through the 

higher ionic transfer rate near the surface obtained via the high Nafion loading. 

An optimum amount of Nafion exists, providing enough ionic conductivity, and 

a coverage of metallic particles. For DMSO-based samples, we chose to work 

on extreme conditions (high and low Nafion content) to confirm the literature 

based on IPA based solvent. 38-39. 

The results of this study highlight the effects of GDE preparation on the 

resulting performance in CO2 electroreduction. Depending on the solvent and 

Nafion concentration within an ink, ethylene or carbon monoxide selectivity can 

be optimized, as depicted in Figure 9. The use of DMSO or NMP induced the 

formation of a higher fraction of exposed copper. The relative absence of Nafion 

on top of copper surfaces affects the local pH towards a more basic environment, 

favoring ethylene formation.  

On the other hand, EG and IPA resulted in Nafion-covered copper 

particles, initiating a higher H+ concentration near the Cu surface, favoring the 

formation of CO. Coverage of Nafion likely also limits the effectiveness of the 

Cu particles, in agreement with the lower ECSA values obtained. 
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Figure 9. Illustration of the ionomer-solvent interaction effect on a copper-

coated catalyst layer morphology using DMSO and NMP (left) and EG and IPA 

(right) as ink-dispersion solvents. 

 

4.  Conclusions 

The solvent used within an ink formulation affects how Nafion will be 

shaped and distributed onto the surface of a GDE, thus directly influencing local 

Nafion coverage and interaction with copper particles. Aprotic solvents such as 

DMSO and NMP prevent significant polymerization and agglomeration of 

Nafion in the ink, leading to a homogeneous Nafion film and minor Nafion 

coverage of the Cu particles. Protic solvents induce Nafion polymerization and 

agglomeration in solution (less obvious for EG due to the high viscosity), 

resulting in significant Nafion coverage of the Cu particles. The partially covered 

samples prepared with DMSO and NMP, provide the best ethylene production 

performance among all tested GDEs in the presented work (faradaic efficiency: 

27.5%), tentatively explained by the optimized pH near the Cu particles under 

the applied electrochemical process conditions.  
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5.   Appendix 

  

S1: Figure S1 presents the preparation method of copper-based GDEs through 

ink-coating using an air-brush. The carbon substrate was first cut in a piece of 2 

cm x 3 cm and coated onto an effective area of 1 cm x 2 cm, resulting in a 2 cm2 

geometric area. All catalysts were dried under the same temperature – 160 oC – 

for 16 h.  

 

 

Figure S1. Cu-GDE catalysts preparation procedure. 
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S2: Figure S2 shows cyclic voltammograms obtained for the catalyst Cu-GDE 

prepared using IPA as ink solvent. Varying the CV scan rate and using the 

cathodic half-way I-V charge, we could calculate the double-layer capacitance 

as the slope of the curve determined by current-density-scan rate graph. 

 

 

Figure S2. Double layer capacitance measurements for Cu-GDE sample 

prepared using IPA as dispersion solvent. 
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S3: Figure S3 depicts the equivalent circuit used to simulate and calculate ohmic 

cell resistance (Rcell) and charge-transfer resistance (Rct) of Cu-GDE samples. 

Open circuit voltage (OCV) has been first measured for 5 mins to ensure the 

stability of the reactor followed by potentio-electrochemical impedance 

spectroscopy (PEIS) at 0 V vs OCV to evaluate the polarization/corrosion 

resistance at OCV and at -0.94 V vs RHE to determine Ro and Rct. The 

measurements were performed in a homemade continuous flow-cell, in a 

frequency range of 10kHz to 100mHz using 10mV of amplitude and single sine 

wave mode. The measured data was fitted using Boukamp model and simulated 

by Randles-equivalent circuit without Warburg element, in which the 

capacitance is replaced by a constant-phase element for a better fit and 

simulating a porous environment. During the fitting process, all constant phase 

element (CPE) factor obtained were >0.8 which is essential to ensure that the 

capacitance is close to ideality. 

 

Figure S3. Illustration of the circuit elements used for data simulation and 

resistance calculation.  
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S4: Figure 4 presents X-ray diffractograms of Cu-GDE samples prepared using 

different ink-dispersion solvents. All configurations have presented similar 

pattern (no broadening) in copper region and same orientation (111), (200) and 

(220), even after drying procedure. The three main peaks were associated with 

PDF 04-0836 assigned to metallic copper phase. XRD of bare GDL and bare 

copper powder can be found in Figure S4 as well. 
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Figure S4. X-ray diffractogram of Cu-GDE samples prepared using several 

solvents. 
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S5. Figure S5 depicts the chronoamperometry tests (applied constant potential) 

for one hour experiment. Colored lines indicate the ink-solvent utilized. 
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Figure S5. Chronoamperometry experiments (-1.1 V vs RHE) of 1 hour duration 

for all solvent-based catalysts investigated in the present report. 
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S6. Figure S6 presents the overall faradaic efficiency to the main reaction 

products, i.e., H2, CO, CH4, C2H4 and C3. Formic acid was only identified on 

high overpotentials but below 1% faradaic efficiency to all samples. C3 accounts 

for both propane and propene since the GC was not able to separate the peaks. 

 

  

     

     

Figure S6. Potential-dependent faradaic efficiency to all CO2 reduction products 

for Cu-GDE samples prepared using different ink-solvents. 
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S7. Figure S7 depicts the faradaic efficiency results for CO and C2H4 during 

chronoamperometry tests at -1.1V for 1 h using 0.3 M KHCO3 as electrolyte for 

DMSO-based GDEs containing different Nafion concentrations. Higher overall 

CO2RR faradaic efficiency was obtained by 2 wt% Nafion when compared to 30 

wt% probably due the lower ionomer coverage degree over copper particles, 

enabling a higher local pH surrounding the catalyst surface which favored 

ethylene formation. 
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Figure S7. Effect of Nafion concentration on CO2RR faradaic efficiency for 

DMSO-based GDEs. Results represent the average of at least three independent 

measurements. 
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Chapter 3.       

 Effect of reactor and reaction parameters on 

performance of Cu-GDEs in converting CO2 to CO 

 

 

 

 

 

 

 

 

Abstract: In this study we evaluate the process parameter space for efficient 

electrochemical reduction of CO2 over CuGDEs, including the use of proton- or 

anion exchange membranes, the cell design, the CO2 flow configuration, and the 

Nafion content used in the ink formulation to prepare the Cu-GDEs. Using a cell 

design i) containing a SustainionTM membrane, ii) allowing a liquid flow of 

catholyte and anolyte, and iii) providing convective supply of CO2 in flow-

through configuration, outstanding faradaic efficiencies towards carbon 

monoxide (FECO = 85%, at -0.88 V vs RHE and 50 mA.cm-2) were obtained. We 

attribute this performance to an efficient desorption and transport of CO to the 

exit of the reactor, in agreement with the remarkably low FE towards ethylene 

at the applied electrochemical potentials. Most importantly, in this configuration, 

and optimizing the Nafion content in the ink formulation to 10 wt-%, cell 

performance could be maintained for at least 10 hours of continuous operation 

at the high FECO of ~85%.  
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1.  Introduction 

To decrease carbon dioxide (CO2) emissions to the atmosphere and to 

fulfill the Paris climate agreement requires the development of sustainable 

chemical technologies, using renewable electricity and CO2 and H2O as 

resources for fuels and base chemicals1,2. Besides improvement of technology 

for capturing and storing CO2,
3 the energy efficiency of technology for the 

electrochemical production of valuable chemicals and fuels, such as carbon 

monoxide (CO) and ethylene (C2H4),
4–7 needs to be improved.8,9  

Recently, gas diffusion electrodes (GDE) have been demonstrated to 

operate at unprecedentedly high current densities (> 1 A/cm2), as required for 

industrial-scale operation, with high selectivity towards value-added products10–

12. These GDEs are composed of a diffusion layer (DL), a microporous layer 

(MPL) and a catalyst layer (CL), allowing the deposition of different metal-

based electrocatalysts. Gold and silver favor CO formation13,14, palladium, tin 

and lead are preferred if formic acid15,16 is desired, while copper has the unique 

ability to produce hydrocarbons and oxygenated compounds, such as ethylene 

and ethanol with high seletivity17,18.  

Despite the many benefits of GDE-based systems, some challenges such 

as flooding of the catalyst layer (mainly caused by pressure imbalance across the 

GDE, gas feed turbulence and electrowetting effects), and salt (KHCO3) 

precipitation due to the reaction of CO2 with OH- generated at the cathode, 

remain problematic and are still subject of investigation19,20.  

In terms of electrochemical cells applied for CO2RR, continuous flow 

cells have mostly been chosen due to their versatility, while operated with none 

(zero gap), one (catholyte free) or two electrolyte (catholyte/anolyte) 

compartments, and with or without the addition of membranes21,22. The main 

differences between these configurations rely on the nature of the reactions 
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occurring in the micro-environment of the catalyst layer and the management of 

aqueous species near the electrode surface23.  

In zero gap systems, also known as membrane electrode assemblies 

(MEA), an intimate contact between the catalyst layer and the solid membrane 

is achieved. Polymer electrolyte membranes (PEMs) are widely used in fuel cells 

and water electrolysis and play an important role in transporting ionic species 

(and solvation water) to the catalyst layer24. These membranes are classified into 

cation exchange membranes (CEM – promoting transport of cations such as H+, 

K+), anion exchange membranes (AEM – promoting transport of anions (OH-, 

HCO3
-, CO3

2-)), and bipolar membranes (BPM – promoting water dissociation, 

splitting protons and anions at different sides)25,26. 

Cation exchange membranes, such as Nafion-based, present strong 

acidity and high ionic conductivity27. They can prevent anion crossover to the 

anode, but might promote proton transfer to the catalyst surface, decreasing the 

pH and favoring the hydrogen evolution reaction (HER)28. Anionic exchange 

membranes can overcome the issues of high acidity near the surface by 

removing/transporting only anions, boosting efficiency in the CO2RR. Indeed, 

most of the state-of-the-art CO2 electrolyzers make use of AEMs in their 

electrode assembly, reaching partial current densities over 1 A/cm2 towards 

multi-carbon products11,18. Nevertheless, stability issues such as membrane 

dehydration and carbonation (formation of carbonate crystals due to the reaction 

of CO2 and OH-) yet need to be resolved29,30. 

Even though zero-gap assemblies present lower cell resistance and allow 

for broader industrial applicability, the reactor configurations containing two 

electrolyte channels (catholyte and anolyte), are usually preferred by 

researchers, due to versatility and ease of assembly for testing GDE-based 

systems at high current densities31. This configuration involves the diffusion of 
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CO2 through the pores of the GDE up to the solid-liquid interface, known as the 

triple-phase boundary (TPB), where CO2 is suggested to dissolve in the aqueous 

electrolyte and is further transformed to the desired products 21,32.  

Optimized water management and stability in the pressure balance are 

essential to maintain the optimized TPB27,33. These are also essential process 

parameters to prevent electrolyte intrusion into the deeper layers of the GDE, 

resulting in catalyst flooding and further liquid evaporation and salt formation, 

blocking the access of CO2 to the catalyst surface34,35.  

Conventional metal-coated GDE systems provide CO2 supply via the 

backside of the GDE (see Figure 1), also known as the flow-by operation, where 

CO2 diffuses through the porous structure to the boundary layer for reaction. The 

product once formed, enters the gas flow via back-diffusion33. In such 

configuration, flooding behavior is often assigned to water intrusion (see 

illustration Figure 1). 

An alternative to reduce issues of CO2 depletion at the catalyst surface at 

high current densities, and to efficiently feed carbon dioxide to the catalyst 

surface, is via convective CO2 supply, also identified as the flow-through regime 

(Figure 1).  
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Figure 1. Scheme of flow-by and flow-through operation of GDEs in the 

electrochemical reduction of carbon dioxide. Flooding via water intrusion (flow 

by) and absence of flooding (flow through) is indicated by the arrows. 

 

In this modified-catholyte/anolyte configuration, the outlet gas channel is 

closed and a positive pressure forces carbon dioxide through the pores to the 

surface, and after reaction the products (possibly dissolved) are transported with 

the electrolyte and separated from the liquid phase in a degassing unit. The main 

advantages of this cell configuration are: i) convective reactant supply to the 

catalyst surface preventing CO2 concentration gradients, ii) improved mixing at 

the vicinity of catalyst particles due to bubble induced flow patterns, and iii) fast 

product removal. Up to date, only few studies have explored flow-through 

configurations. For example, Duarte and co-workers compared silver-coated 

GDEs in both flow-by and flow-through regimes, achieving higher partial 

current densities towards CO in flow-through conditions (over 200 mA/cm2 at -

2.8 V vs Ag/AgCl), which was attributed to the enhanced CO2 supply. However, 

instability issues were still observed, leading to decline in cell performance 
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within the first hour, explained by electrolyte crystallization, inhibiting CO2 

flow36. Similar conclusions were drawn by Han and co-workers in their study 

using copper-gauze in alkaline (10 M KOH) solutions for CO and CO2 reduction. 

They ascribed the superior performance of flow-through configurations to 

efficient gas, electron and ion transfer to the catalyst surface37. These studies 

point out that further optimization of process parameters, can lead to enhanced 

performance of GDEs38, if for example large overpotentials by bubbles 

generated in turbulent flow regimes can be prevented 39–41.  

In this work, we compare the performance of several cell configurations 

in the electrochemical reduction of CO2, including variation of process 

parameters and composition of the GDE, and highlight the remarkable 

performance of micrometer-sized copper particles approaching CO selectivity 

levels only obtained using silver and gold-coated GDEs. 

 

2.   Experimental section 

2.1.  Preparation of Electrocatalysts and membrane activation 

Copper-based gas diffusion electrodes (Cu-GDE) were prepared by 

spray-coating of an ink onto a carbon substrate (Freudenberg H23C6, 

Freudenberg). The catalyst ink contained 25 mg of 1 µm sized Cu particles 

(Skyspring Nanomaterials Inc., 99.8%), 64 µL (10 wt%) of Nafion 117 ionomer 

(5 wt% dissolved in isopropanol, Sigma-Aldrich) and 1 mL of DiMethyl 

SulfOxide (DMSO, 99,5%) as solvent, sufficient to produce two Cu-GDE 

samples. The ink was mixed in an ultrasonic bath for 30 min until a 

homogeneous mixture was obtained and then spray-coated onto the carbon 

substrate using a spray gun (air, 1 bar) and further dried at 160 oC for 16 hours, 

resulting in a catalyst loading of 1.5 ± 0.1 mg/cm2
geo. The anode (an IrO2-GDE) 

was prepared using Iridium black (99%, Thermo Fischer) as precursor in a 
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similar way as the preparation of the Cu-GDEs but containing a higher catalyst 

loading (2.0 ± 0.1 mg/cm2
geo). The preparation of electrocatalysts containing 

different Nafion concentrations was like described above, maintaining the same 

copper loading (1.5 ± 0.1 mg/cm2
geo) but changing only the volume of the Nafion 

solution as follows; 12 µL for 2 wt%, 64 µL for 10 wt% and 143 µL for 20 wt% 

Nafion. 

Nafion 117 (Fuel cell store) and Sustainion (Dioxide materials) were 

tested as cationic and anionic exchange membrane respectively. Both 

membranes were pre-activated before the experiments as previously 

mentioned42,43. Essentially, Nafion 117 membranes were boiled at 60 oC in 

solutions of 30% v/v H2O2, distilled water, 1M H2SO4 and distilled water again 

for 30 minutes each, while Sustainion membranes were kept in 1M KOH 

solutions overnight at room temperature and were then rinsed with MilliQ water. 

 

2.2. Reactor configurations and electrochemical experiments 

A homemade PTFE continuous flow reactor was used as electrochemical 

cell at room temperature and atmospheric pressure at different configurations for 

all studies herein presented. CO2 flow by experiments were carried out in 

catholyte free (Figure 2.a) and in conventional catholyte/anolyte (Figure 2.b) 

configurations, while CO2 flow through experiments were carried out in a 

modified catholyte/anolyte-based configuration (Figure 2c), like Figure 2b, but 

with the gas outlet closed, forcing CO2 to purge through the electrode into the 

catholyte. A Sustainion membrane was used in those experiments. 



 

86 

 

Figure 2. Schematic of the different reactor configurations used in this study: 

CO2 flowing by the Cu-GDE with only anolyte flow (catholyte free) (a), CO2 

flowing by the Cu-GDE with both catholyte and anolyte flows (catholyte/anolyte) 

(b) CO2 flowing through the Cu-GDE with both catholyte and anolyte flow 

(modified catholyte/anolyte) (c). 

 

In a catholyte free configuration, the Sustainion membrane was pressed 

against the cathode, i.e., the Cu-GDE, as shown in Figure 2.a. The cathode Cu-

GDE and membrane were hot-pressed in a FVR FlashVape 20U hot-press 

machine for 2 minutes under 2 bar pressure and 40 oC temperature, and then 

assembled into the reactor. This configuration contains only the anolyte, which 

is located at the back of the membrane and accommodates the reference 

electrode and recirculates pre-saturated electrolyte 0.3 M KHCO3 (pH 7.2) at a 

1 mL/min rate.  

A catholyte/anolyte configuration differs from the previous 

configuration, by the addition of a catholyte channel between the cathode and 

the membrane. This catholyte channel now contains the reference electrode and 

a flow of 1 mL/min of pre-saturated 0.3 M KHCO3 (99%, Sigma Aldrich), while 

the anolyte of 0.3 M KOH (99% Sigma-Aldrich) was flown at 1 mL/min. For 

both flow by configurations (catholyte-free and catholyte/anolyte), gas products 

and non-converted CO2/gaseous products were directed inline to a gas 
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chromatograph, while liquid samples were taken every hour and analyzed by ion 

chromatography.  

Flow through experiments were carried out in a modified 

catholyte/anolyte configuration (Figure 2.c), like Figure 2b, but with the gas 

outlet closed, forcing CO2 through the electrode towards the catholyte. Gases 

were collected as bubbles separated from the liquid in the catholyte compartment 

and inline directed to a Global Analyzer solutions gas chromatograph equipped 

with two channels for detection of hydrocarbons (CH4, C2H4 and C2H6) and light 

components (H2, CO and CO2). Hydrocarbons were separated in a Parabond 

column and detected using an FID detector while light components were 

separated in a Mol Sieve column and detected using a TCD detector. Liquid 

products were analyzed every hour in the continuously recirculated electrolyte 

using ion chromatography. 

Unless stated otherwise, all experiments were carried out with a CO2 

(99.99%, Linde) flow rate of 5 mL/min (2.5 mL CO2/min.cm2) adjusted by 

Brooks mass flow controllers and fed into the cathode gas chamber, while the 

anode side was set to remain opened to the air under atmospheric pressure. 

Before each experiment, 0.3 M KHCO3 (pH 8.2) electrolyte was pre-saturated 

with 20 mL/min of CO2 for 30 minutes, reaching a final pH of 7.2, while 0.3 M 

KOH (pH 13.4) was used without pre-treatment. Both, the catholyte and anolyte 

flow rate, were fixed at 1 mL/min and recirculated using peristaltic pumps. A 

leak-free reference electrode (Ag/AgCl, 3.4 M KCl, edaq, miniature leakless) 

was inserted into the anolyte channel (catholyte-free configuration) or into the 

catholyte channel (other configurations), allowing individual cathodic potential 

control. Cathode (Cu-GDE), membranes (Nafion or Sustainion) and anode 

(IrO2-GDE) were sandwiched between Viton gaskets and assembled into the 

electrochemical cell using bolts and nuts to guarantee a leak-free reactor. 
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Electrochemical experiments were performed using a Biologic VMP-9 

potentiostat, in galvanostatic mode. Chronoamperometry experiments were 

carried out in a potential range between -0.4 V and -1.0 V vs RHE for 1 hour, 

unless stated otherwise. Stability tests in flow-through experiments were 

continuously carried out without cell disassembly, until ‘flooding’ was observed. 

All potentials were automatically corrected for uncompensated resistance, 

measured prior to the experiments by the current interrupt method.  

 

3.   Results and discussion 

3.1.  Effect of the membrane in flow by configurations  

The effect of the ionic membrane on CO2RR current density and faradaic 

efficiency was first evaluated in a catholyte free (“zero gap”) reactor 

configuration (see Figure 2a), operated in flow-by mode (Figures 3a – 3d). Fresh 

copper-coated GDE catalysts and electrolytes were used for each experiment.  

Figure 3a shows the potential-dependent current density, which was 

obtained from chronoamperometry experiments at each voltage for 1 hour under 

CO2 flow, for Nafion (black line) and Sustainion (red line) membranes. In 

general, an increase in the applied cathodic potential resulted in higher current 

densities, reaching a maximum of -60 mA/cm2 at the most negative potential 

investigated of -0.87 V vs RHE for the Nafion 117 membrane. 
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Figure 3. Influence of the type of ionic membrane on potential-dependent 

current density (a), faradaic efficiency (b) and partial current density towards 

CO (c) and C2H4 (d) in a catholyte-free “zero gap” reactor configuration. 

Chronoamperometry experiments were carried out for 1 hour in 0.3 M KHCO3 

(pH 7.2) flowing at 1 mL/min, and a CO2 “flow-by” rate of 5 mL/min. Error bars 

represent the average of at least 3 measurements. 

 

Nafion generally exhibits higher current densities in the range from -0.6 

to -0.85 V compared to Sustainion. In the lower potential region (> -0.6 V vs 

RHE) we observed mainly hydrogen as product, accounting to over 90% of the 

FE. In an intermediate potential window (-0.75 V < Ewe < -0.6 V vs RHE), carbon 

dioxide reduction products such as CO and ethylene start to be formed in 

considerable amounts, accounting to approximately 20% in FE (see Figure 3b), 
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with consistently higher FE towards CO for the cell configuration with the 

Sustainion membrane. Lastly, in the higher potential range (more negative than 

-0.75 V vs RHE) higher faradaic efficiencies were obtained towards ethylene 

with Sustainion-based samples than Nafion based cell configurations. 

Combining the data of Figure 3a and Figure 3b, the trends in JCO and JC2H4 were 

determined (see Figure 3c and 3d), showing slightly better JCO for Sustainion, 

and significantly higher partial current density towards ethylene at the highest 

potential investigated (-0.88V). Previous studies revealed a superior 

performance of anionic exchange membranes over cationic ones towards 

ethylene, mainly based on comparison of FEs. However, issues such as CO2 

crossover to the anode side via carbonate/bicarbonate exchange, resulting in 

CO2RR efficiency losses, were also reported, revealing the need for further 

membrane optimization26,41,44. 

Figure 4a shows the current-potential behavior for both Nafion and 

Sustainion membranes in a catholyte-anolyte reactor configuration. We can 

observe slightly higher current densities for Nafion-based systems (like 

catholyte-free conditions) in the intermediate potential range (-0.8 V to -0.6 V 

vs RHE), while reaching a maximum of -55 mA/cm2 at the largest potential 

investigated of -0.92 V vs RHE, similar for both membranes, but somewhat 

lower than in the catholyte-free conditions (see Figure 3a). In contrast to 

catholyte-free configurations, where a relatively high ethylene production rate 

was achieved, the catholyte-anolyte type of reactor exhibited mostly carbon 

monoxide as product.  
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Figure 4. Effect of ionic membrane on catholyte/anolyte-type reactor 

performance in terms of overall current density (a), faradaic efficiency (b) and 

partial current density towards CO (c) and C2H4 (d). Chronoamperometry 

experiments carried out for 1 hour in 0.3 M KHCO3 (pH 7.2) flowing at 1 mL/min 

and CO2 flow rate of 5 mL/min. Error bars represent the average of at least 3 

measurements. 

 

The absence of ethylene suggests that the interfacial pH 

(electrode/electrolyte) is lower than in the catholyte-free configuration, in 

agreement with the continuous replenishment of the electrolyte and favorable 

mass transfer properties induced by the liquid flow in the catholyte-anolyte 

configuration45. When compared to Nafion-based systems, Sustainion 

membranes show higher FECO at potentials more negative than ~ -0.85 V. A 
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maximum CO2RR efficiency of 75% was obtained at the most negative applied 

potential (-0.93 V vs RHE), in which a FECO of 65% was achieved, compared to 

only 40% for Nafion-based systems, which favor formation of H2.  

Besides the modulation of the local pH to more neutral or slightly basic 

environments by the flowing catholyte46, apparently the desorption and transport 

of CO away from the catalyst surface is also promoted, in agreement with the 

low FE towards ethylene, which is generally assumed to be formed by 

dimerization of CO.  

 

3.2.  Flow-by versus flow-through configurations  

We utilized a catholyte-anolyte reactor configuration, using a catholyte 

containing 0.3 M KHCO3 flowing at 1 mL/min, and the anolyte consisting of 

0.3 M KOH flowing at 10 mL/min. Due to the higher FECO in flow-by 

experiments obtained for Sustainion than for Nafion, Sustainion membranes 

were selected to evaluate the transport mechanism and effects of flow rate on 

CO selectivity.  

The CO2 flow was fixed at 5 mL/min., in the flow-by mode, as well as in 

the flow-through mode. Figure 5 shows only small differences in current density 

between flow-by mode, and flow-through mode in the entire potential window 

investigated, being favorable only by a few mA.cm-2 for the flow through 

configuration. This indicates that the range of flow rates tested was high enough 

to surpass transport limitations, while maintaining an optimized triple phase 

boundary. A too high flow rate of CO2 in the flow through mode, will likely push 

the tipple phase boundary toward the membrane, decreasing the degree of active 

catalyst surface, and leading to higher charge transfer cell resistances. 
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Figure 5. Cathodic potential-dependence on current density (a), faradaic 

efficiency (b) and partial current density towards CO (c) and C2H4 (d) for flow 

by and flow through regimes. Chronoamperometry experiments carried out for 

1 hour in 0.3 M KHCO3 (pH 7.2) flowing at 1 mL/min and CO2 flow rate of 

5 mL/min. Error bars represent the average of at least 3 measurements. 

 

The main effect of the flow through mode of operation on the 

performance of our micro-sized Cu particles can be found in the increase of FECO 

from 60% to 80%. Additionally, we highlight the low selectivity towards 

ethylene, which agrees with the observations of flow through copper-hollow 

fiber electrodes47. Both observations suggest desorption and transport of CO 

away from the reactive electrode is favored by the gas flow exiting the pores of 

the GDE into the catholyte. A more dramatic increase in current density than 
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shown in Figure 5.a. was found by Duarte and co-workers for Ag-GDEs. Flow 

through regimes were reported to enhance partial current densities from JCO-

FlowBy = -120 mA/cm2 to JCO-FlowThrough = -200 mA/cm2, although stability issues 

associated to crystallization of electrolyte salts inside the GDE pores caused a 

drop in FECO after just one hour36. This larger effect is likely due to the higher 

intrinsic activity of the Ag particles, in comparison to our micro-sized Cu 

particles. 

  

Figure 6. Current density (a) and faradaic efficiency (b) results for different 

CO2 flow rates on flow through experiments. Chronoamperometry experiments 

carried out for 1 hour in 0.3 M KHCO3 (pH 7.2) flowing at 1 mL/min and CO2 

flow rate of 5 mL/min. Error bars represent the average of 3 measurements. 

 

To further investigate the transport phenomena induced by convective 

CO2 supply, we varied the CO2 flow through rate. Figure 6 shows the results. 

We observed a small increase in current density increasing the CO2 flow rate 

from 5 to 20 mL.min-1, slightly larger than the error margin (error bars 

correspond to small deviations in current and IR corrected potential, 

respectively). This suggests the transport phenomena are not largely improved 

at higher flow rates, or we have reached the kinetic limit in performance of our 

Cu particles. This is also apparent from the FE values towards CO, which are 
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hardly flow rate dependent. Still, a maximum FECO of 85% under 20 mL/min of 

CO2 at -0.88 V vs RHE was achieved at ~50 mA.cm-2, being one of the highest 

values reported in the literature for copper-based electrodes48. 

 

3.3.  Effect of Nafion content and stability evaluation 

Figure 7 shows the potential dependent FEs towards CO for two GDEs, 

one prepared with a Nafion concentration of 10 wt% (a) and another with a 

concentration of 20 wt% (b), respectively. A GDE was also prepared with only 

2 wt% loading, but the data for this electrode could not be included in Figure 7, 

since flooding was apparent already after less than 1 hour of flow-by operation.  

To confirm long-term stability of flow through operation, we performed 

multiple chronoamperometry experiments using the same Cu-GDE electrode, 

without disassembling the electrochemical flow cell.  

 

 

Figure 7. Stability test for Cu-GDE catalysts prepared using 10 wt% Nafion (a) 

and 20 wt% Nafion (b) within the ink composition, operated in a flow through 

regime. Highlighted in Figure 7b is the current behavior when flooding occurs. 

The experiments were conducted under the same conditions as in section 3.2 (i.e. 

5 mL/min CO2, catholyte 0.3 M KHCO3 and anolyte 0.3 M KOH at 1 mL/min, 

Sustainion membranes separating electrolyte compartments). 
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We can observe a stable current for the 10 wt% Nafion sample in the 

whole cathodic potential range, including 3 hours stability at -0.92 V vs RHE, 

maintaining the excellent FE of ~80% at ~50 mA.cm-2 current density. 

Increasing the Nafion loading to 20 wt-%, decreases the FE towards CO (more 

hydrogen is formed), while also the stability is lowered. Loss in FECO and current 

instability occurred after 6.5 hours of operation. We also observe an increase in 

the variation (‘noise’) in current density at more negative potential values, 

suggesting gas accumulation at the solid-liquid interface, leading to poor catalyst 

wettability, and a higher interfacial resistance, thus requiring higher 

overpotentials39,40.  

 

 

Figure 8. Schematic of the effect of ionomer concentration on carbon dioxide 

supply and mixing for 2 wt%, 10 wt% and 20 wt% Nafion samples. 

 

A schematic overview of interfacial phenomena occurring in gas flow 

through operation, in combination with the Nafion coverage of the GDE, is 

provided in Figure 8. We assume gas can exit the pores of the GDE from the 

backside into the flowing catholyte effectively up to Nafion ionomer 

concentrations of ~10 wt% in the ink formulation. This leads to effective mixing 

and favors formation of CO. If only 2 wt% Nafion is applied, this exposes quite 

some Cu surface to the electrolyte, possibly affecting the interfacial pH (more 
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basic), and most importantly limiting the mechanical stability of the Cu particles. 

Detachment of particles from the surface due to the low adhesion to the GDE 

might also occur, resulting in loss of catalyst activity, and explaining fast 

degradation of cell performance. Similar particle detachment was also observed 

previously for GDEs prepared with only 3 wt% Nafion36. 

The excellent performance of the 10 wt% Nafion containing GDE derives 

from the synergetic benefits of an optimum catalyst layer composition, providing 

sufficient catalyst adhesion, sufficient supply of protons, and efficient 

wettability due to the hydrophilicity of Nafion, in combination with effective 

CO2 purge – inducing high CO2 and CO mass transfer rates. Literature 

demonstrates similar ionomer concentrations as optimum (PTFE was the 

ionomer), attributed to optimized hydrophobicity and CO2 diffusion to the 

catalyst surface54. Lastly, at high ionomer concentrations (20 wt% Nafion), a 

significant fraction of the pores is likely blocked, leading to a less equal 

distribution of exiting gas (higher gas flow rate to smaller number of pores), 

lowering the advantages of flow through operation in achieving a high FE 

towards CO, and enhancement in stability by favorable mass transfer 

phenomena. The lower quantity of effective pores, and the higher hydrophilicity 

at 20 wt% Nafion, likely result in flooding after short periods of operation, as 

experimentally observed in Figure 7b. 

 

4.      Conclusions 

In this work, we evaluated cell design and the effect of process 

parameters and GDE composition on electrochemical reduction of CO2. In the 

catholyte-free configuration, we observed an improvement from a FEC2H4 of 

25% for the Nafion membrane, to a FEC2H4 of 40% for the SustainionTM 

membrane. We attribute the difference between Nafion and Sustainion to 
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differences in local pH, particularly lowered by the acidic nature of the Nafion 

membrane in close contact with the Cu-GDE. In flowing catholyte configuration, 

a FECO of 65% was obtained using SustainionTM, in comparison to a FECO of 

45% achieved with a Nafion membrane.  

The fast transport of protons through the Nafion membrane likely lowers 

the pH of the catholyte compartment, favoring formation of H2. Purging CO2 

through the pore structure of the GDE, leads to a remarkable FECO of 80% for 

the flowing catholyte cell configuration containing a Sustainion membrane, 

indicating efficient supply of CO2 and fast removal of CO are achieved, the latter 

in agreement with the low selectivity towards ethylene.  

Finally, very stable currents and CO production rates were achieved in 

long-term operations in flow through regimes, running over 10 hours without 

deactivation at an optimized Nafion ionomer concentration in the ink 

formulation of 10%. Therefore, by using a flow through-based Cu-GDE cell 

configuration we were able to achieve, to the best of our knowledge, one of the 

most stable cell performances reported, with exceptionally high FECO of 80%. 
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Chapter 4. 

The effect of imidazolium cations on performance of Au-

GDEs in conversion of CO2 in bicarbonate electrolytes  

 

 

 

 

Abstract: In this study, we evaluate the effect of imidazolium cations on the 

performance of gold loaded gas diffusion electrodes to form CO from CO2 in 

aqueous bicarbonate electrolyte. The faradaic efficiency (FE) was decreased 

from > 90% at -1.1 V vs RHE in the absence of [dMIm][Cl] (just 0.3 M 

bicarbonate solution), to only ~20% after the addition of 0.1 M [dMIm][Cl] 

(dimethyl imidazolium cation), hydrogen becoming the dominant product. We 

applied Surface Enhanced Raman spectroscopy to evaluate the (negative) effect 

of imidazolium cations and observed significant co-adsorption of DMIM+ 

cations and HCO3
- on the Au surface in the potential range of -0.2 V to -0.9 V, 

by identification of characteristic Raman bands at 1080, 1110 (doublet, assigned 

to adsorbed DMIM+
 cation vibrations) and 1380 cm-1, assigned to the HCO3

-
 

anion. A peak at around 1550 cm-1 also emerges, with can be assigned to 

adsorbed carbonate, CO3
2-. The intensity of these Raman bands qualitatively 

correlates with the low (FE) towards CO in this potential range, while at -1.1 V 

these bands disappear, coinciding with significant improved FE towards CO.  
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1.  Introduction 

Carbon dioxide (CO2) is one of the major contributing gases to the 

greenhouse effect. Electrochemical reduction (ECR) technology could help 

mitigating CO2 emissions1, by converting CO2 into useful chemicals2.  

Recently, Gas Diffusion electrodes, GDEs, have been developed for the 

reduction of CO2
 3, operating through so-called triple phase (gas-liquid-solid 

(catalyst)) boundaries. Current densities of > 300 mA cm-2 have been reported 

towards several products, including CO (using Au or Ag based GDEs)4, or 

ethylene (using Cu based GDEs)5. The cell configuration (using cathode-

membrane assemblies or flowing catholyte), the composition of the GDE 

(related to preparation of GDEs by creating polymer/catalyst interactions), and 

the composition of the catholyte (typically highly alkaline) have been moderated 

and optimized to achieve enhanced Faradaic Efficiencies. Still, significant 

hydrogen formation6 is difficult to suppress7 in aqueous electrolytes containing 

inorganic cations and anions, such as potassium bicarbonate.8     

Interestingly, organic-based cations, and in particular imidazolium 

cations, have been successfully applied to increase effectiveness of electrodes 

towards reduction of CO2.
9 A promotional effect of imidazolium cations on CO2 

reduction was first reported by Rosen et al.,10 using 1-ethyl-3-methyl 

imidazolium tetrafluoroborate [EMIm][BF4] (18 mol-%) in water. The presence 

of water could promote hydrogen production, and the function of the 

imidazolium cation has been proposed to suppress formation of hydrogen.11 This 

explanation was also proposed by Yang et al.12  who demonstrated for gold 

nanoparticles (Au-NP) in an H-cell configuration, that the FE increased from 

90% to 96% when Butyl Methyl Imidazolium ([BMIm][PF6]) was added to 

0.5 M of KHCO3 as electrolyte. Zhou et al.13 found that when Ag metal was used 

in an electrolyte containing [BMIm][Cl] with 20% water, a FE towards CO 
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production of >99% could be achieved in electrochemical reduction of CO2. 

Furthermore, they found that when higher levels of water were applied, this 

results in decreasing FE towards CO - a water content of 70% resulted in a FE 

of only 50% towards CO. Golru et al.14 used an H-type cell in which 10 mM of 

several cationic compositions were added to 0.1 M KHCO3 electrolyte. They 

found a potential dependent effect of the imidazolium-based cations – an 

increase in the activity was observed at -0.92 V, while the effect of the addition 

of organic cations diminished at more negative potentials. They hypothesized 

this was caused by accumulation of imidazolium on the active sites at (highly) 

negative potential, inhibiting reduction of CO2. Kamalakannan et al.15 

computationally showed that hydrophilic ionic liquids have a strong interaction 

with gold surfaces. Furthermore, the role of anions was discussed by Golru et 

al.16, in that hydrophilic anions like chloride can accumulate more water 

molecules at the surface and subsequently promote the HER.  

Very recently, Koshy et al.17 investigated the effect of an imidazolium-

based ionomer on CO2 reduction to CO in 0.1M KHCO3 using Ag foil as the 

cathode. In stark contrast to previously published results, they found promotion 

of the HER, rather than in the reduction of CO2 to CO, which was attributed to 

the imidazolium cation induced reduction of bicarbonate.17 

In summary, the effect of imidazolium-based cations on the performance 

of Au particles in gas diffusion cells is not very much agreed upon. Furthermore, 

to the best of our knowledge only the effect of Ethyl Methyl Imidazolium 

[EMIM][BF4] as electrolyte using Au loaded GDEs was investigated.10  In this 

study we further evaluate the effect of the addition of imidazolium cations to 

bicarbonate electrolyte on the performance of Au based GDEs in the 

electrochemical conversion of CO2 to CO. We demonstrate a significant 

negative effect on the partial current density towards CO by addition of 
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imidazolium cations to bicarbonate electrolyte, in particularly at moderately 

negative potentials (between -0.1 and -0.9 V). We used surface enhanced Raman 

spectroscopy to provide evidence for imidazolium and bicarbonate adsorption, 

of which the potential-dependence coincides with predominantly formation of 

H2 in GDE configuration.  

 

2.  Experimental section 

2.1. Materials and chemicals 

Iridium black (Ir) was provided by Thermo Fischer. Freudenberg H23C6 

(GDE) was provided by Freudenberg. 3.5 M KCl solution for the reference 

electrode was bought from ProSense. Imidazolium-based ionic liquids were 

bought from Iolitec.  

Gold foil 0.025 mm thick (99.985% metal basis) was purchased from 

Alfa Aesar. Nafion solution (5 wt%), potassium bicarbonate (KHCO3), Sulfuric 

acid (98% v/v H2SO4), hydrogen peroxide (30% w/w H2O2), potassium 

chloride (KCl), nitric acid (70% v/v HNO3) and sodium tetrachloroaurate 

dihydrate (NaAuCl2.2H2O) were all purchased from Sigma-Aldrich. All 

chemicals were used as received without any treatment, and MilliQ water (18.3 

MΩ.cm-1, 25 o C) was used to prepare all aqueous solutions. 

Nafion 117 was used as membrane in the cell for electrochemical 

conversion of CO2. Before a Nafion 117 membrane could be used, a pre-

treatment was done to increase proton conductivity and remove any organics 

from the membrane. This was achieved by submerging the membrane in a 

boiling solution of 30 w% hydrogen peroxide for 30 minutes, followed by 30 

minutes in boiling water and 30 minutes in 0.5 M H2SO4. Afterwards, the 

membranes were rinsed with water and stored in water. 
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2.2.  Preparation of the Au-GDE and characterization 

Au-GDE electrodes were prepared using a method based on the reduction 

of gold-salt precursors. First, an ink composed of 9 mg of NaAuCl2.2 H2O and 

22.9 µL of Nafion solution (gold/Nafion ratio of 90/10 wt%) dissolved in 3 mL 

of a 2:1 (v/v) mixture of water and isopropyl alcohol (IPA) was prepared. The 

ink was sonicated in an ultrasonic bath for 30 minutes until a homogenous 

mixture was obtained, followed by drop-casting onto a GDE carbon substrate 

(Freudenberg H23C6, Freudenberg). The fresh Au-salt GDE was then dried at 

110 oC in a drying oven for 1 hour and submitted to reduction in a tube furnace 

at 250 oC (10 oC/min) for 45 minutes under 100 mL/min of a 10% H2 (in Ar) 

atmosphere, according to the proposed reaction (1):  

 

2 𝑁𝑎𝐴𝑢𝐶𝑙4⋅2𝐻2𝑂 (𝑠) + 3 𝐻2(𝑔) → 2 𝑁𝑎𝐶𝑙 (𝑠) + 6 𝐻𝐶𝑙 (𝑔) + 4𝐻2𝑂 (𝑔) + 2 𝐴𝑢(𝑠)     (1) 

 

After the reduction, the Au-GDEs were put into a water bath (catalyst 

layer facing the water) for 1 hour to remove possible NaCl produced, and finally 

dried at 110 oC in a drying oven for 1 hour, achieving a final loading of 0.2 

mg/cm2. The same procedure was used to prepare Au-GDEs with different Au 

loadings (1, 2, and 3 mg/cm2) by keeping the same gold/Nafion ratio (90/10 

wt%) and final solution volume (3 mL). All catalysts presented a deviation 

within 5% of the target loadings, and a description is presented in Figure S1. 

SEM images of samples containing all catalyst loadings were obtained 

in a JEOL- 6010 LA microscope at 10kV acceleration voltage and 3.000x 

magnification (shown in Figure S2). To determine the composition of the gold 

particles, a Bruker D2 Phaser instrument was used to determine the XRD pattern 

of the samples, in a range of 10 to 80 degrees with a 0.05 increment. The Scherrer 

equation was applied to estimate the average particle size.  
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2.3.  Electrochemical reduction of CO2 

Electrochemical CO2 reduction experiments were performed in a 

homemade continuous flow cell under room temperature and atmospheric 

pressure. The cell assembly started by attaching the electrodes (cathode Au-GDE 

and anode Ir-GDE) to the cell using copper tape (also used as a current collector) 

and then sandwiching it between two Viton gaskets. A pre-activated Nafion 117 

membrane was used to separate the catholyte and anolyte compartments. Before 

each experiment, the electrolyte 0.3 M KHCO3 (used as both catholyte and 

anolyte) was saturated with 30 mL/min of CO2 (99.99%, Linde) for at least 30 

min, reaching a pH of 7.2. The electrolyte was then added to containers and 

submitted to flow at a rate of 1 mL/min at the catholyte chamber, where an 

Ag/AgCl (3.5 M KCl, eDaq) mini-reference electrode was inserted. The flow 

rate (from a separate container and without addition of DMIM+ cations) to the 

anolyte compartment consisted of 5 mL/min. 

The cathode chamber was also fed with 5 ml/min of either helium 

(99.999%, Linde) or CO2, while the anode side was left open to air. A VSP-9 

Biologic potentiostat was used to conduct all electrochemical experiments. 

Linear sweep voltammetry (LSV) curves were obtained under inert (He) or 

reactive (CO2) atmosphere using a scan rate of 20 mV/s, while 

chronoamperometry tests were performed for 1 h at each electrode potential, 

from which gas chromatography (GC) samples were taken every 5 minutes for 

determination of the product composition. Gas samples were taken via an inline 

connection between the electrochemical cell and a Global Analyzer Solution gas 

chromatograph containing two channels for gas detection: the first composed of 

a Parabond column connected to a flame ionization detector (FID) for 

hydrocarbon determination and the second composed of a mol sieve column, in 

line with a thermal conductivity detector (TCD) for H2 and CO identification. 



 

115 

All potentials measured with Ag/AgCl reference electrodes were corrected for 

iR drop using the current interrupt method and converted to RHE according to 

equation 2: 

 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059∗𝑝𝐻 + 𝐸o
𝐴𝑔/𝐴𝑔𝐶𝑙        (2) 

 

To evaluate the performance of the Au/GDEs in the absence or presence 

of Imidazolium cations, cyclic voltammetry (CV) or chronoamperometry (CA) 

were used. CVs were recorded using a potential sweep from 0 V to -1.5 V vs 

Ag/AgCl at 10 mV/s, unless stated otherwise. The faradaic efficiency of the 

reaction was calculated using equation 3: 

 

𝐹𝐸𝑖 (%) = 𝑧 𝑛 𝑖 𝐹 𝑄           (3) 

 

In which 𝐹𝐸𝑖 is the faradaic efficiency towards product i (%), z is the 

number of electrons exchanged to make product i (mol/s), 𝑛𝑖 is the number of 

electrons needed in the reaction of product i, F is the faradaic constant (96500 

coulomb/mol), and Q is the charge passed (coulomb/s). 

 

2.4.  Surface-enhanced Raman spectroscopy (SERS) 

SERS experiments were performed in a homemade three-electrode setup 

containing a gold foil, a platinum mesh, and an Ag/AgCl electrode (3 M NaCl, 

BASi) as working, counter, and reference electrode, respectively. Gold foils 

were cut into discs of 12 mm diameter and polished with 5 and 0.3 µm alumina 

powder to remove oxide and contaminations, followed by sonication in a water 

bath for 10 minutes to remove the polishing component. Before each SERS 

experiment, polished gold foils were pre-activated by submersion in 0.1 M NaCl 
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solution containing platinum as counter electrode and submitted to 25 potential 

cycles between +2.15 V (maintaining for 1.3 s) and +0.65 V (holding for 30 s) 

under 500 mV/s sweep rate. This process caused consecutive gold dissolution 

and cathodic deposition, resulting in enhanced surface roughness. After the 

activation procedure, we assembled the cell and started to flow the electrolyte at 

a flow rate of 10 mL/min. The selected electrolytes (0.3 M KHCO3, 0.3 M 

[dmim][Cl] and 0.2 M KHCO3 + 0.1 M [dmim][Cl] were all saturated with 30 

mL/min of CO2 (99.999%) for at least 30 minutes before each experiment, 

reaching a similar final pH of 7.2 ± 0.2. Cyclic voltammetry (CV) experiments 

were performed in a range of +1.5 V to -1.1 V vs. RHE using 10 mV/s scan rate, 

simultaneously with SERS measurements. SERS profiles were acquired in an 

Avantes AvaRaman spectrometer containing a laser Intertec λ = 785 nm as the 

source of excitation and 10 seconds of acquisition time per sample. The Raman 

beam was positioned in front of the cell containing a quartz window, focusing 

the beam at the electrode/electrolyte interface. All potentials were automatically 

compensated for internal resistance and converted to the RHE scale, as 

previously described in section 2.3. 

 

3.   Results and discussion 

3.1. Effect of Au loading on CO2RR in KHCO3 electrolytes 

Figure 1a shows the XRD pattern of a GDE after preparation. The XRD 

pattern is in good agreement with that reported for elemental gold18. The 

diffraction lines of small intensity at small angles of around 19, 26 (broad) and 

32 degrees, might be assigned to salt impurities, such as residual NaCl.   

A SEM image of a sample containing  0.2 mg/cm2 of gold is shown in 

Figure 1b. Clearly a broad range of particle sizes can be observed, varying from 

50 to 500 nm. Since Electrochemical Surface Area of the samples of variable Au 
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loading were rather inconclusive to determine the Au area, the electrochemical 

performance data will be presented based on geometrical area of the GDEs.  

 

     

Figure 1. (left) X-ray diffractogram and (right) SEM image of the Au-GDE 

sample containing 0.2 mg/cm2 of gold. SEM magnification 4 kx. 

 

Figure 2a shows the cyclic voltammetry of the GDEs containing 0.2, 1, 

2 and 3 mg/cm2 of Au in the absence or presence of CO2. The currents observed 

in the absence of CO2 (dashed lines) can be assigned to the formation of 

hydrogen, showing very little effect of the Au loading. The Au loading has a 

stronger effect on the performance in the electrochemical reduction of CO2, the 

sample containing 2.0 mg/cm2 of Au showing the best performance.  
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Figure 2. (a) Cyclic voltammetry of different Au-GDE loadings under Helium 

(dashed line) and CO2 (solid line) and (b) effect of catalyst loading on faradaic 

efficiency towards CO and H2. Color code: black (0.2 mg/cm2), red (1.0 

mg/cm2), blue (2.0 mg/cm2) and green (3.0 mg/cm2). Conditions: 0.3 M KHCO3, 

Nafion 117 membrane, and a Pt mesh counter electrode. 

 

Figure 2b shows that the Faradaic Efficiency (FE) towards CO is almost 

independent of the Au loading at potentials of -0.6 and -0.85 V, slightly 

increasing from ~80 to ~85% from 0.2 to 3.0 mg/cm2, while at -1.1 V the 

differences are more significant, the sample of 2.0 mg/cm2 showing the highest 

FE of ~90%. In all cases the total FE could be calculated to be ~100%, by 

determination of the H2 quantity produced in the electrochemical process. The 

high selectivity obtained for the Au GDEs in this work, are in good agreement 

with literature.19  

 

3.2.  The effect of imidazolium-cations on aqueous phase CO2RR  

Since the sample containing 0.2 mg/cm2
  showed the lowest current 

density and Faradaic Efficiency, this sample was selected to study the (assumed 

promotional) effect of imidazolium cations on the performance.  
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First, the concentration of cations in the solution was maintained equal 

and the performance of the GDE compared using 0.3 M KHCO3 (pH ~7) and 0.2 

M KHCO3 + 0.1 M dimethyl imidazolium cation (Figure 3a, and Figure 3b), in 

the absence or presence of CO2. Some lowering in current density as a function 

of potential can be observed by the addition of the imidazolium cations in, He 

flow.  

Introducing CO2 to the backside of the GDE, significantly increases the 

current densities, explained by the effective reduction of CO2. The lowering in 

current density by replacing some of the K-cations by DMIM-cations is more 

significant in the presence of CO2, for example decreasing from ~ -22 mA/cm2 

to -18 mA/cm2 at -0.9 V vs RHE (see Fig. 1(b)), suggesting the DMIM+ cation 

inhibits reduction of CO2.  
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Figure 3. Cyclic voltammetry of 0.2 mg/cm2 Au-GDE samples in KHCO3 

electrolyte with-and without [dmim/Cl] under (a) helium and (b) CO2 

atmosphere maintaining total molarity at 0.3 M. 

 

In Figure 4, the effect of replacing some of KHCO3 electrolyte by DMIM 

on the FE and partial current density is shown for three different potentials. 
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Figure 4. Faradaic efficiency and partial current density towards CO obtained 

during chronoamperometry with and without [DMIM Cl] in KHCO3 containing 

electrolyte. The cation concentration was kept constant at 0.3 M. 

 

Clearly DMIM has a significantly negative effect on the performance of 

Au electrodes exposed to CO2 and KHCO3 electrolyte, most pronounced at the 

lowest potential investigated (-0.6 V), decreasing the FE from ~70% to ~20% 

(compare the blue bars). This is contrary to several reports in the literature, which 

have demonstrated improvements by addition of imidazolium cations to 

electrolytes in conversion of CO2
13. 

The lower overall current density (Fig. 3(b) is also reflected in a lower 

partial current density towards CO (JCO).  At -0.85 V the negative effect of 

DMIM is most obvious by comparison of the JCO, decreasing from ~28 mA.cm2 

to ~5 mA.cm2, with the difference in FE being 80% vs 60%. At more negative 

potential of -1.1 V, the negative effect of the DMIM+ is less dramatic, reflected 

by a more significant increase (when comparing -0.85 and -1.1 V) in JCO (from 

~5 mA.cm2 to ~15 mA.cm2) in the presence of DMIM, than in the absence of 

DMIM (from ~28 mA.cm2 to  ~33 mA.cm2). This seems to indicate the sorption 
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of the DMIM cation might be less significant at -1.1 V.  To further study sorption 

of DMIM, we performed SERS analysis of Au electrodes in carbonate 

electrolyte, in the absence or presence of DMIM.  

 

3.3. SERS analysis Au-GDEs in the absence or presence of DMIM 

SERS of polycrystalline gold electrodes were recorded in He and CO2-

saturated electrolytes containing KHCO3 and/or [DMIM][Cl] during cyclic 

voltammetry experiments (Figure S3) in a potential range of +1.6 V to -1.1 V vs 

RHE23. SERS Since halogen anions are inactive in Raman scattering, these do 

not contribute to any features in the spectra24. In Figure 5 SERS analysis of the 

Au surface in He and CO2 purged KHCO3 solution in the absence of DMIM are 

shown.  
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Figure 5. SERS of gold-surfaces in KHCO3 electrolytes (0.3 M) purged with (a) 

helium and (b) a flow of CO2. 

 

The two sharp, and most obvious Raman bands in the spectra recorded 

in He purged electrolyte (Figure 5a), at ~1020 cm-1 (C-OH) and 1370-1380 cm-

1 (C=O), can be assigned to bicarbonate vibrations, likely in the interfacial 

region, and not adsorbed on the surface, since a so-called Stark shift is absent. 

The broad feature at ~1650 cm-1 can be assigned to H2O vibrations, while the 
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broad feature at ~580-600 cm-1, most obviously present at +1.4 V and + 1.0 V, 

can be assigned to Au oxide, which is reduced to metallic Au at potentials 

smaller than + 1.0 V.  In the range of -0.1 V to -0.6 V, small spectral features are 

present at ~1340 and ~1530 cm-1. The assignment of these peaks is not straight 

forward.20 For copper surfaces, we have recently assigned the 1340 cm-1 

vibration to adsorbed bicarbonate (in agreement with the downward shift in 

comparison to ~1370 cm-1 of bicarbonate in aqueous solution)20, and the 1530 

cm-1 band to adsorbed bidentate carbonate, an assignment corroborated by 

isotopic labeling20, 21.  

Likely the formation of adsorbed carbonate can be explained by alkaline 

conditions associated with formation of H2. The disappearance of these species 

at the most negative potentials (more negative than -0.9 V) is likely explained 

by repulsive interactions between the negatively polarized Au surface, and the 

adsorbed anions.  Clearly, when the bicarbonate solution is purged with CO2 

(Figure 5b), the spectra at positive potentials are similar, but different to the case 

of He purged electrolyte. A larger intensity of the band assigned to Au-oxide at 

+1.4 V is obvious, again reducing in intensity and vanishing at potentials lower 

than +1.0 V. In addition, now the features at ~1340 cm-1, and in particular at 

1530 cm-1 
 appear broader and more intense in the voltage range of -0.1 V to -

0.6 V.  

Likely the more extensive formation of adsorbed bicarbonate and 

carbonate (*CO3
2-) can be explained by the reduction of CO2, in addition to 

formation of H2, in agreement with the significantly higher currents at the 

respective potentials when CO2 is purged through the solution (see Fig 3b). It 

should be mentioned that the formation of CO was difficult to identify by 

spectroscopic features at ~2100 cm-1. The spectral region > 2000 cm-1 is 

therefore not shown in Figure 5, nor in any of the other Figures.  
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In Figure 6 the Raman spectra of Au surfaces in contact with He purged 

(Figure 6a) or CO2 saturated (Figure 6b) electrolytes containing exclusively 

DMIM+ cations are shown. In He flow, again the reduction of Au-oxide is visible 

(see trend in peak intensity at ~580 -600 cm-1) and generally the Raman peaks 

are not that large. For the He-saturated electrolyte, at oxidative potentials we 

observed peaks at ~605, 1025, 1340, 1420  and 1570 cm-1. The peak at 606 cm-

1 can be assigned to νiph(CH3(N))22, while peaks in the range of 1000-1600 cm-1 

can be assigned to vibrational modes of the imidazolium ring and amine-based 

ligands (methyl groups in this case)23. 
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Figure 6. SERS of gold surfaces in dimethyl-imidazolium (0.3 M in water) 

saturated with (a) helium and (b) CO2. 

 

By sweeping towards more cathodic potentials, small peaks at 640, 690, 

and 1080, 1110 (doublet) form and increase in intensity. These features 

disappear again when more negatively cathodic potentials were applied (see 

spectrum at -1.1 V). The assignment of these peaks is not straight forward. The 

appearance of these peaks likely suggests that DMIM+ cations can adsorb on the 

gold surface in a specific region of negative voltages (-0.1 to -0.9 V), desorbing 

again at more negative potentials, likely related to significant hydrogen 

evolution.  
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Upon the saturation of 0.3 M DMIM+ electrolyte with CO2, first the most 

remarkable is (in the absence of the Au2O band around 550 cm-1) a strong peak 

at 336 cm-1 at +1.4 V, which is assigned to a bending mode of a CH3(N)-CO2ads 

complex, suggesting that upon a high availability of dissolved CO2, interactions 

between imidazolium and CO2 occur24. This peak quickly disappears under less 

positive potentials, indicating that this complex does not show strong interaction 

with the Au surface, when in the metallic state and negatively polarized. 

Furthermore, the intensities of the Raman bands with dynamic intensity (690, 

1080, 1110 (doublet) and 1380 cm-1 are more significant, suggesting these 

intensities are current related (the presence of CO2 largely increases the current, 

turning over to CO) – in turn suggesting alkaline interfacial conditions favor 

adsorption.  

We propose to assign the dynamic bands to the co-adsorption of Im+ and 

HCO3
- on the Au surface. The (690, 1080, 1110 (doublet) bands are likely 

associated with the adsorbed Im+ cation, while we suggest the 1380 cm-1 band is 

associated with bicarbonate. It is known that in CO2-saturated electrolytes, 

imidazolium species can produce bicarbonate ions through self-organization of 

the imidazolium ring, likely enhancing the mass transport towards the gold 

surface23. The appearance of a peak at 1575 cm-1 suggests CO3
2- also forms20, 

possibly interacting with the Im+ cations.  

In Figure 7a and 7b, the spectra are shown of the Au electrode exposed 

to a mixture of 0.2 M KHCO3 + 0.1 M [dmim][Cl] saturated with helium or CO2, 

respectively. Most striking are the strong bands observed at positive potentials 

below 400 cm-1 (please note the spectral range is extended to lower Raman shift 

of ~100 cm-1 in comparison to Figure 6b), most pronounced at 1.0 and 1.4 V in 

the CO2-saturated solution (Figure 7b) and related to adsorbed Im+-HCO3
- on 

oxidized Au surfaces23. These bands disappear upon negative polarization. At 
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these negative potentials the spectra are very similar to shown in Figure 6b, but 

in particular the band at 1380 cm-1 shows higher intensity – indicative of co-

adsorption of imidazolium and bicarbonate ions on the Au surface.  
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Figure 7. SERS of gold surfaces in a mixture of 0.2 M KHCO3 + 0.1 M 

[dmim][Cl] saturated with (a) helium and (b) CO2 flow. 

 

We can now describe the interfacial interaction of dmim+ and HCO3
- with 

the gold surface in the presence of CO2 as a function of potential as graphically 

depicted in Figure 8. In the lower end of the negative potential range, we observe 

the co-adsorption of dmim+ and HCO3
-, and we believe the most likely 

coordination of the cation to the Au surface is through a nitrogen atom. From the 

performance evaluation data, it is clear that the reaction associated with this 

surface composition is mainly the production of hydrogen. Apparently, the 

proton associated with the bicarbonate anion promotes the conversion to 

hydrogen, in agreement with a recent assumption of Jaramillo and coworkers. 

At the more negative potentials we observe significantly lower quantities of 

adsorbed species, leaving the formation of CO available (at significantly lower 

total overpotentials.   
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Figure 8. Graphical representation of the surface composition when dmim+ (and 

Cl-) and HCO3
- (and K+) are present in the electrolyte. The electrochemical 

transformations are also shown in the potential range of -0.1 V to -0.9 V (Top), 

and at potentials more negative than -0.9 V (Bottom). In the relatively low 

potential range, significant co-adsorption of bicarbonate and imidazolium 

cations occurs, promoting the formation of H2. At more negative potentials, it 

appears the co-adsorption of (bi)carbonate and dmim+ is less favorable, leading 

to lower overall current density, but improved FE towards CO. 
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4.  Conclusions 

Our results for Au based GDEs confirm the previously reported effect of 

imidazolium-based cations for electrocatalytic CO2 reduction to CO (CO2RR) 

on Ag surfaces17 in that they promote the hydrogen evolution reaction (HER), 

and thus negatively impact the FE towards CO. A dramatic decrease in FE was 

determined, from > 90% at -0.6 V vs RHE in bicarbonate solutions to only ~20% 

after addition of 0.1 M DMIM cations. SERS analyses show that bicarbonate 

concentrations on the Au surface are significantly enhanced by the presence of 

co-adsorbed DMIM cations. This agrees with a microkinetic model reported for 

Ag surfaces, which attributes HER promotion to intrinsic reduction of HCO3
−. 

Further spectroscopic study is recommended to investigate the effect of different 

imidazolium cations on performance of electrodes in the electrochemical 

reduction of CO2, to evaluate the effect of steric hindrance and further quantify 

the promotional effect of imidazolium cations on the sorption of bicarbonate.  
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5.  Appendix 

 

S1: Figure S1 presents the schematic view of the steps involved in the 

preparation of Au-GDE catalysts. After an Au-catalyst ink is made and spray-

coated onto a GDL (3 cm x 2 cm), evaporation of solvent is made by drying and 

Au0 particles formation is obtained via H2-reduction. Remaining NaCl salt is 

removed from the fresh Au-GDE surface by simple washing with Miliq water 

(GDE coated side facing the water bath) and following drying for water removal. 

 

 

Figure S1. Au-GDE catalysts preparation procedure. 
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S2: Figure S2 shows SEM images obtained at 3000x magnification of Au-GDE 

samples containing loadings of (a) 0.2 mg/cm2, (b) 1 mg/cm2, (c) 2 mg/cm2 and 

(d) 3 mg/cm2. Polymerized Nafion ionomer can be seen embedding Au 

nanoparticles for higher catalyst loadings. 

 

 

 

Figure S2. SEM images for Au-GDE sample prepared using several catalysts 

loadings: (a) 0.2 mg/cm2, (b) 1 mg/cm2, (c) 2 mg/cm2 and (d) 3 mg/cm2. 

 

 

 

 

(b) 

(c) (d) 

(a) 
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S3: Figure S3 exhibits the cyclic voltammetry experiments under Helium (a) and 

CO2 (b) saturated electrolytes. A closer zoom is presented in the region +1.5 V 

and -0.5 V vs RHE to highlight the little activity for HER and CO2RR. 
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Figure S3. Cyclic voltammetry of 0.2 mg/cm2 Au-GDEs in 0.3 M KHCO3, 

0.3 M [dmim][Cl] and a mixture 0.2 M KHCO3 + 0.1 M [dmim][Cl] saturated 

with (a) helium and (b) CO2. 
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Chapter 5.  

Electrochemical hydrogenation of butanal and 

crotonaldehyde on copper surfaces: A SERS study 

 

 

 

Abstract: This chapter describes the electroreduction of saturated and 

unsaturated aldehydes on polycrystalline copper electrodes, using butanal and 

crotonaldehyde as examples of bio-oil model compounds, and SERS 

spectroscopy as analysis tool. We demonstrate the preferential adsorption of 

unsaturated aldehydes on copper surfaces over the saturated due to the high 

affinity between π-electrons of C=C bonds, which reduce the distance between 

C=O groups and the active sites, facilitating the proton-electron transfer to the 

carbonyl group. Butanal was found to adsorb perpendicularly to copper surface 

through bidentate binding, mostly due to repulsive forces between the polarized 

electrode and the saturated carbon chain, favoring 1-butanol formation under 

high surface coverage conditions and yielding a remarkable FE1-butanol of 93% at 

-0.8 V vs RHE (-15 mA.cm-2). For crotonaldehyde, both peaks of crotonate 

(indicating vertical mode adsorption) and C=C stretching (suggesting planar 

interaction) were found on the SERS spectra, suggesting concerted adsorption. 
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1.  Introduction 

Utilization of renewable resources such as biofuels derived from biomass 

can be an excellent approach to close the carbon cycle, while reducing waste 

production1–3. However, the bio-oil produced through fast pyrolysis of 

lignocellulosic biomass contains a complex mix of oxygenated compounds (up 

to 50 wt.%) including lignin, sugars, aldehydes, ketones and acids,  leading to 

thermal instability, a low heating value, corrosiveness and induce a high 

miscibility with water4. The current technologies for pyrolysis liquid upgrading 

are catalytic hydrotreatment and non-hydrogenative catalytic cracking, requiring 

high temperature for complete deoxygenation and involving a high degree of 

coking and low carbon yield5–7.  

An alternative method to the current hydrotreatment is through 

electrochemical hydrogenation (ECH), in which reactions take place at ambient 

pressure and room temperature8. ECH is initiated by the electrochemical 

adsorption of hydrogen as described by Volmer equation (H+ + e-  + M →  MHads) 

and further reaction with reactants, while the undesired hydrogen evolution 

reaction (HER) can occur via Tafel (2 MHads  →  2 M + H2) or Heyrovsky 

reactions (MHads + H+ + e- →  M + H2). Usually, a low pH enhances H+ 

availability and Hads coverage at the electrode surface, thus favoring HER via 

Heyrovsky and Tafel reactions, respectively9. Additionally, the electrode 

material modulates the hydrogen adsorption energy and whether the adsorbed 

hydrogen can migrate over the surface. In case of copper, it is generally accepted 

that HER occurs via the Tafel mechanism while the Heyrovsky mechanism is 

favored on platinum, reflected by a low overpotential for H2 formation10. By 

modulating the Hads coverage on the electrode surface concomitant to an 

optimized sorbate adsorption, we can tune product selectivity towards ECH of 

bio-oil model molecules, favoring the alcohol product at high pH due to low Hads 
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or the fully reduced product at low pH, given the increased surface Hads, enabling 

a selective high rate on specific metal electrodes11. In fact, most studies related 

to ECH of carbonyl-containing molecules were conducted using aromatics and 

cyclic compounds, such as acetophenone and furfural10,12–14, employing mostly 

platinum and copper as catalysts. The latter is often preferred due to its vast 

abundance in nature and low relatively low performance for the HER. However, 

the adsorption mechanism of these carbonyl-derived components on an electrode 

surface is yet not clear. The most advocated is a mechanism in which protonation 

occurs in the bulk of the solution, followed by adsorption on the surface and 

reaction via a proton-coupled electron transfer15.  

The investigation of molecular adsorption on an electrode surface and 

further reactions at the metal-electrolyte interface under electrochemical 

conditions can be carried out using surface-enhanced Raman spectroscopy 

(SERS)16,17. Although this technique provides much more sensitive detection of 

adsorbate species and their surface binding modes than normal Raman 

spectroscopy, only roughened metal surfaces show strong enhancement of the 

Raman signal, mostly due to an electromagnetic field magnification. Roughened 

copper electrodes are known for their SERS effect and have been widely used in 

coupled Raman-electrochemical experiments, mainly in electroreduction of 

carbon dioxide18,19, but also in the ECH of furanic aldehydes, such as furfural, 

in which a high activity is also related to the low copper affinity to HER10,13.  

Among the few studies with biomass-derived molecules, Li and 

Kornienko reported the use of operando Raman spectroscopy to monitor furfural 

reduction on rough copper surfaces20. They described the proposed mechanism 

of furfural reduction in two steps; the first involved the reduction of the copper 

oxide layer and protons to Cu0 and Hads with concerted furfural adsorption, 

followed by the second step involving a hydrogenation of the carbonyl groups 



 

140 

by Hads, leading to the final products furfuryl alcohol (easy desorption on 

Cu(110)) or 2-methyl furan (late desorption and cleavage of Cu–O), with the 

latter is favored on surfaces containing defects and subsurface oxygen species 

remaining after copper oxide layer reduction. 

Nevertheless, there is growing interest in ECH of aliphatic carbonyl-

related aldehydes and ketones, due to their harsher requirements for conversion 

compared to aromatic ones14,21,22. In fact, an extensive mechanistic investigation 

on the ECH of ketones on platinum revealed that the electrode surface was able 

to convert aromatic aldehydes more easily than aliphatic aldehydes at higher 

cathodic potentials, mostly due to its higher hydrophilicity, driving the organic 

compounds to the bulk and interacting better with the aromatic ring12.  

Additionally, higher aliphatic ketones such as butanone and pentanone 

might be reduced via different pathways and may adsorb to the surface in their 

enol form in a reaction with adsorbed hydrogen. Crotonaldehyde was also 

investigated as bio-oil model molecule in ECH reactions on metal electrodes, 

due to the wide application of its reaction product in pharmaceutical and plastics 

industries. Ting and co-workers tested various metals including Ni, Ag, Fe and 

Cu, achieving high selectivity towards butanal, crotyl alcohol, and 1-butanol 

(consecutive reduction), respectively. He attributed the catalytic performance of 

the metals to different amounts of uncoordinatedly saturated sites, grain 

boundaries and defects, created by different catalyst morphologies23. In another 

report, Barton and co-workers investigated the electrochemical reduction of 

butyraldehyde and crotonaldehyde, alongside with their alcohol-derived 

products (1-butanol and crotyl alcohol), proposing a consecutive reduction of 

crotonaldehyde towards butanal and further to butane, suggesting preferential 

adsorption of the carbonyl group on the surface. However, no clear evidence for 

this proposed mechanism was presented, leaving plenty of room for discussion24. 



 

141 

In this work, we investigate the electrochemical hydrogenation of butanal 

and crotonaldehyde, aliphatic bio-oil model molecules containing carbonyl 

functional groups. Simultaneously, we employed surface-enhanced Raman 

spectroscopy to elucidate the mechanism of adsorption of the reactants and the 

reaction pathways, indicating adsorption geometries and modes while 

establishing a link between catalytic properties and spectroscopic observations. 

Our results enable a better understanding of the competition of molecules for 

active sites and their influence on the product distribution in ECH of saturated 

and unsaturated aldehydes. 

 

2.   Experimental section 

2.1.  Chemicals and materials  

Mili-q water (≥18.2 Ω.cm) was produced on-site from a Milipore water 

purifier and was used to prepare all aqueous solutions, while all other chemicals 

were used without purification. Butanal (BuAl – butyraldehyde, ≥ 99.5%), 

crotanaldehyde (CrAl – predominantly trans, ≥ 99%), crotyl alcohol (CrOl – 

mixture of cis and trans, 96%), acetic acid (HAc, ≥ 99%), phosphoric acid 

(H3PO4, 85 wt% in water, 99.99%), potassium acetate (KAc, ≥ 99%), Sodium 

perchlorate monohydrate (NaClO4∙H2O, ≥ 99%), sulfuric acid (H2SO4, 95-98%) 

and sodium hydroxide (NaOH, ≥ 99%) were purchased from Sigma-Aldrich. 1-

butanol (99%), copper foil (0.1 mm thick, 99.999%) and platinum screen (100 

mesh, 99.99%) were obtained from Alfa Aesar. Cylinders containing known 

concentrations of products such H2, butane and butene were purchased at Linde, 

for calibration purposes. 
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2.2.  Electrochemical reduction of bio-oil model-molecules 

Butanal (BuAL) and crotonaldehyde (CrAl) were selected as model 

molecules for the electrochemical hydrogenation of aldehydes.  An H-type 

electrochemical cell was used to conduct all experiments at room temperature 

(25 ± 1 oC) and atmospheric pressure (1 bar) using a Bio-logic VMP-9 

workstation. Fresh cathode, membrane and electrolytes were used for each new 

experiment to avoid cross-contamination.  

The cathodic compartment housed the working electrode (copper foil 

with a geometric area of 0.75 cm2) and the reference electrode (Ag/AgCl, 3.5 M 

KCl),  and was filled with 50 mL of a solution containing a known concentration 

of Butanal (BuAl) or croton aldehyde (CrAl) mixed with 0.5 M potassium 

acetate buffer (0.45 M KAc and 0.05 M HAc, pH 5.5) as supporting electrolyte. 

The solution was stirred at 500 rpm with the use of a magnetic stir bar. The 

anodic compartment housed the counter electrode (platinum mesh) and was 

filled with 50 mL of 0.5 M of either H2SO4, NaClO4.H2O or NaOH, depending 

on the experiment. Both compartments were separated by a Nafion 117 

membrane pre-activated in solutions of H2O2 (30 wt%) and H2SO4 (1 M) for 30 

minutes, each step at 60 oC, heated by a in a water bath. This was followed by 

H2O rinsing to remove acid excess. The catholyte was bubbled with 10 sccm of 

Helium (99.999%, Linde) for 15 minutes before each measurement and kept 

constant for all 6 hours of electrolysis.  

Gas products were continuously collected from the catholyte headspace 

and directed inline to a gas chromatograph (CompactGC 4.0, Interscience) 

containing FID and TCD detectors for identification of hydrocarbons (i.e., 

butane, butene) and H2, respectively. Liquid products (i.e., crotyl alcohol, 

butanal, 1-butanol) were hourly analyzed in a GC Agilent 7810A, after catholyte 

sampling (0.5 mL) and pH measurement (pH meter MODEL). Product 
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quantification was obtained through calibration curves for both gas/liquid 

samples, enabling the calculation of the overall faradaic efficiency by the 

formula FE (%) = –(n∙e∙F)/QTotal*100, where n is the number of mol of the 

product, e is the number of electrons required per mol of product, F is the 

Faraday constant (96485 C/mol) and QTotal is the total charge passed through the 

cell.  

All potentials are compensated for internal resistance (measured by the 

current interrupt method) and converted into the scale of the reversible hydrogen 

electrode (RHE), unless stated otherwise, through the formula ERHE = EAg/AgCl + 

0.205 + (0.059*pH), where EAg/AgCl was the potential measured during 

chronopotentiometry experiments. 

 

2.3.  Surface enhanced Raman spectroscopy (SERS) 

All spectro-electrochemical experiments were performed in a homemade 

three-electrode setup, containing a polycrystalline copper foil, a platinum mesh 

and an Ag/AgCl electrode (3 M NaCl, BASi) as working, counter and reference 

electrode, respectively. Figure S1 depicts an illustration of the electrochemical 

setup utilized on SERS experiments. Firstly, copper foils were mechanically 

polished and anodized in H3PO4 85 wt%, applying 3 V potential vs a graphite 

disk counter electrode for 3 minutes, then cleaned in ethanol and water in 

ultrasonic bath for 15 minutes, before being assembled into the cell. The 

electrolyte containing 0.1 M NaClO4 was then recirculated inside the cell for 

activation of the Cu films, by running cyclic voltammetry (5 cycles between 

1.5 V and -2.0 V vs Ag/AgCl at 100 mV/s), to enhance the Raman signal. Raman 

spectroscopy measurements (10 seconds of acquisition time per sample) were 

carried out in an Avantes AvaRaman spectrometer, containing a laser Intertec λ 

= 785 nm as source of excitation, with the Raman probe being positioned in front 



 

144 

of the cell directing the beam to Cu film/electrolyte interface through a quartz 

window. After the activation procedure, the electrolyte was changed to solutions 

of the compounds of interest (0.5 M BuAl, 0.5 M CrAl or mixture 0.5 M BuAl 

+ 0.5 M CrAl, all in 0.1 M NaClO4), to be analyzed through cyclic voltammetry 

(cycles between 0.3 V and -2.0 V vs Ag/AgCl, scan rate of 10 mV/s) and 

chronopotentiometry (constant current density at -15 mA.cm-2 for 15 minutes). 

A lower concentration of NaClO4 was used to avoid superposition of peaks. All 

potentials were automatically compensated for internal resistance and converted 

to the RHE scale, as previously described in section 2.2. 

 

3.  Results 

This section contains data obtained from the electrochemical reduction of 

butanal, crotonaldehyde and mixture of these. We present information about 

electrochemical behavior of copper electrodes such as cyclic voltammetry and 

chronopotentiometry experiments, catalytic data obtained from gas and liquid 

analysis and surface SERS studies to identify intermediate species and 

mechanistic routes of butanal and crotonaldehyde reduction. A separate 

discussion section is devoted to combine the insights obtained here to draw 

conclusions and hypothesis. 

   

3.1.  Effect of anolyte composition on 1-butanol selectivity  

Figure 1 presents the hourly trend in overall faradaic efficiency and 

catholyte pH during electrochemical reduction of butanal (0.25 M Butanal in 0.5 

M HAc/NaAc buffer (initial pH 5.5)) for a period of 6 hours. The anode 

compartment contained 0.5 M H2SO4 (pH 2) (a), 0.5 M NaClO4 (pH 6) (b) or 

0.5 M NaOH (pH 13) (c).  



 

145 

0 1 2 3 4 5 6
0

20

40

60

80

100

F
ar

ad
ai

c 
ef

fi
ci

en
cy

 (
%

)

Time (hours)

 H2    1-butanol

(a)(a)

2

4

6

8

10

12

p
H

0 1 2 3 4 5 6
0

20

40

60

80

100

F
ar

ad
ai

c 
ef

fi
ci

en
cy

 (
%

)

Time (hours)

 H2   1-butanol

(b)

2

4

6

8

10

12

p
H

0 1 2 3 4 5 6
0

20

40

60

80

100

F
ar

ad
ai

c 
ef

fi
ci

en
cy

 (
%

)

Time (hours)

 H2    1-butanol

2

4

6

8

10

12

p
H

(c)

 

Figure 1. Faradaic efficiency towards hydrogen and 1-butanol and catholyte 

pH changes for different anolyte composition: 0.5 M H2SO4 (a), 0.5 M NaClO4 

(b) and 0.5 M NaOH (c). Reaction performed for 6 hours at -15 mA.cm-2, using 

0.25 M Butanal in 0.5 M HAc/NaAc buffer (pH 5.5) as catholyte and Nafion 117 

as ionic membrane. 

 

The main products of the electrochemical reduction of butanal were 1-

butanol and hydrogen. No other liquid products were observed, and butane was 

the only other gas identified, produced to concentration levels of 100 ppm, when 

using acidic H2SO4 as anolyte, and less than 10 ppm for NaClO4 or NaOH, 

respectively. This accounts for less than 1% of the overall faradaic efficiency, as 

previously reported for other aldehydes10. Independent of the anolyte, copper 

was an excellent catalyst for butanal reduction, reaching initial FE1-butanol of 68%, 

85% and 81% for H2SO4, NaClO4 and NaOH, respectively.  

Generally, the FE1-butanol declines as a function of time for all three 

anolytes, suggesting a dependence on the butanal concentration, which is most 

dramatic when 0.5 M NaOH is used as anolyte. While for the acidic and the 

neutral anolyte the pH in the catholyte compartment was rather stable, the basic 

anolyte caused a sudden increase in the catholyte pH after 5 hours, forming a 

white-colored suspension (Figure S2), resulting in the sharp decrease in FE1-

butanol from 72% to 50%. Even though the influence of the anolyte on the 

catholyte pH should be minimal, there seems to be a decrease in buffer capacity 
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of the catholyte when NaOH is used at the anode side, possibly due to OH- ions 

crossing the Nafion membrane (which then is not completely selective to 

cations), favoring aldol-condensation reactions or disproportionation of butanal 

(Cannizzaro-type reactions)25. Therefore, NaClO4 was selected as anolyte for 

further studies on electrochemical reduction of butanal and crotonaldehyde, due 

to advantages such as higher FE1-butanol, higher stability and lower cathodic 

potential (on SHE scale – pH independent, shown in Figure S2) when compared 

to NaOH and H2SO4. 

 

3.2.  Effect of cathodic potential, butanal concentration and substrate 

Figure 2 presents the performance of copper electrodes in the 

electroreduction of aldehydes, measured as a function of  different reaction 

parameters. Figure 2.a shows the variation of the overall faradaic efficiency and 

J1-butanol for different applied electrochemical potentials (see also Figure S3 for 

the current densities). Clearly, increasing the negative potential to values more 

negative than -0.8 V, results in an increasingly higher FE towards Hydrogen. 

Moreover, a higher HER activity increases the local pH near the copper surface, 

reducing the intimate contact between product-intermediates with available 

catalytic active sites or adjoining Hads species24.  

In terms of partial current density, no meaningful differences in 1-

butanol production were observed for different currents after 6 hours reaction, 

meaning that lower currents can provide higher energy efficiency (lower 

overpotential) for the same amount of 1-butanol produced (Figure S3). The 

preference for low current densities and neutral pH is also observed in most of 

the other studies on electro-reduction of aldehydes (mainly furfural), 

emphasizing that low pH can favor HER while a high pH can catalyze side 

reactions (hydration or aldol-condensation)13,26,27.  
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Figure 2. (a) Overall FE and J1-butanol for butanal electrolysis under different 

current densities. Conditions: 0.25 M BuAl (in buffer electrolyte, pH 5.5), 6 

hours reaction time, electrode area 0.75 cm2. (b) Faradaic efficiency towards 

various products when the electrolyte consisted of (left to right), 0.5 M crotyl 

aldehyde, 0.5 M butanal, or a mixture of 0.5 M crotyl aldehyde and 0.5 M 

butanal. (c) Effect of the initial butanal concentration on FEH2 and FE1-butanol. 

Conditions: buffer electrolyte (pH 5.5) and constant current density of -15 

mA.cm-2 for 6 hours of reaction.  (d) Electrolysis of 0.25 M butanal (12.5 mmol) 

with addition of 750 µmol of butanal after 7 hours of reaction. Conditions: buffer 

electrolyte pH 5.5 and current density of -15 mA.cm-2. 
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We also investigated the effect of substrate specificity on product 

selectivity by analyzing the performance of the catalyst in the reduction of 

butanal and crotonaldehyde, as shown in Figure 2.b. Each substrate (BuAl and 

CrAl) was selected to have 0.5 M concentration (buffer pH 5.5) and was tested 

individually and as a mixture 50/50 v/v%. The electrochemical reduction of 

crotonaldehyde produced mainly crotyl alcohol (Figure 2b), with lower 

quantities of butanal and hydrogen, and 1-butanol and butane appearing as minor 

products (< 100 ppm), likely derived from further reduction of butanal. Other 

components such methyl vinyl carbinol (MVC) and aldol-condensation products 

cannot be excluded, though their contribution to overall faradaic efficiency 

would be less than 1%. A steady FECrotyl-alcohol of 72% was achieved after 6 hours 

of reaction, while the FEButanal decreased to 18% concomitant with an increase 

in FE H2 to 12% (Figure S4). Interestingly, the electrochemical reduction of the 

mixture CrAl + BuAl produced mainly CrOl (FE 76%), with smaller amounts of 

1-butanol (FE 9%) and H2 (FE 19%). This behavior might be explained by a 

preferential adsorption of crotonaldehyde molecules over butanal on copper 

sites, induced by the C=C bond. Interestingly this does not lead to hydrogenation 

of the C=C bond, but rather reaction of the C=O group to the alcohol.  

We also evaluated the effect of the initial concentration of butanal in the 

faradaic efficiency towards reaction products, as depicted in Figure 2.c. Reactant 

concentrations in the range of 0.05 M to 0.5 M in buffered electrolytes (pH 5.5) 

were employed during electrochemical reduction reaction for 6 hours. 

Chronopotentiometry profiles are exhibited in Figure S5 in the supplementary 

information. Mainly 1-butanol and H2 were identified as products (with small 

traces of butane – 100 ppm observed only for 0.5 M BuAl). An increase in the 

starting butanal concentration enhanced the FE1-butanol from 28% at 0.05 M BuAl 

to a remarkable 93% at 0.5 M BuAl, which is attributed to a higher copper 
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coverage by butanal, competing with Hads. We investigated this behavior further 

by carrying out a new experiment of butanal reduction (0.25 M BuAl in buffer) 

and adding fresh butanal (750 µmol – 3 mL of 0.25 M BuAl) after 7 hours of 

reaction, as presented in Figure 2.d. The catalytic performance of copper 

electrodes reached FEH2 and FE1-butanol of 16% and 87% at T1h and 14% and 88% 

at T8h (1 hour after BuAl addition), respectively. A recovery was observed of the 

FE1-butanol to initial levels by addition of butanal to the solution, suggesting that 

reactant depletion at the catalyst surface (lower coverage on the active surface 

sites) is one of the major causes for the increasing HER activity. Similar results 

were obtained in previous studies with furfural10,13,28. It is known that the rate of 

electrochemical hydrogenation reactions is highly dependent on both adsorbate 

(in this case butanal) and Hads coverage, which in a scenario of a low reactant 

concentration (0.05 M) favors Hads on active coper sites, favoring HER.  

 

3.3.  Surface enhanced Raman spectroscopy (SERS) 

To elucidate the mechanism of substrate adsorption onto copper surfaces, 

we performed SERS experiments with BuAl, CrAl and their mixture 50/50 

v/v%, according to the experimental procedure described on section 2.3. All 

spectra were normalized to the electrolyte 0.1 M NaClO4 peak (932 cm-1) and 

presented in the spectral region of interest, i.e., 300-1800 cm-1. We first obtained 

SERS profiles without copper (only scattering from the liquid) of the main liquid 

reactant/products (butanal, butanol, crotonaldehyde and crotyl alcohol) to 

identify the main peaks associated to those molecules without surface 

adsorption, as presented in Figure S6. Apart from the peak at 500 cm-1 (ascribed 

to water) present in all spectra, butanal was hard to detect, indicating little to no 

Raman activity in solution. Butanol presented peaks at 827 and 1458 cm-1, 

assigned to ν(CCCCO) + ρ(CH3), as well as the triplet 1025 – 1067 – 1110 cm-1 
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for ν(C–C) and ν(C–C–O), characteristic of 1-butanol29. Crotonaldehyde 

exhibited the highest signal-to-noise ratio in the Raman peaks, with the common 

peaks of liquid crotonaldehyde and most notable peaks at 1644 and 1672 due to 

ν(C=C) and ν(C=O) from aldehydes30,31, respectively, while crotyl alcohol 

showed four main peaks at 982, 1306, 1454 and 1676 cm-1, assigned to ν(C–O), 

δ(CH), δ(CH3)as and ν(C=C), respectively32. 

After that, non-activated and activated copper foils (see section 2.3 for 

details) were assembled into the reactor and submitted to SERS analysis of the 

individual aldehyde model-molecules (BuAl and CrAl), as depicted in Figure 3.  
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Figure 3. SERS of copper foils before (red line) and after (black line) 

electrochemical activation for 0.5 M solutions of butanal (a) and crotonaldehyde 

(b). Dashed lines indicate peaks at same (or similar) position while black circles 

identify new peaks.  

 

Without activation, copper surfaces are considered to mainly consist of 

Cu0 species, with possible thin layers of Cu2O, while electrochemically activated 

copper surfaces contain increased roughness and Cu2O species. Hydroxyl 

surface groups are not expected to be present, since the main peaks appear at 292 

and 488 cm-1, absent in all measurements33. Figure 3a presents the SERS spectra 
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of 0.5 M butanal (in 0.1 M NaClO4, pH 6) for copper surfaces before activation 

(red line) and post-activation (black line) in a spectral range between 300 and 

1800 cm-1. One major peak can be identified in all studied spectra at 932 cm-1 

and is assigned to ClO4
- ions adsorbed on copper surface34. 

The sample not activated exhibited three major regions of interest; (1) 

1000-1200 cm-1, containing the main peaks of the aliphatic carbon chain of 

butanal with a triplet of peaks assigned to ν(C-C) of aldehydes, (2) 1350-1500 

cm-1, with peaks at 1391 cm-1 and 1496 cm-1 assigned to C-C deformations in 

CH2 and CH3, respectively, and (3) 1500-1750 cm-1, with a broad band at 1650 

cm-1 due to water vibrations and a peak at 1710 cm-1, characteristic of the ν(C=O) 

vibration in aldehydes.  

After activation of the copper surface, we identified some peaks also 

present in the SERS profile of the non-activated sample, such as the triplet in the 

region 1000-1150 cm-1 (shifted 7 cm-1 to lower wavenumbers) and the peaks at 

1391 cm-1 and 1496 cm-1 (at different Raman intensities), apart from the 

enhancement in the Cu2O peaks at 525 and 624 cm-1 33. However, we observed 

new peaks (marked with black circle) of strong intensity at 1333 cm-1 and 1572 

cm-1 concomitant with the disappearance of the vibration ν(C=O) at 1710 cm-1, 

suggesting the formation of a new adsorbed species. In fact, the peaks at 1333 

cm-1 and 1572 cm-1 can be assigned to symmetric νs(OCO) and asymmetric 

νas(OCO) vibrations of butyrate species, respectively, formed by oxidation of 

adsorbed butanal species at the copper-oxide surface generated during the 

electrochemical activation procedure35. In addition, we identified peaks at 

896 cm-1 and 1246 cm-1 associated with the C–O stretching in aldehydes36,37. In 

summary, the Raman spectra indicate that on oxidized Cu surfaces, the 

butyraldehyde (butanal) reactively adsorbs in the form of carboxylate.  
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SERS spectra of 0.5 M crotonaldehyde (in 0.1 M NaClO4, pH 6) showed 

different adsorption behavior when comparing the inactivated with the activated 

Cu oxide surfaces, as depicted in Figure 3b. In here, Cu2O peaks seem less 

intense when compared to the spectra recorded in the presence of butanal (Figure 

3a), which could be attributed to the very high intensity of peaks at 1333 and 

1661 cm-1 of the crotonaldehyde. Again, both spectra presented the peak at 932 

cm-1 assigned to adsorbed ClO4
- which is used as internal reference for 

normalization.  

The spectrum of crotonaldehyde on inactivated copper contain features 

of interest in the following ranges: (1) 1000-1200 cm-1, containing the main 

peaks of the carbon chain of crotonaldehyde - such as the low intensity triplet 

1045-1084-1106 cm-1 assigned to skeletal ν(C–C) in aliphatic aldehydes and one 

more intense peak at 1164 cm-1 assigned to ν(C–C) of conjugated C=C bonds 

(present in crotonaldehyde and absent in butanal)31; (2) 1250-1500 cm-1 

containing bending/rocking modes of (C–H) species near the C=C region, of 

medium intensity, such as peaks at 1256 cm-1, 1302 cm-1, and 1400 cm-1 assigned 

to in plane δald(C=C–H), δCH3(C=C–H) and ρ(CH)ald, respectively31, as well as 

deformation modes δs(CH3) and δas(CH3) at 1379 cm-1 and 1445 cm-1 38, 

respectively; (3) 1600-1800 cm-1, containing the stretching of terminal groups39, 

such as ν(C=C)ald at 1641 cm-1 and ν(C=O) at 1675 cm-1. This SERS spectrum 

indicates a planar adsorption of the aldehyde molecule through both C=C bond 

and the C=O terminal group to the copper surface, while oxidation to carboxylate 

is less dominant  (small peak at 1333 cm-1) as in the case of the butyraldehyde 

on the non-activated surface.  

After the activation of the surface, copper oxide is more prevalent, and 

oxidation of crotonaldehyde (black line) is feasible, as observed by the two very 

intense peaks at 1333 cm-1 and 1661 cm-1, assigned to νs(OCO) of carboxylates 
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and ν(C=C) of the crotonate ion, concomitant with the disappearance of the peak 

at and 1675 cm-1 Oxidation of croton aldehyde and formation of the crotonate 

ion by Cu2O, is in agreement with what has been previously reported in the 

literature38,40. We also observed peaks of skeletal C–C stretching in the range of 

1000-1200 cm-1 with higher intensity and shifted to lower wavenumbers, as well 

as the peaks at 1379 cm-1 and 1445 cm-1 due to δs(CH3) and δas(CH3), 

respectively38.  

Interestingly, the aldehyde-related peak at 1400 cm-1 – ρ(CHald) – 

decreased in intensity concomitant to the appearance of new peaks in the regions 

of 1500-1600 cm-1, associated with the formation of the asymmetric stretching 

of carboxylates νas(OCO). This behavior is finally corroborated by the 

appearance of new peaks at low wavenumber in the region of 700-900 cm-1 and 

at 1074/1106 cm-1, assigned to carboxylate deformation in its acidic δ(HOCO) 

and ionic δ(OCO) form, suggesting a coexistence of crotonic acid and crotonate 

ions at the copper surface41. 

Stating the fact that the adsorbed species on copper electrodes at open 

circuit potential are in their oxidized form (butyrate and crotonate), we 

performed cyclic voltammetry measurements on solutions of butanal, 

crotonaldehyde and their mixture in equal concentrations, to identify the 

consumption/formation of surface species along the studied potential window, 

as seen in Figure 4. The addition of butanal, crotonaldehyde or their mixture 

(50/50 v/v%) caused a shift of the cathodic current to lower potentials when 

compared to the electrolyte, indicating the adsorption/consumption of these 

molecules on copper surfaces. We started to scan near OCV (0.6 V vs RHE) and 

moved towards reductive potentials, observing a first cathodic peak around 0.4 

V vs RHE for all samples (except for butanal), assigned to Cu2O → Cu0.  
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We hypothesize that the high electrode surface coverage by butanal 

(confirmed by the highest FE1-butanol, showed in section 3.2) was the main factor 

for the rather negative potential required for Cu2O reduction (-0.4 V vs RHE), 

due to simultaneous electron consumption by butanal molecules and Cu2O 

species. Further sweeping towards more negative potentials generated a large 

reductive current initiating around -0.6 V vs RHE, assigned to the reduction of 

surface carboxylate-derived species. Interestingly, the carboxylate of 

crotonaldehyde showed the largest current, suggesting a strong interfacial 

interaction with copper when compared to butanal (or the mixture BuAl/CrAl). 

All samples presented oxidative peaks in the backwards scan around 0.25 V and 

0.5 V vs RHE, characteristic of copper oxidation from Cu0 to Cu+. 
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Figure 4. Cyclic voltammogram of electrolyte, butanal, crotonaldehyde and the 

mixture (BuAl + CrAl 50/50% v/v%) and zoom in the redox peaks region. 
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3.3.1.     SERS investigation on ECH of butanal 

Alongside with the cyclic voltammetry experiments, we recorded Raman 

spectra of each substrate (BuAl, CrAl and mixture) to correlate surface changes 

and reactions to the applied potential. Figure 5 shows reductive scan and 

chronopotentiometry measurements at -15 mA.cm-2 for 15 minutes of 0.5 M 

butanal in 0.1 M NaClO4.  
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Figure 5. (a) SERS spectra of reduction of Butanal. Conditions: CV performed 

in the window of 0.7 V to -0.87 V vs RHE (iR corrected), at a scan rate of 10 

mV/s. Spectra were acquired every ten seconds. (b)  Spectra were recorded 

during chronopotentiometry performed at -15 mA.cm-2 (-0.8 V vs RHE) for 15 

minutes. 

 

Figure 5a shows the reductive scan of butanal during CV measurements. 

Immediately we can observe the characteristic peaks of copper oxide in the 

region of 400-700 cm-1, decreasing at more negative potentials and disappearing 

completely after -0.6 V, coinciding with the reduction peak and indicative of 

reduction of Cu2O (Cu2O → Cu0) observed at -0.4 V in Figure 4 for butanal.  

This copper oxide layer is responsible for the adsorption of butanal in its 
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Raman features associated with adsorption of butyric acid in its acidic form 

(COOH – τ(C-OH) at 832 cm-1 and ν(C-O) at 896cm-1) and ionic form (COO- - 

ν(OCO) at 1333 cm-1 [sym] and 1572 cm-1 [asym]) on Cu0 surfaces. By sweeping 

the cathodic potential towards more negative values, we can identify the 

disappearance of the peaks associated with butyrate (1333 cm-1 and 1572 cm-1) 

on metallic Cu, indicating carboxylate reduction concomitant to an increase in 

intensity of peaks at 896, 1038, 1394 and 1451 cm-1, characteristic of butanal, 

indicating formation of surface adsorbed aldehyde in the potential range of 

0.57 V and -0.6 V vs RHE.  

After -0.6 V vs RHE, new peaks arise at 751, 813, 1018, 1193, 1376 and 

1589 cm-1 alongside with a broad band around 1640 cm-1, which can be assigned 

to 1-butanol, according to its SERS CV profiles (Figure S7).  

In summary, butanal adsorption on polycrystalline copper electrodes occurs via 

oxidation of butanal to butyrate by Cu2O species, and is adsorbed through the 

carboxylate terminal group, perpendicular to the copper surface. By sweeping 

cathodic potential towards more negative values (0.55 V to -0.6 V vs RHE), 

intermediate butanal is formed and remains adsorbed at the catalyst surface, after 

which at -0.6 V vs RHE this is rapidly consumed to generate 1-butanol. 

 

3.3.2.    SERS investigation on ECH of crotonaldehyde 

Figure 6 shows SERS spectra of cyclic voltammetry (reductive scan) and 

chronopotentiometry measurements for 0.5 M crotonaldehyde (in 0.1 M 

NaClO4, pH 6). As previously discussed, crotonaldehyde adsorption on an 

oxidized copper surface occurs via carboxylate formation at OCV, identified by 

peaks at 1333 and 1569 cm-1, and adsorption via the C=C bond identified by the 

peaks at 464 cm-1 (medium) and 1661 cm-1 (very strong, . in plane ν(C–C=C–C) 
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and ν(C=C)) 42. In fact, also other peaks assigned to crotonate were identified at 

733, 1105, 1250, 1295, 1405 and 1445 cm-1, as reported previously38,40. 
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Figure 6. (a) SERS spectra of reduction of Crotonaldehyde. Conditions: CV 

performed in the window of 0.7 V to -0.87 V vs RHE (iR corrected), at a scan 

rate of 10 mV/s. Spectra were acquired every ten seconds. (b)  Spectra were 

recorded during chronopotentiometry performed at -15 mA.cm-2 (-0.75 V vs 

RHE) for 15 minutes. 
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the C=C bond, such as ρ(CH)ald and δs/as(CH3). This suggests some reduction of 

surface adsorbed crotyl aldehyde occurs via the C=C bond leading to the 

formation of adsorbed butanal (compare the spectra in Figure 5a). In addition, 

we identified new peaks at 438, 540, 1300 and 1535 cm-1, all associated with 

crotyl alcohol formation (Figure S8). At higher overpotentials, we firstly 

observed the initial desorption of butanal (around -0.56 V vs RHE) recognized 

by the shift of the 1418 cm-1 peak to lower wavenumbers followed by the 

disappearance of the crotonate peak at 1661 cm-1 giving rise to peaks at 1644 

and 1672 cm-1 assigned to ν(C=C) and ν(C=O) of crotonaldehyde.  

To confirm the formation of crotyl alcohol as main product at copper 

surfaces at very high cathodic overpotentials, we performed 

chronopotentiometry experiments at -15 mA.cm-2 for 15 minutes collecting 

Raman spectra every 10 seconds, in which specific times are displayed in Figure 

6.b. The SERS spectrum before the experiment is very similar to that obtained 

during CV at open circuit potentials (or at 0.76 V vs RHE), presenting peaks 

related to C=C bonds and crotonate adsorption. By applying a negative current 

of -15 mA.cm-2, we clearly identify after 1 minute a drastic change in the SERS 

profile, with the appearance of peaks associated to adsorbed crotyl alcohol (840, 

1260, and 1537 cm-1), and peaks assigned to unconverted crotonaldehyde (1040, 

1644 and 1675 cm-1). After 15 minutes, a clear crotonaldehyde profile is 

obtained indicating full reduction of the oxidized form30. 

 

3.3.3.   SERS investigation on ECH of the mixture BuAl/CrAl 

Finally, SERS measurements were performed for the mixture of butanal 

and crotonaldehyde to identify preferential adsorption and intermediate products 

during cyclic voltammetry. Figure 7 shows the SERS spectra for a reductive scan 

and the chronopotentiometry experiments.  
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Figure 7. (a) SERS spectra of reduction of the mixture Butanal/Crotonaldehyde. 

Conditions: CV performed in the window of 0.7 V to -0.87 V vs RHE (iR 

corrected), at a scan rate of 10 mV/s. Spectra were acquired every ten seconds. 

(b) Spectra recorded during chronopotentiometry performed at -15mA.cm-2 for 

15 minutes (-0.77 V vs RHE). 

 

Apart from the common peaks assigned to Cu–O at 623 cm-1 and peaks 
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respectively), the initial SERS spectra show contributions of both individual 

components - we observe peaks at 896 cm-1 and 1333/1572 cm-1 assigned to 

stretching of ν(C-O) and νs/as(OCO) of carboxylates, viand indicative of the 
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assigned to in phase bending of ν(C–C=C–C), νs(OCO) and ν(C=C)/ν(C=O), 

respectively, and the aldehyde C=O at 1672 cm-1 assigned to crotyl aldehyde.  
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individual components. Initially, the Cu2O peak (623 cm-1) that was present in 

C
u

2
O

 

C
=

C
-O

H
 

C
H

O
 

C
-O

H
 

H
C

lO
4

-  

C
=

C
-O

H
 

C
=

O
 

C
=

C
 

C
=

C
 

C
-O

H
 



 

160 

the butanal spectrum until -0.6 V vs RHE and for crotonaldehyde was already 

absent after +0.5 V vs RHE, is now observed at moderate potentials, around 0 V 

vs RHE, indicating that the fast Cu2O reduction observed in the presence of 

crotonaldehyde was delayed by the presence of butanal, possibly due to steric 

effects and competition for the active sites at the electrode surface23,24.  

Furthermore, we observed the formation of crotonate species (peak at 

1661 cm-1) immediately after Cu2O reduction, around 0 V vs RHE, suggesting a 

shift in crotonaldehyde adsorption geometry from planar to perpendicular. This 

behavior points out to a higher surface coverage by crotonaldehyde, which is 

further confirmed by the appearance of new peaks of very strong intensity 

ascribed to crotyl alcohol (1262/1534 cm-1) after -0.4 V vs RHE, indicating 

preferential reduction for the terminal group of the unsaturated aldehyde, 

matching well the reduction peak around -0.4 V vs RHE obtained during cyclic 

voltammetry experiments.  

Moreover, there is a decrease in butanal peak intensity giving rise to new 

peaks at 827 and 1045 cm-1 due to 1-butanol formation at -0.5 V vs RHE. In 

addition to cyclic voltammetry experiments we collected SERS data during 

chronopotentiometry measurements at -0.8 V vs RHE (-15 mA.cm-2) for 15 

minutes to identify formation of products, and correlate data to those discussed 

in section 3.2. The SERS profile at open circuit potential (0 min) is very similar 

to the one obtained at 0.69 V vs RHE, showing high reproducibility of the 

analysis. Immediately after cathodic current is passed through the copper 

electrode, we can observe the disappearance of Cu2O (623 cm-1) and 

carboxylates peaks (1333/1572 cm-1), concomitant to alcohol-related peaks 

appearance at 827, 1262 and 1534 cm-1, as previously seen during CV 

measurements, indicating preference for reduction of the terminal group over the 

C=C bond. This matches well with the catalytic data obtained during ECH 
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experiments for the mixture (Figure 3.b), where mainly crotyl alcohol and 1-

butanol were found as products, with minor contribution of butanal. 

Interestingly, the peaks of 1-butanol and crotyl alcohol disappear after 15 

minutes indicating desorption from the surface, resulting in a spectrum 

containing peaks of butanal and crotonaldehyde adsorbed on metallic copper 

surface. 

 

4.  Discussion 

Combining results from electrochemical catalytic experiments with SERS 

measurements revealed important insights about the mechanism of preferential 

adsorption of saturated and unsaturated aliphatic aldehydes on polycrystalline 

copper electrodes and their effect on product distribution. The adsorption modes 

of butanal, crotonaldehyde and their mixture on activated copper surfaces 

showed an interesting combination of steric effects with aliphatic chain 

interaction with the surface.  

For butanal, its chemical structure mainly consists of a carbonyl terminal 

group and a saturated carbon chain, which is repulsed by the polarized electrode, 

resulting in a vertical adsorption mode onto Cu2O at OCV through its oxidized 

carbonyl species, evidenced by butyrate peaks at 1333/1572 cm-1 assigned to 

νs(OCO)/νas(OCO). Moreover, we can hypothesize the type of vertical bonding 

between the electrode surface and carboxylate species as single or bidentate, as 

reported in previous studies40. They reported that the frequency of the νas(OCO) 

for metal-carboxylate complexes indicates the type of bonding, in which 

frequencies around 1580 cm-1 suggests bidentate bonding and 1605 cm-1 single-

bonded complexes. Therefore, from the SERS spectra of butanal we can 

hypothesize that its bonding to copper surface in its bidentate form of 

carboxylate.  
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When comparing these findings with the catalytic experiments of ECH of 

butanal at -0.8 V vs RHE (-15 mA.cm-2), we observed mainly 1-butanol as 

reaction product, confirming the adsorption through the terminal group and 

further selective reduction to the alcohol product, reaching a maximum faradaic 

efficiency of 93% at high surface coverage (0.5 M BuAl), with minor 

contribution of the hydrogenolysis product butane (FE < 1%). That suggests that 

the concerted proton-electron transfer mechanism of ECH reaction was 

preferential over hydrogenolysis, also evident by the absence of peaks related to 

dimerization or aldol condensation species36.  

The case for crotonaldehyde is more complex, since there is always a 

competition for adsorption sites between C=C and carbonyl groups, C=C 

bonding being thermodynamically favorable. By solely checking the catalytic 

data (FEcrotyl-alcohol = 72% and FEbutanal = 18%), we could hypothesize a 

preferential adsorption of crotonaldehyde perpendicularly to the surface through 

the C=O bond as oxidized species (carboxylates), due to the selective alcohol 

formation. In fact, the initial adsorption of crotonaldehyde on activated copper 

under OCV showed very strong peaks at 1333/1572 and 1661 cm-1, indicating 

vertical adsorption to the surface as bidentate metal-crotonate complex and 

confirming this hypothesis. However, less strong peak at 1644 cm-1 assigned to 

ν(C=C) was also present in the SERS spectra, suggesting a possible interaction 

of π-electrons from the C=C bond planar to the metallic copper surface, which 

would explain butanal formation.  

We attribute the higher selectivity towards the alcohol product to a 

preferential proton-electron transfer to crotonate groups over the strongly 

surface adsorbed C=C bond. In addition, no 1-butanol production was identified 

during crotonaldehyde reduction at -0.8 V vs RHE (-15 mA.cm-2), corroborating 

the fact that after C=C reduction towards butanal, no consecutive reduction was 
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observed, suggesting repulsive interaction of the carbonyl group with surface 

and its further desorption, confirming the presence as well of planar 

crotonaldehyde species onto copper surface.  

Although no dimerization of aldol-condensation intermediates such as 

methyl-vinyl-ketone, acetaldol and butyraldol were found on the CrAl reduction 

chromatogram, we do not discard that local pH changes during cyclic 

voltammetry experiments could increase HER activity near the electrode 

surface, which could diminish the exposure of dissolved intermediates to the 

electrode surface, resulting in loss of sensitivity to these components.  

Finally, the SERS spectra of the mixture butanal + crotonaldehyde 

exhibited initial peaks contribution of both aldehydes, meaning that both 

components were found to be adsorbed onto the oxidized copper surface. From 

the peaks at OCV (like 0.7 V vs RHE), we identified known peaks of adsorbed 

butanal after oxidation to carboxylate (896, 1333 and 1572 cm-1), and likely in a 

vertical mode as well as peaks of crotonaldehyde adsorbed planarly to the 

electrode surface (464, 1644 and 1672 cm-1). The absence of crotonate peaks 

under OCV suggests that a steric effect caused by butanal adsorption near sites 

occupied by crotonaldehyde could possibly delay its carbonyl oxidation.  

Finally, carboxylate was reduced after -0.5 V vs RHE giving mainly crotyl 

alcohol and 1-butanol as reduction products, meaning that the butanal produced 

through C=C reduction (observed by peak appearance at 1418 cm-1 before -0.5 

V vs RHE and 896 cm-1 peak reduction after -0.5 V vs RHE) was consecutively 

reduced to 1-butanol in another proton-electron transfer reaction. Figure 8 

summarizes the adsorption mechanisms and further proposed reaction schemes 

for the ECH of butanal, crotonaldehyde and their mixture. 
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Figure 8. Mechanistic scheme of surface interaction between 1-butanal, 

crotonaldehyde and its mixture with polycrystalline copper electrodes under a 

potential range of 0.8 V to -0.9 V vs RHE. 

 

5.  Conclusion 

In this chapter, we used SERS to investigate the adsorption and 

electrochemical hydrogenation of saturated (butanal) and unsaturated 

(crotonaldehyde) aldehydes on polycrystalline copper electrodes, before and 

after reduction of the Cu oxide surface. Butanal adsorption on oxidized Cu leads 

to oxidation and formation of carboxylate. Applying a negative potential, 

reduction of the Cu oxide and carboxylate occur, yielding a high selectivity 

towards 1-butanol on metallic Cu, reaching 93% (-0.8 V vs RHE, -15mA.cm-2) 

at 0.5 M concentration. This high selectivity towards ECH products can be 

explained by the combined effects of a high (initial) surface coverage of butanal 

with an optimum adsorption geometry (vertical mode) onto copper surface, as 

identified in SERS experiments.  

Similarly, crotonaldehyde also adsorbs through oxidation of the carbonyl 

group on oxidized Cu surfaces, as well as through C=C interaction, 

predominantly on a reduced Cu surface. ECH of crotonaldehyde produced 

mainly the C=O (through crotonate) reduction product (FEcrotyl-alcohol 72%) 

alongside with a significant amount of the C=C reduction product (FEbutanal = 
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18%), in agreement with the coexistence of crotonaldehyde molecules adsorbed 

in both vertical mode or planar to the copper surface and/or a concerted 

adsorption through both sites simultaneously, as observed during SERS 

experiments.  

Finally, the mixture containing both saturated and unsaturated aldehydes 

was evaluated for preferential adsorption onto the copper sites and the effect on 

the product distribution. SERS results indicated preferential adsorption of 

crotonaldehyde to the surface via C=C and non-oxidized C=O groups, planar to 

the surface, while butanal competed for the available sites adsorbed 

perpendicularly to the surface. The late crotonate formation and further 

reduction towards crotyl-alcohol came in agreement with a late Cu2O reduction, 

indicating that ECH occurred preferentially on Cu0 surfaces, also evident from 

1-butanol peaks on SERS spectra. In addition, the absence of butanal as reaction 

product alongside with an increase in HER activity and decrease in FE1-butanol 

from 93% to only 9%, when comparing the electrolysis of butanal with the 

mixture of aldehydes, supports the hypothesis of preferential adsorption of 

unsaturated aldehydes over saturated ones onto polycrystalline copper 

electrodes.  

The combination of electrocatalytic and spectroscopic experiments here 

presented, allowed us to elucidate important insights about the electrochemical 

hydrogenation of saturated and unsaturated aldehydes, as model molecules for 

upgrading bio-oil towards chemical building blocks. 
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6.  Appendix 

 

S1: Figure S1 presents the electrochemical setup utilized for SERS analysis of 

aldehydes reduction on polycrystalline copper films. 

 

 

Figure S1. Electrochemical setup utilized during SERS analysis of aldehydes 

reduction on polycrystalline copper electrodes. 
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S2: Figure S2 shows chronopotentiometry experiments carried out for 6 hours 

at -15 mA/cm2 under different anolytes and the potential obtained by the working 

electrode. All potentials were corrected for internal resistance and converted to 

SHE scale (pH independent). Figure S2 also presents an image of the white 

suspension formed in the catholyte compartment when using NaOH as anolyte, 

due to high pH and further aldol-condensation reactions. 
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Figure S2. Chronopotentiometry measurements for different anolytes and image 

of white suspension obtained in the catholyte chamber when using NaOH as 

anolyte.  
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S3: Figure S3 shows the influence of current density on products distribution 

during butanal electrolysis 
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Figure S3. Influence of current density on products faradaic efficiency (a-b), 

partial current density (c-d) and cathodic potential (e).  
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S4. Figure S4 depicts the faradaic efficiency for 6 hours test for crotonaldehyde 

reduction (left) and the mixture CrAl + BuAl reduction (right). 
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Figure S4. Faradaic efficiency towards reaction products based on 

chronoamperometry experiments (-15 mA.cm-2) of polycrystalline copper 

electrodes in CrAl (left) and the mixture CrAl + BuAl (right). 

 

 

 

 

S5: Figure S5 exhibits the influence of butanal concentration on faradaic 

efficiency for 6-hour chronopotentiometry. 
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Figure S5. Faradaic efficiency towards 1-butanol (a) and H2 (b) as function of 

time and starting butanal concentration. 
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S6. Figure S6 present SERS spectra of substrates on cathode-free experiments. 
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Figure S6. SERS spectra of studied model-molecules and reaction products for 

non-adsorbed species. All peaks are normalized by the electrolyte 0.1 M NaClO4 

peak (932 cm-1). 
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S7. Figure S7 presents the SERS profile of 1-Butanol (top) during reductive scan 

of cyclic voltammetry on polycrystalline copper (bottom). 
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Figure S7. SER profile of 1-butanol (top) during cyclic voltammetry reductive 

scan (bottom). Scan rate of 10 mV/s. 
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S8. Figure S8 exhibits SERS spectra of Crotyl alcohol acquired at reductive 

scans (top) obtained during cyclic voltammetry experiments (bottom).  
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Figure S8. SERS spectra of crotyl alcohol under reductive scans (top) during 

cyclic voltammetry measurements (bottom). Scan rate of 10 mV/s. 
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Chapter 6        

     Outlook and future perspective 
 

The electrochemical conversion of sustainable feedstock, such as CO2 

and biomass-derived components, has a shining future ahead - technologically 

towards industrial application and scientifically to expected breakthroughs in 

fundamental understanding. Even though the investments in renewable energy 

have massively increased over the past decade, only a few companies have been 

created to provide direct capture and electrochemical conversion of CO2 using 

renewable sources of energy and electrochemical conversion of biomass-derived 

components. Huge efforts are needed to fill this gap between lab-scale scientific 

developments and scalability to industrial scale applications.  

In that direction, the utilization of metal-based electrocatalysts has been 

intensified with the development of nanostructured catalysts and molecular 

engineering, while new continuous flow reactors based on GDEs provide the 

necessary connection between lab-scale innovation and performance at 

industrial relevant conditions. In the field of the CO2 reduction reaction, 

extensive literature has been reported giving the impression that nothing (or 

little) must be accomplished in this topic and the technology is mostly 

established. However, every year new stable and selective catalysts emerge as 

alternative to the considered “state-of-the art” systems, enabling important 

technological advances and opening paths towards new lines of research. On the 

other hand, bio-oil upgrading through electrochemical redox reactions has still 

limited literature available, revealing great opportunities for further research.  

To create a bridge between the lab scale achievements and industrial 

applications, we need to understand the main research questions and provide 
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scientific evidence that support the hypotheses addressed to those initial 

challenges. In this thesis we devoted three chapters to study and optimize CO2 

electrochemical reduction and one chapter for bio-oil upgrading, always aiming 

to correlate catalytic results with spectroscopic/microscopic characterizations to 

provide sufficient evidence of inter-relations between catalyst surface changes 

and selective formation of products. In the field of the CO2 reduction reaction, 

we aimed to investigate three major common challenges associated with limited 

stability and selectivity of CO2 electrolysis systems, based on metal-based GDE 

systems: mass transfer limitations induced by ionomer coverage onto catalyst 

particles, catalyst layer deactivation due to flooding and competition for active 

sites between CO2RR and HER.  

The first issue was addressed with a thorough investigation on how nano-

scale interactions between the components of ink formulations (catalyst – 

ionomer – solvent) can determine the macrostructure and morphology of the Cu-

GDE catalyst layer and their impact on ethylene selectivity. Opposed to the 

common polar solvents used in ink formulations (IPA, EtOH or IPA/H2O) 

reported in literature, non-polar solvents such as NMP and DMSO exhibited 

better Nafion ionomer dispersion preventing ‘in solution’ polymerization and 

extensive catalyst encapsulation, resulting in an interface with likely a high local 

pH, favoring ethylene formation. The outcome of this investigation shines light 

on new possibilities of tuning selectivity in CO2RR through catalyst ink 

optimization and reinforce the importance of the preparation of catalysts in the 

success of an electrochemical system application. For the future, different metals 

such as Au and Ag with smaller catalyst particle size (in our approach we utilized 

1 µm Cu) and the ink coating technique (spray-coating or hand painting) can be 

utilized to achieve more uniform catalyst layers. This needs further investigation. 
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It is essential to utilize proper spraying equipment to ensure high reproducibility 

and catalyst layer uniformity.   

Though important insights were obtained in the ink optimization studies 

on GDEs, we often observed a limiting current density of about 50 mA/cm2, and 

a limited time of optimized operation due to the occurrence of flooding of 

catalyst layer. This phenomenon occurs due to electrowetting effects and 

unbalanced pressure across the GDE surface, pushing the CO2-electrolyte 

interface towards the macropores of the GDE, where no catalyst is coated, in 

turn increasing H2 formation. Therefore, we addressed the issue of flooding by 

enhancing mass transport on the GDE surface by convective CO2 supply. This 

transport mechanism has shown very effective in maintaining a high selectivity 

towards CO (FECO = 85%, -50 mA/cm2) on Cu-GDEs, while preventing flooding 

of the catalyst surface, leading to very promising stability results, when 

compared to common “flow by” operation.  

Very limited literature is available on flow through-mediated CO2 

reduction, so new studies should be conducted under high current density 

regimes (> 300 mA/cm2) making use of different concentrated electrolytes (1 M 

KOH, 1M KHCO3) and more selective CO catalysts such as Au and Ag in 

smaller catalyst particles (10-40 nm), to achieve industrially applicable results 

with superior electrochemical stability. It is also important to compare the 

performance of catalysts under “flow through” regimes with “flow by” systems 

containing a pressure regulator at the CO2 feed stream, to minimize pressure 

drop across GDE interfaces after cathodic polarization. This can provide insights 

of the reasons behind flooding, via either electrowetting, pressure balance or 

equal contributions. Achieving high selectivity towards a product in the 

electrochemical reduction of CO2 is also a challenge, due to parasitic HER and 

continues to be topic of study by several research groups. From our results using 
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conventional KHCO3 electrolytes, carbon monoxide could be selectively 

produced using Au-GDE samples containing 2.0 mgAu/cm2
geo with remarkable 

FECO of 94% (-50 mA/cm2
geo), comparable to reported state-of-the art catalysts. 

However, lower stability was observed due to flooding and catalyst deactivation. 

We then assessed the use of organic cations (Imidazolium-based) as co-catalysts 

in the electrolyte to increase the FECO of systems with lower Au loading, and to 

further improve catalyst stability. Surprisingly, a lower FECO and higher HER 

rates were observed upon addition of Imidazolium salt to the bicarbonate 

electrolytes. Spectroscopic evidence suggests that imidazolium molecules can 

promote adsorption of HCO3
- ions on the Au surface, inducing bicarbonate 

reduction at the negatively charged electrode, thus increasing HER rates.  

Interestingly, only a pair of reports investigated the utilization of 

imidazolium cations in bicarbonate containing aqueous electrolytes, confirming 

the enhancement of hydrogen formation. Noticeably, new studies are necessary 

to further elucidate the role of the electrolyte in the CO2 reduction kinetics, 

regarding the presence of imidazolium cations, and revisit the early literature, 

showing an exceptional performance of these cations in non-aqueous systems or 

water containing systems in the absence of bicarbonate. Moreover, new 

strategies to efficiently incorporate imidazolium cations into the catalyst layer 

structure need to be designed. This way, the amount of the imidazolium can be 

minimized, surface coverage optimized.  

In the field of electrochemical bio-oil upgrading, remarkable progress in 

terms of product selectivity and mechanistic understanding has been achieved 

employing model molecules such as aldehydes (furfural, crotonaldehyde) and 

ketones (acetone, acetophenone). Nevertheless, stabilized pyrolysis oil (SPO) is 

a complex mixture of various oxygenated compounds, meaning that more 

studies utilizing SPO, instead of model molecules, are necessary to boost the 
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technological development of the field. From our studies, we revealed that 

unsaturated molecules adsorb more strongly, likely parallel to the catalyst 

surface, than saturated compounds, covering a larger portion of the active sites 

and preventing other molecules to adsorb and be converted. Moreover, higher 

conversion rates and faradaic efficiencies are achieved under low current density 

(< 50 mA/cm2) conditions, demanding special attention on designing 

electrochemical systems capable of operating under industrial applicable 

conditions (> 200 mA/cm2).  

Another alternative to be pursued can be the design of electrochemical 

cells capable of coupling the anodic Kolbe reaction products in line with the 

cathodic ECH, in which protons generated during Kolbe reactions are transferred 

to the cathodic compartment to hydrogenate the remaining oxygenate 

components. So far, mostly half-cell studies have been reported in literature, 

with only few preliminary reports of combined redox reactions for improving 

the energy efficiency of the electrochemical upgrading of pyrolysis oil. 

In summary, the scientific findings obtained in this thesis can contribute 

to a faster development of technologies capable of electrochemically converting 

CO2 and biomass-derived model molecules into value-added products. We 

expect that the optimization of ink formulations for metal-based electrocatalysts 

may enable the application of molecularly engineered nanomaterials into GDE 

structures with improved morphology and accessibility (wettability) of active 

sites. On top of that, we believe that convective supply of CO2 to the 

electrochemical cell may provide better mass transfer regimes with improved 

mixing at the electrode-electrolyte interface, resulting in faster product removal 

and prevention of deactivation by flooding. That is an important achievement in 

terms of industrial requirements, since some CO2-based feedstocks present very 

turbulent flows with varied pressure/temperature and gas composition. The flow 
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through reactor configuration reveals to be a very efficient and versatile 

electrochemical system for the conversion of CO2 into CO with multiple avenues 

for further optimization and industrialization.  

To accomplish more scientific advances, operando-spectroscopic 

techniques such as surface enhanced Raman spectroscopy (SERS) have also 

shown to be very useful to better elucidate reaction mechanisms and adsorption 

behavior of active species during an electrochemical reaction under reaction 

conditions. The correct assignment of spectrum peaks and their correlation with 

specific surface phenomena (adsorption/reaction/desorption) can reveal 

inestimable information about the nano-scale interactions that dominate the 

macro-scale reaction environment. 

As a final remark, literature shows that research groups that self-

organized to focus on developing and optimizing some fundamental topics, 

before advancing to specific technological investigations, now dominate the 

field, providing a reliable platform to facilitate further research within their 

groups. Topics such as developing (or purchasing) a stable and reproducible 

electrochemical reactor, acquiring proper equipment for electrochemical 

preparation/application of catalysts and obtaining reproducible and reliable data, 

can create a powerful database reference, where new collaborators can start 

from, saving precious time to get started in the field. It is also of vital importance 

that researchers from the same group transfer their knowledge on to the new 

people. Moreover, the collaboration between research groups on these topics, 

sharing experience and pitfalls, are of inestimable value to build a strong 

scientific community, consonant to the same purpose of decarbonizing and 

electrifying the whole industry to minimize climate change effects and leave a 

legacy of a more sustainable and renewable energetic system to future 

generations.   
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Summary 

In this thesis, we investigated the electrochemical reduction of 

sustainable molecules such as CO2 (chapters 2, 3 and 4) and biomass-derived 

model molecules such as butyraldehyde and crotonaldehyde (chapter 5) to utilize 

(a surplus of) renewable energy in synthesis of value-added chemicals. 

Spectroscopic techniques were used to confirm and elucidate reaction 

mechanisms and preferential adsorption of molecules. 

 In Chapter 1, an extensive background is provided on the motivation to 

employ electrochemistry as a tool to convert greenhouse gases such as CO2 and 

biomass-based molecules (such as aldehydes) into value-added chemicals and 

fuels. We describe the use of gas diffusion electrodes (GDEs) as efficient CO2 

supply to the catalyst surface as well as the influence of reaction parameters on 

the selectivity and stability of electrochemical systems. The aim of this chapter 

was to describe the main challenges and recent technological advances in the 

field of electrochemical reduction of CO2 and bio-oil upgrading.  

 In Chapter 2, we investigated the effect of the catalyst ink composition 

on the electrochemical reduction of CO2 towards ethylene using Cu-based gas 

diffusion electrodes. The nano-scale interactions between the ink formulation 

(catalyst – ionomer – solvent) dominate the macro-interactions occurring at the 

GDE surface, such as morphology, electrochemical surface area (ECSA) and 

catalyst wettability. We conclude that aprotic solvents (DMSO and NMP) 

prevent ionomer polymerization, leading to a homogeneous catalyst layer and 

optimum performance towards ethylene (FEC2H4 = 27%), while protic solvents 

(IPA and EG) induce copper agglomeration and coverage of catalyst particles by 

the Nafion polymer, decreasing FEC2H4 to 13%, enhancing formation of CO. 
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In Chapter 3, we extended the use of Cu-GDEs in bicarbonate solutions 

to investigate the effect of the mass transport mechanism, the ionic membrane 

and ionomer content in the ink used to prepare the GDEs, on selectivity towards 

CO and catalyst stability. We reported an outstanding FECO of 85% by using 

convective CO2 supply (flow through), far above the FECO obtained via diffusive 

CO2 supply (FECO = 64%). In addition, we observed an optimum ionomer 

content of 10 wt% in the ink formulation, which resulted in a catalyst stability 

of over 10 hours of operation. 

In Chapter 4, we addressed the effect of imidazolium-based cations 

when added to common bicarbonate electrolytes on Au-GDEs, in the 

electrochemical reduction of CO2. Initially, we obtained a remarkable FECO of 

94% for an optimum Au loading of 2.0 mgAu/cm2
geo at -0.9 V vs RHE (-50 

mA/cm2). By decreasing the Au loading, this FECO was reduced to 75%. We 

then investigated the addition of methyl-methyl imidazolium cations to the 

0.3 M KHCO3 electrolyte, aiming to increase the FECO of the GDE with the low 

loading of Au. Surprisingly, the addition of imidazolium species to bicarbonate 

solution induced reduction of HCO3
- to form H2. Raman spectroscopy was used 

to correlate this observation to the surface composition of adsorbed species. In 

the potential region where H2 was mainly formed, an increased concentration of 

methyl-methylimidazolium and bicarbonate on the surface of Au was observed, 

confirming that adsorbed methyl-methylimidazolium promotes hydrogen 

selectivity by reducing bicarbonate. 

In Chapter 5, we investigated the electrochemical hydrogenation (ECH) 

of bio-oil model molecules, such as butyraldehyde and crotonaldehyde on 

polycrystalline copper electrodes. By employing surface-enhanced Raman 

spectroscopy (SERS), we were able to identify preferential adsorption 

phenomena, correlating with catalytic results. We conclude that butanal species 
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adsorb preferentially on copper surfaces after formation of carboxylate, which is 

then further reduced to 1-butanol (the major product with over 90% FE obtained 

via catalytic tests). On the other hand, unsaturated aldehydes such as 

crotonaldehyde adsorb parallel to the copper surface, interacting through both 

C=C from the aliphatic chain and the C=O carbonyl group. We observe 

preferential hydrogenation of the C=O group, leading to the formation of crotyl 

alcohol in significant amounts (FE of 75%). Finally, in the mixture of these 

saturated and unsaturated aldehydes, we observe that due to a preferential 

adsorption of crotonaldehyde, 1-butanol and crotyl alcohol selectivity sharply 

decreases to 18%, while H2 formation was enhanced, indicating competition for 

the active sites on the copper surface. 

Finally, Chapter 6 presents a conclusion and a summary of the main 

findings in this thesis and an outlook and perspective on future research in the 

field. 
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Samenvatting 
 

In dit proefschrift hebben we de elektrochemische reductie onderzocht 

van duurzame grondstoffen zoals CO2 (hoofdstukken 2, 3 en 4) en van biomassa 

afgeleide modelmoleculen zoals butyraldehyde en crotonaldehyde (hoofdstuk 5) 

om het overschot aan hernieuwbare energie op te slaan in chemische bindingen. 

Spectroscopische technieken werden gebruikt om reactiemechanismen en 

preferentieel adsorptiegedrag van moleculen op metaaloppervlakken te 

bevestigen en op te helderen. 

In Hoofdstuk 1 wordt een uitgebreide achtergrond gegeven over de 

motivatie om elektrochemie te gebruiken als een instrument om broeikasgassen 

zoals CO2 en op biomassa gebaseerde moleculen zoals aldehyden om te zetten 

in chemicaliën en brandstoffen met toegevoegde waarde. We beschrijven het 

gebruik van gasdiffusie-elektroden (GDEs) om efficiënte CO2-toevoer naar het 

katalysatoroppervlak te faciliteren, evenals de invloed van reactieparameters op 

de selectiviteit en stabiliteit van elektrochemische systemen. Het doel van dit 

hoofdstuk is het beschrijven van de belangrijkste uitdagingen en recente 

technologische ontwikkelingen op het gebied van elektrochemische reductie van 

CO2 en opwaardering van bio-olie. 

In Hoofdstuk 2 hebben we het effect van de samenstelling van de 

katalysator inkt op de elektrochemische reductie van CO2 naar ethyleen met 

behulp van Cu-gebaseerde gasdiffusie-elektroden onderzocht. De interacties op 

nanoschaal tussen de inktformulering (katalysator - ionomeer - oplosmiddel) 

domineren de macro-interacties die plaatsvinden aan het GDE-oppervlak, zoals 

morfologie, elektrochemisch oppervlak (ECSA) en bevochtigbaarheid van de 

katalysator. We concluderen dat aprotische oplosmiddelen (DMSO en NMP) 

ionomeer-polymerisatie konden voorkomen, wat leidde tot een homogene 
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katalysator laag en optimale prestaties ten opzichte van ethyleen (FEC2H4 = 27%), 

terwijl protische oplosmiddelen (IPA en EG) koperagglomeratie en afdekking 

met polymeer induceerden, waardoor de FEC2H4 daalt tot 13%, te faveure van 

een toename in de vorming van CO. 

In Hoofdstuk 3 hebben we het gebruik van Cu-GDEs op 

bicarbonaatoplossingen uitgebreid, om het effect van het 

massatransportmechanisme, het ionische membraan en het ionomeergehalte in 

de inkt (gebruikt voor preparatie van de elektrode) op de selectiviteit en 

stabiliteit naar CO te onderzoeken. Een uitstekende FECO van 85% werd behaald 

door gebruik te maken van convectieve CO2-toevoer (doorstroom), ver boven de 

verkregen FECO behaald via diffuse CO2-toevoer (FECO = 64%). Bovendien werd 

een optimaal ionomeergehalte van 10 gew.% in de inktformulering bepaald, wat 

resulteerde in een katalysatorstabiliteit van meer dan 10 uur. 

In Hoofdstuk 4 hebben we een studie uitgevoerd om het effect van op 

imidazolium gebaseerde ionen in gewone bicarbonaatelektrolyten op het gedrag 

van Au-GDE elektroden in de elektrochemische reductie van CO2 te bepalen. 

Aanvankelijk verkregen we een opmerkelijke FECO van 94% voor een optimale 

Au-belading van 2,0 mgAu/cm2
geo bij -0,9 V vs RHE (-50 mA/cm2) in elektrolyt 

met bicarbonaat. Door de Au-belading te verlagen, werd deze FECO 

teruggebracht tot 75%. Vervolgens hebben we de toevoeging van methyl-

methylimidazolium aan de 0,3 M KHCO3-elektrolyt onderzocht, met als doel de 

FECO te verhogen – van het systeem met lage Au belading. Verrassend genoeg 

induceerde de toevoeging van imidazolium ionen aan een bicarbonaatoplossing, 

preferente vorming van H2 door reductie van HCO3
-. Raman spectroscopie is 

gebruikt om deze observatie te correleren aan de oppervlakte samenstelling van 

geadsorbeerde moleculen. In het potentiaal gebied waarbij vooral H2 werd 

gevormd, werd ook een verhoogde concentratie van methyl-methylimidazolium 
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en bicarbonaat op het oppervlak van Au waargenomen, wat bevestigt dat 

geadsorbeerd methyl-methylimidazolium de waterstof selectiviteit door reductie 

van bicarbonaat bevordert. 

In Hoofdstuk 5 hebben we de hydrogenering van butyraldehyde en 

crotonaldehyde op polykristallijne koperelektroden onderzocht. Door gebruik te 

maken van Raman-spectroscopie (Surface Enhanced Raman Spectroscopy, 

SERS), konden we preferentiële adsorptiemechanismen identificeren en 

correleren aan de katalytische resultaten. We concluderen dat butanal adsorbeert 

na vorming van een carboxylaat groep, en dan wordt gereduceerd tot 1-butanol 

(hoofdproduct met meer dan 90% FE verkregen via katalytische tests). Aan de 

andere kant adsorberen onverzadigde aldehyden zoals crotonaldehyde 

voornamelijk via de C=C groep van de alifatische keten. Dit leidt tot een 

preferentiële hydrogenering van de C=O-groep, en de vorming van crotylalcohol 

in significante hoeveelheden (FE van 75%). Ten slotte zagen we in het mengsel 

van deze verzadigde en onverzadigde aldehyden dat als gevolg van een 

preferentiële adsorptie van crotonaldehyde, voor 1-butanol en crotylalcohol de 

selectiviteit scherp afnam tot 18%, terwijl de H2-vorming werd versterkt, wat 

wijst op concurrentie voor de actieve plaatsen op het oppervlak van koper 

elektroden. 

Ten slotte presenteert Hoofdstuk 6 een samenvatting van de 

belangrijkste bevindingen in dit proefschrift en een visie en perspectief op 

toekomstig onderzoek in het veld. 
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